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Objective: The aim of this study was to explore the tolerance, variability, and pharmacokinetics (PK) of albumin-bound paclitaxel (QL, HR, ZDTQ) among Chinese breast cancer patients.

Methods: Three randomized, open-label, two-period crossover bioequivalence studies were conducted with albumin-bound paclitaxel. Each subject received a single dose of 260 mg/m2 albumin-bound paclitaxel [sponsor 1 (QL, light food), sponsor 2 (HR, fasting), sponsor 3 (ZDTQ, light food); test] or Abraxane® (reference) and was monitored for 72 h. Serum concentrations of total paclitaxel and unbound paclitaxel were measured using liquid chromatography/mass spectrometry (LC/MS), and appropriate pharmacokinetic parameters were determined by non-compartmental methods. Safety assessments included adverse events, hematology and biochemistry tests.

Results: The bioequivalence analyses of the QL, HR, and ZDTQ products included 24, 23, and 24 patients, respectively. The mean t1/2 was 20.61–27.31 h for total paclitaxel. Food intake did not affect the pharmacokinetics of paclitaxel. From the comparison of total paclitaxel and unbound paclitaxel, the 90% confidence intervals (CIs) for the ratios of Cmax, AUC0−t, and AUC0−∞ were within 80.00–125.00%. The intra-subject variability ranged from 6.4–11% to 9.85–15.87% for total paclitaxel and unbound paclitaxel, respectively. Almost all subjects in the test and Abraxane® (reference) groups experienced mild or moderate adverse events. No fatal AEs or study drug injection site reactions related to these drugs were observed.

Conclusion: Albumin-bound paclitaxel (QL, HR or ZDTQ; test products) showed bioequivalence to Abraxane® (reference) with lower intra-subject variability, which was less than 16% in all cases, and was well-tolerated in Chinese breast cancer patients. Twenty-two patients are enough for an albumin-bound paclitaxel bioequivalence study.
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INTRODUCTION

World over, breast cancer is the most common type of malignancy among women and the second most frequent cause of cancer-related death in women1 (Dörfel et al., 2018; Locatelli et al., 2018). The standard therapy for patients with early breast cancer includes surgery, radiotherapy and adjuvant systemic therapy, such as anti-microtubule agents and aromatase inhibitors (Dörfel et al., 2018). However, as breast cancer is a highly heterogeneous condition, the selection of adjuvant systemic therapy depends on stage, histology and on molecular subtypes of the tumor (Dörfel et al., 2018; Locatelli et al., 2018). Current adjuvant systemic therapy options include chemotherapy, endocrine therapy for hormone receptor (HR)-positive tumors, and targeted biological agents such as trastuzumab for human epidermal growth factor receptor (HER2)-positive tumors (Dörfel et al., 2018).

Paclitaxel is an anti-microtubule agent that inhibits cell division by promoting the assembly and stabilization of microtubules (Slingerland et al., 2013). It is active against a broad spectrum of malignancies, such as non-small cell lung cancer and breast cancer (Slingerland et al., 2013; Blair and Deeks, 2015). As paclitaxel is extremely insoluble; it is solubilized in polyethoxylated castor oil for injectable preparation. However, serious and even fatal episodes of hypersensitivity with an incidence of approximately 20% have been reported with this oil (Donehower et al., 1987; Singla et al., 2002; Joerger, 2012). The introduction of premedication with corticosteroids, diphenhydramine, and H2 antagonists, has fortunately reduced this incidence to 2–4% (Alves et al., 2018). Still, such infusion-related hypersensitivity reactions remain a serious matter. Moreover, solubilization in polyethoxylated castor oil enhances the nonlinear pharmacokinetic (PK) activity of increasing doses of paclitaxel (Sparreboom et al., 1999; Joerger, 2012; Slingerland et al., 2013). Along with, the unbound paclitaxel is also associated with clinical toxicities, such as myelosuppression and peripheral neuropathy (Blair and Deeks, 2015).

Different modifications of drug formulations, e.g., liposomal and albumin-bound, have been studied for their ability to improve delivery of therapeutic doses, drug stability, and drug safety (Du et al., 2018). Albumin-bound paclitaxel contains protein-bound particles of paclitaxel for injectable suspension, which, by avoiding the use of polyethoxylated castor oil also eliminates the need for corticosteroid pretreatment2. Additionally, an improved safety profile with albumin-bound paclitaxel may facilitate the administration of higher doses2 (Du et al., 2018).

With the end of the patent protection period for an innovator's product, generic preparations are introduced into the market repeatedly. Thus, it has become necessary to establish the bioequivalence (BE) between two drug products with the same active moiety. Usually, determination of BE relies on comparisons of the rate and extent of absorption of a product under study (test, T) with those of an innovator's product (reference, R) (Karalis et al., 2012).

The study drugs are paclitaxel albumin protein-bound particles available as an injectable suspension (FDA, 2015). However, the production process is different, such as albumin packaging of paclitaxel process by different sponsors. The US FDA Draft Guidance on paclitaxel recommends estimation of serum unbound and total paclitaxel for BE evaluation (FDA, 2015).

As the intra-subject variability for paclitaxel among the Chinese population is unknown, we first analyzed the PK characteristics of unbound paclitaxel and total paclitaxel in Chinese breast cancer patients. Second, the present study compared the BE (rate and extent of absorption and elimination) of two 260 mg/m2 albumin-bound paclitaxel (test and reference) formulations as provided by the two study sponsors. Third, we analyzed the effects of sample size and intra-subject variability on the BE of unbound and total paclitaxel. Lastly, the tolerability profiles of different formulations of albumin-bound paclitaxel were assessed.



MATERIALS AND METHODS


Patients and Study Design

Three prospective BE studies with albumin-bound paclitaxel (injectable suspension) were conducted, with drugs provided by three different sponsors, i.e., QL (n = 25), HR (n = 25), or ZDTQ (n = 24), and the reference product, Abraxane®. These single-center, randomized two-period crossover, BE studies, were performed between March 2016 and March 2018, according to the US FDA guidance draft on Paclitaxel. The tolerability and PK of the test products (albumin-bound Paclitaxel, QL, HR, and ZDTQ) and Abraxane® (reference) were compared in patients with breast cancer in these three studies respectively. The inclusion criteria were: (1) age > 18 years; (2) histologic diagnosis of advanced breast cancer for which there is no curative therapy and treatment with single-agent paclitaxel has been considered appropriate by the treating physician; (3) Eastern Cooperative Oncology Group (ECOG) performance status of 0/1; (4) life expectancy of >12 weeks; and (5) complete recovery from acute toxicities of prior treatment. Subjects were excluded if they did not have adequate hematologic, kidney, and liver function (hemoglobin ≥ 90g/L [not having blood transfusion within 14 days], absolute neutrophil count ≥1.5 × 109/L, blood platelet count ≥100 × 109/L, total bilirubin < 1 upper limit normal [ULN], alanine aminotransferase [ALT], and aspartate aminotransferase [AST] < 2.5 × ULN [if liver metastasis, then ALT and AST ≤ 5 × ULN], creatinine ≤ 1.5 × ULN), or had received radiotherapy, chemotherapy, immunotherapy, or endocrine therapy within 4 weeks prior to the use of the study drug and residual effects were still present.

This study was carried out in accordance with the recommendations of the Good Clinical Practice and the Declaration of Helsinki. The protocol was approved by the Ethics Committee of the First Hospital of Jilin University, Changchun, Jilin, China. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

A screening visit was scheduled within 14 days prior to administration of the study drug. Then the eligible subjects were admitted to the clinical research unit 1 day before dosing. Following an overnight fast of at least 8-h, subjects were randomized to receive a single intravenous dose of 260 mg/m2 (infusion 30 ± 3 min) of albumin-bound paclitaxel (test product; QL, HR, or ZDTQ) or Abraxane® (reference product, from the US market) in a 1:1 ratio according to a computer-generated randomization schedule for each study in the first period (Figures 1, 2). Then the same dosing method for the reference or test formulation was followed in second period, or vice versa. Each drug had a unique batch number. The washout period was of 3 weeks. Subjects were administered the drug at the same time on first day of first period and day 22 of second period (Figure 1). Albumin-bound paclitaxel by sponsor 1 (QL) and sponsor 3 (ZDTQ) was administered after breakfast (light food), whereas the HR product (sponsor 2) was administered after 8 h of fasting. Patients were carefully monitored, particularly during the infusion. Subjects were discharged after 72 h of drug administration. Blood samples for the primary PK analysis were collected prior to treatment and at specified time points during the 72-h follow-up. Subjects were followed up for safety assessment at 7 ± 1 and 21 ± 1 days.
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FIGURE 1. Flow chart of the BE studies. Each subject will had test product (QL, HR, or ZDTQ) and reference product (Abraxane®) at each study.
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FIGURE 2. The subject number of the each analysis set. TR, D1 dosing T formulation and D22 dosing R formulation; RT, D1 dosing R formulation and D22 dosing T formulation.





Estimation of Sample Size

According to the current US FDA guidelines, to achieve an 80–90% power (1-β) in BE studies at the 5% nominal level (α = 5%), the geometric mean ratio (GMR) is usually set to be 95–105% (Karalis et al., 2012). The coefficient of variation (CV) is evaluated as the intra-subject variability (intra-cv). The intra-cv for paclitaxel is assumed to be 20–21.3%2. According to the initial estimation by R software, sample size should be of 21 patients. Based on the above sample size estimation result and considering a loss to follow-up of 10% and the opinion of sponsor and investigator, the final needed sample size was considered to be 24 (Table 1) (Zhang et al., 2018a,b).



Table 1. Sample size estimation of these studies.
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Pharmacokinetic Analysis

Blood samples (5 ml each time) for PK evaluation were collected into heparin anticoagulant-containing tubes within 0.2 h of initiation of albumin-bound paclitaxel infusion (pre-dose), 0.25 h after the start of infusion, immediately after stopping the infusion, and 0.75, 1, 1.5, 2, 4, 6, 8, 12, 24, 48, and 72 h after the start of infusion. Blood samples were centrifuged at 3,000 rpm for approximately 10 min at 2–8°C in a refrigerated centrifuge. The serum was stored at −70°C until analysis. The serum concentrations of total paclitaxel and unbound paclitaxel were analyzed using a validated, sensitive and specific liquid chromatography tandem mass spectrometry (LC-MS/MS) method at the Shanghai Drug Metabolism Research Center for QL and HR, and Covance for ZDTQ.

The lower limits of quantification (LLOQ) for un-bound paclitaxel and total paclitaxel were 0.2 ng/mL and 5.0 ng/mL, respectively, and the upper limits of quantification (ULOQ) for unbound paclitaxel and total paclitaxel were 2,000 ng/mL and 15,000 ng/mL, respectively for QL and HR.

The LLOQ for un-bound paclitaxel and total paclitaxel were 2 ng/mL and 10.0 ng/mL, respectively, and the ULOQ for unbound paclitaxel and total paclitaxel were 2,000 ng/mL and 10,000 ng/mL, respectively for ZDTQ. The validated concentration ranges were between the LLOQ and ULOQ.

The LC-MS/MS method and rapid equilibrium method have been validated for the determination of paclitaxel concentration in human raw serum and equilibrium serum samples (Ronghao and Jun, 2015). In each analysis batch, the quantity of quality control samples accounted for more than 5% of the unknown samples in the analysis batch. In all quality control samples, the ratio of relative deviation within 15% is more than at least 67% of all quality control samples, and the ratio of relative deviation within 15% is more than at least 50% of each concentration of quality control samples. All analysis batch quality control met the above criteria (Supplement Table 1).

Total levels of free and protein-bound paclitaxel were later quantified. Paclitaxel-D5 served as the internal standard. The analytical column was a Eclipse Plus C18 column (100 × 4.6 mm, 3.5 μm, Agilent), and the formula used for calculation of unbound paclitaxel was as follows:

[image: image]

The inter-run assay accuracy, expressed as percent relative error for quality control samples [BIAS(%)]. The assay precision, expressed as the inter-run CV of the measured concentrations of quality control samples [relative standard deviation, RSD(%)].

All analysis batch quality control met the above criteria (Supplement table 1).



Tolerability and Safety Assessments

Medical history, physical examination, electrocardiography (ECG), and laboratory test (hematology, biochemistry, and urinalysis, etc.) results were obtained at the time of screening (2–14 days before the first dose of study drug) and at 7 ± 1 and 21 ± 1 days for all subjects in each test period. Vital signs were recorded immediately before the first dose and after administration of the drug. Adverse events were recorded daily from the day of administration of the first dose through the end of the study. The National Cancer Institute Common Toxicity Criteria for Adverse Events version 4.03 was used to describe and grade all toxicities and adverse events (AEs).



Statistical Analysis

The serum concentrations vs. time data were analyzed with non-compartmental methods using WinNonlin Professional, Version 6.4 (Pharsight Corporation, NC, USA). The PK analysis used actual sample collection times. Samples below the LLOQ were set to zero before Tmax and not detectable after Tmax for the PK analysis. The PK parameters for paclitaxel included Cmax, area under the curve (AUC)0−t, AUC0−∞, Tmax, and T1/2. Descriptive statistics were calculated for PK parameters, demographics, and safety variables and these were analyzed by t-test or analysis of variance (ANOVA). ANOVA also was used to compare the AUC and Cmax, with factors fitted for the effect of sequence, subject within sequence, period, and treatment. The comparisons are presented in terms of the geometric least square means and the 90% confidence interval (CI). BE was established if the 90% CI of the treatment ratio was within the equivalence range of 0.8–1.25. Tmax and T1/2 were analyzed with a Wilcoxon rank test. All statistical tests were performed using SAS 9.1 Statistical Package, and P < 0.05 was considered statistically significant.




RESULTS


Subject Screening, Recruitment, and Compliance

A total of 120 Patients with breast cancer were initially screened for these studies. Of these, 74 patients with breast cancer (n = 25, 25, 24) were enrolled and received the assigned study drug from sponsor 1-3 (HR, QL, ZDTQ) respectively; these patients also constituted the safety analysis set for each sponsor and 71 patients constituted the BE analysis set (Figure 2). The demographics and baseline characteristics of patients treated by the three sponsors were comparable (Table 2). Most of the study subjects were Han Chinese. The mean age of the study subjects was 48.8–52 years old.



Table 2. Demographic characteristics of the subjects.
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Albumin-Bound Paclitaxel Serum Concentration–Time Profiles

The total paclitaxel and unbound paclitaxel serum concentrations increased rapidly in all study subjects and reached Cmax at 0.5 h after the start of infusion. The serum concentrations showed a decline in a biphasic manner, which initially decreased rapidly after the end of infusion and then demonstrated a slight decrease until the lower limit of quantification. The study drugs exhibited a similar mean serum concentration–time profile in the R and T formulations in studies 1, 2, and 3 (Figures 3, 4).


[image: image]

FIGURE 3. Mean serum concentration–time profiles in the study. (A) Sponsor 1 (QL) total paclitaxel; (B) Sponsor 1 (QL) unbound paclitaxel; (C) Sponsor 1 (HR) total paclitaxel; (D) Sponsor 1 (HR) unbound paclitaxel; (E) Sponsor 3 (ZDTQ) total paclitaxel; (F) Sponsor 3 (ZDTQ) unbound paclitaxel.
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FIGURE 4. LOG10 Mean serum concentration–time profiles in the study. (A) Sponsor 1 (QL) total paclitaxel; (B) Sponsor 1 (QL) unbound paclitaxel; (C) Sponsor 1 (HR) total paclitaxel; (D) Sponsor 1 (HR) unbound paclitaxel; (E) Sponsor 3 (ZDTQ) total paclitaxel; (F) Sponsor 3 (ZDTQ) unbound paclitaxel.





Pharmacokinetic Parameters of Albumin-Bound Paclitaxel in Studies 1–3

AUC0−t accounted for >90% of the AUC0−∞ in all subjects, which indicated that the plasma concentration vs. time profiles were well characterized. The mean t1/2 were 20.61–27.31 and 20.3–26.74 h, and the intra-cv values ranged from 6.4 to 11% and 9.85 to 15.87% for total paclitaxel and unbound paclitaxel, respectively (except the t1/2 of 2.53–3 h of unbound paclitaxel of ZDTQ). The Inter-cv values were small, and almost all of these were less than 30%. There were no differences in PK parameters of total paclitaxel among the Sponsor 1 (QL), Sponsor 2 (HR), and Sponsor 3 (ZDTQ) products, which indicate that food did not affect the PK of paclitaxel. However, the unbound paclitaxel exposure was higher and the elimination rate lower with the Sponsor 1 (QL) and Sponsor 3 (ZDTQ) product than with the Sponsor 2 (HR) product (Table 3, Figure 5). The t1/2 of ZDTQ is obviously shorter than those of QL and HR (Table 3, Figure 5).



Table 3. Pharmacokinetic parameters of paclitaxel in each study [Geometric Mean (CV%)].
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FIGURE 5. Total LOG10 Mean serum concentration–time profiles in the study. (A) total paclitaxel; (B) unbound paclitaxel.





Bioavailability and Bioequivalence Analysis

The relative bioavailability of the test products as compared with the reference formulation was 92.16–106.44% for unbound paclitaxel and 93.21–100.8% for total paclitaxel. Both the assessments met the 80–125% BE range recommended by the US FDA (Table 4).



Table 4. Bioequivalence assessment summary and re-estimation of sample size.
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Re-Estimation of Sample Size

We re-estimated the sample size for the three studies based on their BE analysis results (α = 0.05, power = 0.8, GMR, and intra-cv) and the original hypothesis. The re-estimated sample size was 6–20, which is less than our enrollment size (Table 4) (Zhang et al., 2018a,b).



Safety Evaluations

For QL product, 25 subjects were included in the safety evaluation. The incidence of AEs was 100% with the QL product and reference product. The incidence of AEs of grade II or higher severity was 32.0% (5/25) vs. 41.6% (10/24) in the QL and reference groups, respectively.

For HR product, 25 subjects were included in the safety evaluation. The incidence of AEs was 100% with the HR product and 91.7% with the reference product. The incidence of AEs of grade II or higher severity was 32.0% (8/25) vs. 37.5% (9/24) in the HR and reference groups, respectively.

For ZDTQ product, 24 subjects were included in the safety evaluation. The incidence of AEs was 100% with the ZDTQ product and the reference product. The incidence of AEs of grade II or higher severity was 83.0% (20/24) vs. 87.5% (21/24) in the HR and reference groups, respectively.

There was one SAE (cataract) with ZDTQ; which was found to be unrelated to the drug. No fatal AEs or study drug injection site reactions of the drugs were observed. The test and reference groups had a similar incidence and pattern of AEs. There were no reports of unexpected AEs. The common hematologic adverse reactions included: neutropenia, leucopenia, thrombocytopenia, and anemia. The common non-hematologic adverse reactions included: increased ALT, AST, and fasting serum glucose levels; hyperesthesia; skin rashes; itching; fever; fatigue; nausea; diarrhea; and vomiting. In these studies, 24 (32.4%) and 23 (31%) subjects had concomitant medication use for co-existing diseases and administration of colony-stimulating factors was the most common group. There was no use of metabolic inducers or inhibitors, such as cyclosporine, phenobarbital, and ketoconazole, among the patients.




DISCUSSION

In these BE studies, all formulations of albumin-bound paclitaxel (QL, HR, and ZDTQ) were found to be bioequivalent to the reference formulation (Abraxane®) (Slingerland et al., 2013). The most frequently reported AEs were neutropenia, leucopenia, and thrombocytopenia (Slingerland et al., 2013). Following intravenous administration of the study drug (test or reference), paclitaxel serum concentrations declined in a biphasic manner, with the initial rapid decline representing distribution to the peripheral compartment and the slower second phase representing drug elimination3 (Slingerland et al., 2013). The terminal half-life of total paclitaxel was about 20.61–27.31 h, which is consistent with the reference product (Abraxane®) label2. The large volume of distribution (>1,000 L) of paclitaxel indicates extensive extravascular distribution and/or tissue binding of paclitaxel (Petrelli et al., 2010; Ronghao and Jun, 2015; Hyman et al., 2018; Xiang et al., 2018)3. There was higher exposure and lower elimination rate of unbound paclitaxel QL and ZDTQ as compared to HR product.

There are three plausible explanations. First, systematic errors and large standard deviations might have led to this difference. The exposure reported by Sponsor 2 (HR) was lower, regardless of the test and reference formulation. The unbound paclitaxel concentration was obtained with the following formula:
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The rapid equilibrium method may have deviation, which might have contributed to the higher unbound paclitaxel concentration when the total paclitaxel concentration was similar. The second reason could be the small difference in binding or wrapping rates. For example, when the binding or wrapping rates of paclitaxel with albumin are 98.0 and 96.5%, which are within the acceptable range, and the total paclitaxel concentration is 12,000 ng/mL; the unbound paclitaxel concentrations will be 240 ng/mL (12,000 × 98.0%) and 420 ng/mL (12,000 × 96.5%), respectively. The third reason could be differences in the metabolism of paclitaxel. Paclitaxel is metabolized into 6α-hydroxypaclitaxel by cytochrome2C8, and to two minor metabolites, 3-p-hydroxypaclitaxel, and 6α, 3′-p-dihydroxypaclitaxel, by cytochrome 3A4. In vitro, the metabolism of paclitaxel to 6α-hydroxypaclitaxel is inhibited by various agents (e.g., verapamil, ketoconazole, vincristine, etc.)2; however, none of the patients was taking any such concomitant drug in these studies. Thus, we speculate that a gene polymorphism of CYP could have affected the metabolic capability, which leads to higher clearance and ultimately lower exposure of unbound paclitaxel (Hendrikx et al., 2013; Frederiks et al., 2015; Xie et al., 2015).

As ZDTQ had higher LLOQ, the lower concentration of unbound paclitaxel was not checked 12 h after dosing. The terminal elimination half-life is the time taken by the drug to decrease its plasma concentration to half. The length can reflect the drug elimination rate in vivo. If the terminal concentration is very low (the LLOQ is low), the drug elimination terminal slope is small and the half-life is long; if the terminal concentration is high (the LLOQ is high), the drug elimination terminal slope is large and the half-life is short4. Then the t1/2 of ZDTQ is obviously shorter than those of QL and HR. It can be found at Supplement Figure 1. The two figures of time-concentration PK curve have been drawn from the same subject. We used 0–12 h time-concentration (Supplement Figure 1A) and 0–72 h time-concentration (Supplement Figure 1B) to calculate the t1/2. Then we can see the different t1/2 (4.7 vs. 21 h).

Food intake did not affect the PK of paclitaxel, which is supported by the similar exposures of total paclitaxel. The US FDA guidance document suggests that if a patient's health status prevents fasting, the clinic trial site may provide a light diet during the study, when all procedures are need to completed under same condition in the bioequivalence study (Davit et al., 2008; Srinivas, 2009).

The intra-subject variability was small as compared with earlier observations among breast cancer patients, i.e., 6.4–15.9 vs. 21.3% for total paclitaxel and unbound paclitaxel, respectively, which further suggests that paclitaxel is a low variable drug (Karalis et al., 2008). Due to the intravenous administration, paclitaxel entered into blood circulation and gastrointestinal absorption was bypassed. The physiological factors can significantly vary not only between subjects but also within the same subject, e.g., luminal/mucosal enzymes, regional pH, biliary or pancreatic secretions, gastric emptying, intestinal motility, and circadian rhythm etc, (Karalis et al., 2008). These factors can contribute to high intra-subject variability of the drug (Shah et al., 1991; Karalis et al., 2008). Then, we re-estimated the sample size of both the studies. We found that these studies did not need a large sample size. In future, we recommend that 22 subjects may be enough, considering the intra-cv measurement (6.4–15.87%) (Shah et al., 1991).

Paclitaxel is known to cause myelosuppression, peripheral neuropathy, myalgia/arthralgia, cardiovascular events, alopecia, and gastrointestinal toxicity (Henderson and Bhatia, 2007; Conlin et al., 2010; Slingerland et al., 2013; Lluch et al., 2014; Li et al., 2015). The severity of neutropenia correlates with the dose of paclitaxel and can be dose-limiting2. Dose intensification is not possible in cases of such acute toxicities, and dose reduction may have be necessary to improve a patient's condition, with the possibility of reducing treatment effectiveness. Therefore, albumin-bound paclitaxel was developed with a goal of improving the safety profile of paclitaxel treatment by eliminating the potentially toxic component polyethoxylated castor oil while maintaining or enhancing treatment efficacy (Slingerland et al., 2013). However, if the unbound paclitaxel concentration is associated with these toxicities, it is considered as an indicator to evaluate the technology of the production process (Vishnu and Roy, 2010; Guarneri et al., 2012; Palumbo et al., 2015). When the concentration of unbound paclitaxel is low, it indicates that the paclitaxel is covered by albumin successfully. The incidences of AEs and those of grade II or higher severity were comparable between the test formulation and reference formulation, and both the products were well tolerated by the patients. This shows that the imitation formulation is successful.



CONCLUSIONS

These randomized, two-period, crossover, clinical BE studies show that albumin-bound paclitaxel products (QL, HR, and ZDTQ) are bioequivalent to Abraxane® (reference) with a lower intra-cv and similar safety profiles of among Chinese breast cancer patients.
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L-4, a Well-Tolerated and Orally Active Inhibitor of Hedgehog Pathway, Exhibited Potent Anti-tumor Effects Against Medulloblastoma in vitro and in vivo
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Inhibition of aberrant Hedgehog (Hh) pathway had been proved to be a promising therapeutic intervention in cancers like basal cell carcinoma (BCC), medulloblastoma (MB), and so on. Two drugs (Vismodegib, Sonidegib) were approved to treat BCC and more inhibitors are in clinical investigation. However, the adverse effects and drug resistance restricted the use of Hh inhibitors. In the present study, 61 synthesized compounds containing central backbone of phthalazine or dimethylpyridazine were screened as candidates of new Hh signaling inhibitors by performing dual luciferase reporter assay. Among the compounds, L-4 exhibited an IC50 value of 2.33 nM in the Shh-Light II assay. L-4 strongly inhibited the Hh pathway in vitro and blocked the Hh pathway by antagonizing the smoothened receptor (Smo). Remarkably, L-4 could significantly suppress the Hh pathway activity provoked by Smo mutant (D473H) which showed strong resistant properties to existing drugs such as Vismodegib. Orally administered L-4 exhibited prominent dose-dependent anti-tumor efficacy in vivo in Ptch+/-; p53-/- MB allograft model. Furthermore, L-4 showed good tolerance in acute toxicity test using ICR mice. These evidences indicated that L-4 was a potent, well-tolerated, orally active inhibitor of Hedgehog pathway, and might be a promising candidate in development of Hh-targeted anti-cancer drugs.
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INTRODUCTION

The Hedgehog pathway is evolutionarily conserved and plays vital roles in the early development of the mammals by controlling cell proliferation and differentiation (Pomeroy et al., 2002; Jiang and Hui, 2008). It was found in a state of suppression in most adult tissues and only involved in the maintenance and repair of some tissues (Rimkus et al., 2016). The main components of the Hh pathway in mammals include the following parts: three Hh ligands (Sonic hedgehog, Indian hedgehog, Desert hedgehog) which can stimulate the Hh pathway, PTCH which represses the activity of Smo, Smo which acts as a positive regulatory protein, and the GLI family (Ruiz and Altaba, 1997). PTCH and Smo are transmembrane proteins (Roudaut et al., 2011). In the absence of Hh ligands, PTCH inhibits Smo activity by repressing its trafficking and localization to the cilia (Cheng and Bishop, 2002; Goetz and Anderson, 2010). Once the Hh ligands bind to PTCH, PTCH would leave the cilia and Smo would be able to accumulate and activate in the cilia (Sharpe et al., 2015; Zhang et al., 2017). Activated Smo subsequently starts a downstream signaling leading to the activation of transcription factors, GLI. Then, the activated GLIs translocate into the nucleus to induce the expression of various context-specific genes which regulate cellular differentiation, proliferation and survival (Scales and de Sauvage, 2009; Stecca and Ruiz, 2010).

Aberrant activation of Hh pathway signaling leads to abnormal development of the tissues and is linked to many malignant tumors like BCC, MB, and so on (Epstein, 2008; Rimkus et al., 2016; Tan et al., 2018). MB, known as a primitive neuroectodermal tumor, is the most common malignant pediatric brain tumor (Romer et al., 2004). It happens in the cerebellum and accounts for about 20% of all pediatric brain tumors (Ellison et al., 2003). Previous studies had shown that Hh pathway was closely related to MB. Mutant PTCH1 was reported to cause the human developmental disorder Gorlin syndrome which increased a notable risk of advanced BCC and MB. This indicated that Hh pathway contributed to the formation of MB (Hahn et al., 1996). Actually, further researches showed abnormal expression of PTCH1, SMO, and SUFU in a large percentage of spontaneous MB (Epstein, 2008; Kool et al., 2008). Up to now, MB are termed four subgroups: WNT, SHH, group 3, and group 4 (Taylor et al., 2012). Among them, Hh pathway subtype accounts for 30% of MB (Kool et al., 2012; Korshunov et al., 2012). Thus, research and development of inhibitors targeting the Hh pathway might be a promising strategy for MB therapy (Rimkus et al., 2016).

Cyclopamine is the first Hh inhibitor to be found which advances our research of the Hh pathway as a therapeutic target substantially (Incardona et al., 1998; Tremblay et al., 2009). It is an allosteroid alkaloid extracted from the veratrine (Incardona et al., 1998). Cyclopamine could directly combine with the transmembrane domain of Smo proteins and prevent the conformational change and activation of Smo (Chen et al., 2016). However, the poor potency and oral solubility limit its application in clinical therapy (Tremblay et al., 2009). In recent years, great effort has been taken predominantly on targeting Smo. So far, a variety of Smo inhibitors have been reported. Among them, Vismodegib (GDC-0449) (Robarge et al., 2009; Kumar et al., 2017) and Sonidegib (NVP-LDE225) (Pan et al., 2010; Jalili et al., 2013) have been approved by FDA for the treatment of BCC. However, Vismodegib and Sonidegib showed undesirable adverse effect and drug resistance subsequently in clinic therapy (Scales and de Sauvage, 2009). According to the research, there are 15–33% untreated BCC patients harbor Smo mutations and the percentage increases to 69–77% in resistant tumors (Dong et al., 2018). The MB relapsed after a few months of Vismodegib treatment and it was found that the mutation of Smo D473H gave rise to the drug resistance (Yauch et al., 2009). Thus, the binding ability of Hh inhibitors to D473H is important to overcome the drug resistance.

NVP-LEQ506 (Peukert et al., 2013) and Taladegib (LY-2940680) (Bendell et al., 2018) are two representative Hh inhibitors in clinic trial. NVP-LEQ506 was developed by Novartis and LY-2940680 was developed by Lilly United States and Ignyta. LY-2940680 and Anta XV (lead compound of NVP-LEQ506) are both benzylphthalazine derivatives which were reported to be potent Hh pathway inhibitors with low nanomolar affinity for Smo. Based on these previous studies, we designed and synthesized a series of small molecular compounds containing central backbone of phthalazine or dimethylpyridazine as candidates of new Hh signaling inhibitors. The piperazine linker of lead compound Anta XV was replaced by piperidin-4-amine moiety and the benzyl group was optimized with different aromatic rings to generate compounds series A. We applied the similar strategy to replace the 4-methylamino-piperidine linker of LY-2940680 with pyrrolidin-3-amine moiety and the 1-methyl-1H-pyrazol group with benzene ring to generate compounds series L. Furthermore, in some compounds, the bicyclic phthalazine core was replaced with dimethylpyridazine to mimic the pharmacophore of NVP-LEQ506. After screening for inhibitive effects on Hh signaling pathway of these compounds, L-4 was found to be the most potent compound. Herein, evaluation of anti-tumor effects of L-4 in vitro and in vivo was conducted.



MATERIALS AND METHODS

Reagents

Vismodegib, Taladegib, and SAG were purchased from Selleck (TX, United States). NVP-LEQ506 was bought from MedChemExpress (NJ, United States). L-4 was synthesized in-house. For in vitro experiments, compounds were dissolved in DMSO (Beyotime, Shanghai, China) and stock solutions were stored at -20°C. For in vivo experiments, Vismodegib, Taladegib and L-4 were formulated in 0.5% methylcellulose (Aladdin, Shanghai, China).

Cell Lines and Cell Culture

Shh-Light II cell line was a gift of Professor. Philip Beachy in Stanford University and cells were maintained in DMEM (Hyclone, UT, United States) containing 10% fetal bovine serum (FBS) (Biological Industries, Israel), zeocin (Invitrogen, CA, United States) 0.15 mg/mL and G418 (Invitrogen) 0.4 mg/mL at 37°C in a 5% CO2 atmosphere. HEK293 human epithelial kidney cell was purchased from Cell Bank of China Science Academy (Shanghai, China) and cells were maintained in DMEM containing 10% FBS, streptomycin 100 μg/mL and penicillin 100 U/mL as recommended at 37°C in a 5% CO2 atmosphere.

Animals

All animal (purchased from Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China) care and experimental protocols for this study complied with the Chinese regulations and the Guidelines for the Care and Use of Laboratory Animals drawn up by the National Institutes of Health (USA) and were approved by the Institutional Animal Care and Use Committee of the East China Normal University. ICR mice and BALB/c nude mice (6–8 weeks old) were purchased from the Shanghai SLAC Laboratory Animal CO., LTD., Mice were maintained on a 12:12 light-dark cycle in a temperature-controlled (21∼23°C) and SPF conditional room. Mice were provided with standard rodent chow and water ad libitum. All animals were acclimatized for a week before beginning the study.

Gli-Luc Reporter Assay

Shh-Light II cells were seeded in 96-well plants at a density of 4000 cells/200 μL. After 48 h of various compounds treatment as indicated, the luciferase activity was examined with Dual-Luciferase Assay Reporter System (Promega, Madison, WI, United States) following the manufacturer’s instructions. The firefly luciferase values were normalized to Renilla values. GraphPad Prism software was used to generate dose–response curves and IC50 values with five parameters logarithmic non-linear regression fitting.

Medulloblastoma Primary Cells Culture and Brdu Assay

Ptch+/-; p53-/- mice were gained from hybridization of Ptch+/- mice and p53-/- mice. p53-/- mice were kindly provided by Professor Wei Zhang (East China Normal University, Shanghai, China) and Ptch+/- mice were bought from Model Animal Research Center of Nanjing University (Nanjing, China). The primary spontaneously MB in Ptch+/-; p53-/- mice were collected and allografted into BALB/c nude mice. After development in the nude mice, tumors were harvested. The cells were maintained in Neurobasal A medium (Invitrogen) containing B-27 supplement (Invitrogen), EGF 20 ng/ml (Invitrogen), bFGF 20 ng/ml (Invitrogen), non-essential amino acids (Invitrogen), N-acetylcysteine 60 μg/ml (Sigma-aldrich, St. Louis, MO, United States).

Medulloblastoma cells were seeded in 96-well plates at a density of 20000 cells/200 μL. After treated with various concentrations of L-4 for 36 h, the Brdu assay was conducted using the Brdu Cell Proliferation Kit (Abcam, Cambridge, United Kingdom) according to manufacturer’s instructions.

Microscopy Analysis of Fluorescent BODIPY-Cyclopamine Competition Assay

Human wild type Smo (hSmo) expression vector is a gift from Professor Ke Yu (Fudan University, Shanghai, China). Microscopy analysis of fluorescent BODIPY-cyclopamine competition assay was performed as following. In brief, the HEK293 cells were seeded in 6-well plates and transfected with wild type hSmo expression vector. Two days after transfection, the cells were seeded in 24-well plates and incubated with compounds. After incubation for 10 h, the cells were washed with PBS twice, fixed with 4% paraformaldehyde in dark for 10 min, washed with PBS again and incubated with Triton X-100 solution for 10 min. The cells were then stained with DAPI (Sigma-aldrich) and photographed using a fluorescence microscope.

Flow Cytometry Analysis of Fluorescent BODIPY-Cyclopamine Competition Assay

Fluorescent BODIPY-cyclopamine competition assay was adopted as following. In brief, HEK293 cells were seeded in 6-well plates and transfected with wild type hSmo expression vector. Two days later, cells were seeded in 24-well plates and treated with the compounds. After incubation for 10 h, the cells were harvest and tested by flow cytometry. The green fluorescence of BODIPY-cyclopamine bound to Smo was examined by a flow cytometer (Guava EasyCyte 6HT-2 L, Merck Millipore, Billerica, MA, United States). At least 5000 cells were analyzed for each data point. FACS data were analyzed with InCyte software.

Antagonizing Drug-Resistant Assay

Drug-resistant D473H Smo expression vector is a gift from Professor Ke Yu (Fudan University, Shanghai, China). Shh-Light II cells were transfected with wild type and mutant D473H Smo expression vectors. Then the cells were seeded in 96-well plates and treated with Vismodegib and L-4 at various concentrations. After incubation for 48h, a dual luciferase reporter assay (Promega, Madison, WI, United States) was performed following the manufacturer’s instructions. 293T cells transfected with mutant Smo D473H were treated with Vismodegib and L-4 for 48 h, then cells were harvested and subjected to WB analysis.

Molecular Modeling

Molecular docking was carried out by using Glide module in Schrödinger 2013 software package. The crystallographic structure of the human Smo 7TM receptor was retrieved from the RCSB protein data bank (ID: 4JKV). The SWISS-MODEL online server was employed to construct the mutant D473H by replace the specific residue Asp473. The WT and D473H structures were minimized by using AMBER16 software and then were prepared by using the Protein Preparation Wizard module. Two ligands were selected in the docking study: L4 and Vismodegib. Before docking, they have been processed by using the Ligprep module in Schrödinger 2013. These two molecules were docked into the binding pocket of the WT and D473H protein structure. The best docked poses were select for further analysis.

Western Blot Analysis

The proteins of whole cell lysates were prepared in RIPA buffer containing protease and phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA, United States), and quantified by the BCA method. Immunoblotting analysis of Gli1 and Ptch1 were performed as previously described (Dorward et al., 2016). The expression of β-actin was used as loading control. Antibodies against Smo and β-actin were purchased from Santa Cruz Biotechnology (CA, United States). Antibody against Ptch1 was purchased from Abcam. Antibody against Histone H3 was purchased from CST (Danvers, MA, United States).

Cell fractionation was performed as following. The collected cells were lysed by cytoplasmic lysis buffer [50 mM Tris-HCl (PH 7.4), 140 mM NaCl, 1.5 mM MgCl2, and 0.5% NP-40 (1.06 g/ml)] for 20 min. Then the lysate was centrifuged for 10 min at 3000 rpm at 4°C and the supernatant was collected as cytoplasmic lysate. The pellet was washed once by cytoplasmic lysis buffer and dissolved by RIPR buffer (Thermo Fisher Scientific, Waltham, MA, United States) for 20 min. Then the lysate was centrifuged for 10 min at 12000 rpm at 4°C and the supernatant was collected as nuclear lysate.

Medulloblastoma Allograft Model

The primary intracranial MB spontaneously developed in Ptch+/-; p53-/- mice were harvested and subcutaneously allografted into athymic nude mice. The tumors in nude mice were further collected and cut into 1 mm3 fragments. Then the fragments were inoculated subcutaneously into the right flank of other nude mice. When the tumor volume reached 150–200 mm3, the mice were randomized grouped into control and treatment groups to receive treatment accordingly. L-4 was orally administered at 5, 10, and 20 mg/kg once a day for 13 days. Taladegib was used as a positive control and orally administered at 20 mg/kg once a day. The tumor growth was recorded with the measurement of length (L) and width (W) by caliper every other day and calculated as tumor volume (V) = L × W2/2. Meanwhile, the body weights of mice were recorded. The TGI was calculated as TGI% = [1-(mean tumor volume of the treated group on the last day-mean tumor volume of the treated group on day 0)/(mean tumor volume of the control group on the last day-mean tumor volume of the control group on day 0)] × 100%. The tumor regression of individual mouse was defined as the tumor volume at the end was less than the tumor volume when treatment was initiated.

Acute Toxicity Test

According to guideline 425 Organisation for Economic Co-operation Development [OECD], 2008, L-4 was administered in a single dose of 2000 mg/kg by oral in five female ICR mice (n = 5). A negative control was established by administering a 0.5% CMCNa solution to a female mouse (n = 1). Body weight of the animals were recorded shortly before the administration of the L-4 and then daily, during the treatment period. After administration, animals were observed individually during the first 30 min and then daily for 14 days. Observations included mortality and changes in skin and fur, eyes and mucous membranes, and also respiratory, circulatory, autonomic and central nervous systems, and somatomotor activity and behavior pattern. Attention should be directed to observations of tremors, convulsions, salivation, diarrhea, lethargy, sleep, and coma.

Statistical Analysis

The statistical significance of differences between groups was evaluated by the unpaired Student’s t test and indicated with ∗∗P < 0.01, ∗P < 0.05. All statistical tests were two sided.



RESULTS

Screening Hh Signaling Inhibitory Activities of the Synthesized Compounds

To evaluate the inhibitory effects of all the compounds, dual luciferase reporter assays were conducted using Shh-Light II cells, which were NIH-3T3 cells stably fused with a Gli-responsive firefly luciferase and Renilla-luciferase (Xin et al., 2014). As shown in Table 1, 61 compounds were screened and 14 compounds showed good inhibitory potency. Then, we selected 5 representative compounds to further check the in vitro concentration-inhibition IC50 values. NVP-LEQ506 and LY-2940680 were used as positive controls. The IC50 values ranged from 1 to 50 nM (Table 2). L-4 (Figure 1) showed the best inhibitory potency with an IC50 of 2.33 nM.

TABLE 1. Inhibitory rate of compounds to the Hh pathway tested by dual luciferase reporter assays in Shh-Light II cells.
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TABLE 2. IC50 value of compounds to the Hh pathway tested by dual-luciferase reporter assays in Shh-Light II cells.
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FIGURE 1. Structure of L-4.



L-4 Inhibits the Proliferation of Medulloblastoma Cells With Activation of Hh Pathway Signaling

The potency of L-4 in inhibiting the proliferation of cancer cells related to activation of Hh pathway was tested. The Ptch+/-; p53-/- MB mouse model, a generally accepted Hh-driven mouse MB model which had been used to evaluate the anti-cancer effect of Smo inhibitors (Wetmore et al., 2001), was established. Spontaneous MB cells were then isolated from nude mice for testing the antiproliferative effect of compound L-4 using Brdu assay. Vismodegib and LY2940680 were used as positive controls. The results showed that L-4 dose-dependently inhibited the proliferation of MB cells in a similarity to that of Vismodegib and LY2940680 (Figure 2A). The IC50 of L-4 was 31.36 nM and the IC50 of Vismodegib and LY2940680 were 37.65 and 35.5 nM, respectively. Also, Western bolt results showed that L-4 dose-dependently inhibited the expression of Gli1 and Ptch1 in MB cells (Figure 2B).
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FIGURE 2. L-4 suppressed the proliferation and Hh pathway of Ptch+/-; p53-/- medulloblastoma (MB) cells in vitro. (A) L-4 inhibited the proliferation of Ptch+/-; p53-/- MB cells assessed by Brdu analysis. MB cells were exposed to various concentrations of L-4 for 36 h. Vismodegib and LY-2940680 were used as positive controls. (B) L-4 inhibited the expression of Gli1 and Ptch1 in primary Ptch+/-; p53-/- MB cells. MB cells were treated with various concentration of L-4 after 48 h and collected for lysis. Protein extracts were probed with specific antibodies against Gli1, Ptch1, and Actin (as a loading control). Cells isolated from normal mouse brain was marked as “Normal Brain.”



L-4 Binds With Smo and Restrains the Expression of Gli1 and Ptch1

To check whether the inhibitory potency of L-4 against the Hh pathway is due to targeting Smo, direct interaction of L-4 with Smo was analyzed by using BODIPY-cyclopamine, a kind of cyclopamine derivative with fluorescent label (Solinas et al., 2012; Sharpe et al., 2015). Firstly, HEK293 cells were transfected with the wild type Smo expression vector and the effect of transfection was examined by western blot (Figure 3A). Then, fluorescent BODIPY-cyclopamine competition assay was performed. In the presence of 10 μM L-4, cellular fluorescence of BODIPY-cyclopamine was not observed by the fluorescence microscopy analysis (Figure 3B). It was similar to the positive control, cyclopamine (Schaefer et al., 2013). As shown in Figures 3C,D, results of quantitative analysis using flow cytometry suggested that there was a dose-dependent replacement of BODIPY-cyclopamine by L-4. Taken together, our data demonstrated that L-4 was able to displace the BODIPY-cyclopamine from Smo and inhibited the Hh signaling pathway by targeting Smo. Moreover, results of western blot (Figure 3E) suggested that L-4 dose-dependently reduced the expression of Gli1 and Ptch1 in Shh-Light II cells.
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FIGURE 3. L-4 inhibited the Hh pathway by binding to Smo. (A) Western blot analysis of Smo expression in HEK293 cells. HEK293 cells were transfected with wild type hSmo expression vector and the Smo protein expression level was examined by western blot. Actin was used as a loading control. (B) BODIPI-cyclopamine competition analysis was examined by fluorescent microscope. Photographs were representatives from three independent experiments. (C,D) BODIPI-cyclopamine competition analysis was examined by flow cytometry. The results were expressed as mean ± SEM of three independent experiments (n = 3). (E) L-4 inhibited the expression of Gli1 and Ptch1 in Shh-Light II cells. Shh-Light II cells were treated with 100 nM SAG and various concentrations of L-4 for 48 h were harvested and subjected to WB analysis. (F) L-4 decreased the Gli1 expression both in the cytoplasm and the nucleus in Shh-Light II cells. The cells were treated with 100 nM SAG and various concentrations of L-4 for 48 h. After treatment, cell fractionation was performed and lysates were subjected to WB analysis.



It had been shown that Gli1 translocated from the cytoplasm to the nucleus to induce a series of downstream genes expression (Sharpe et al., 2015). Thus, the shuttle of Gli1 in intercellular compartments after treated with L-4 was observed. As showed in Figure 3F, SAG induced the shuttle of Gli1 to the nucleus in Shh-Light II cells. While, after treatment with different concentrations of L-4 for 48 h, a strong decrease of Gli1 both in the cytoplasm and the nucleus could be observed. The results indicated that the inhibition of Smo by L-4 not only had a negative effect on translocation of Gli1, but also inhibited the Gli1 expression.

L-4 Inhibits Drug-Resistant Mutant Smo

Whether L-4 could inhibit the aberrant Hh pathway provoked by mutant Smo D473H was checked. Mutant Smo D473H is an important reason for giving rise to the resistance to the current existing drugs (Dijkgraaf et al., 2011; Infante et al., 2016). Compared to the conspicuous inhibitory effect on the Shh-Light II cells stimulated by Smo wild type expression vectors, L-4 showed similar inhibitory effects on the Shh-light II cells with overexpression of mutant Smo D473H (Figure 4A). The IC50 values of L-4 in inhibiting wild type and D473H were 23.46 and 24.55 nM, respectively. On the contrary, the inhibiting effects of Vismodegib on Hh pathway provoked by overexpression of D473H were reduced (Figure 4B). In the present study, the IC50 values of Vismodegib in inhibiting wild type and D473H were 21.63 and 326.8 nM, respectively. To further confirm these results, we transfected mutant Smo D473H into 293T cells and there was a corresponding activation in Gli1 and PTCH1. Although these proteins were largely resistant to Vismodegib, they were dose dependently inhibited by L-4 (Figure 4C). To sum up, we indicate that L-4 could effectively target the mutant Smo D473H.
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FIGURE 4. L-4 inhibited the Gli-luciferase activity stimulated by wild type Smo and mutant Smo D473H. Light II cells transfected with wild type Smo or Smo D473H plasmids were exposed to L-4 for 48 h and then were harvested for dual luciferase reporter assays. The results were expressed as the mean ± SEM. (A) L-4 dose-dependently inhibited the Gli luciferase activity proved by wild type Smo and mutant Smo D473H. (B) Vismodegib failed to inhibited the Gli luciferase activity initiated by mutant Smo D473H. (C) L-4 dose-dependently inhibited the expression of Gli1 and Ptch1 in 293T cells transfected with mutant Smo D473H. Transfected cells were treated with Vismodegib and L-4 for 48 h. Cells were harvested and subjected to WB analysis.



The Binding Mode of L-4 With Wild Type and Mutant Smo

The molecular docking simulation was used to study the binding modes of L-4 and Vismodegib with wild type and mutated D473H Smo. The predicted binding mode showed that the interaction between L-4 and wt-Smo was much stronger. As shown in Figure 5A, the inhibitor L-4 forms three critical hydrogen bonds with Smo protein: one hydrogen bond from the amide oxygen atom to Asn219 residue, two hydrogen bonds between the dimethylpyridazine core and Arg400. Furthermore, the phenyl ring and pyridazine ring also interacted with the benzene ring of Phe484 and Tyr394 via π-π stacking. It suggested the interaction between L4 and wt-Smo was much stronger. These interactions have hardly changed after the D473H mutation (Figure 5B), the distance of Hydrogen bond is changed from 2.9, 3.4, and 3.3 Å to 3.0, 3.1, and 3.4 Å, respectively. The amide oxygen atom of Vismodegib also formed one hydrogen bond with Arg400 (2.9 Å) in wt-Smo, which disappeared after D473H mutation (5.2 Å). In fact, the D473H mutation (relatively larger side chain) could change the structure of the binding pocket, especially the position of Arg400. There is only one hydrogen bond between Vismodegib and the wt-Smo, which could be easily disrupted by D473H mutation and leaded to drug resistance (Figures 5C,D). The Computational predicted binding modes were in good agreement with the experiment results.
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FIGURE 5. Computational predicted binding mode of L-4 and Vismodegib with wild type and mutated D473H Smo. (A) L-4-Smo (WT), (B) L-4-SMO (D473H), (C) Vismodegib -Smo (WT), and (D) Vismodegib-Smo (D473H). All pictures were generated by using Pymol.



L-4 Inhibits the Hh Signaling Pathway Activity in vivo

Subcutaneous Ptch+/-; p53-/- MB allograft model was used to assess the in vivo anti-tumor efficacy of L-4. L-4 was orally administered at a dose of 5, 10, or 20 mg/kg once a day. As showed in Figures 6A,C,D, L-4 showed dose-dependent anti-tumor activity after 13 days of oral administration. Even at the lowest dose level of 5 mg/kg, tumor growth was significantly inhibited by L-4 compared to the vehicle control. TGI were 53.3, 84.3, and 93.3% under the dose of 5, 10, and 20 mg/kg, respectively. Body weights did not change significantly in mice treated with L4 at all doses (Figure 6B). Four hours after the last dose of vehicle, L-4 and LY-2940680 treatment, tumors were harvested and Gli1 and Pthc1 expression levels were checked as pharmacodynamic markers of Hh pathway. The results showed that L-4 could dose-dependently decrease the expression of Gli1 and Ptch1 in tumors (Figure 6E). Herein, these studies suggested that L-4 successfully induced TGI in vivo as it worked in vitro by inhibiting Hh pathway.
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FIGURE 6. Anti-tumor activity of L-4 in Ptch+/-; p53-/- MB allograft model. Mice bearing in MB were orally administered with LY-2940680 and L-4 once a day for 13 days. (A) Tumor volume for indicated days was showed as mean ± SEM (n = 5). (B) Mean body weights were presented as mean ± SEM (n = 5). (C) The pictures of tumors. (D) Tumor weight. (E) L-4 inhibited the Gli1 and PTCH1 expression in the tumors. After 4 h of last dosage, tumor samples were collected for examining the expression of Gli1 and PTCH1 protein expression. (F) Body weight for the ICR mice in the acute toxicity test. Number 0 was the negative control mouse orally administered with 0.5% CMCNa solution. Number 1–5 were the mice orally administered with a single dose of 2000 mg/kg L-4, separately. ∗p < 0.05, ∗∗p < 0.01 vs. control.



L-4 Shows No Toxicity in 14-Day Test of ICR Mice

L-4 was run through acute toxicity test as part of the preclinical safety assay. In 14-day test using ICR mice, mice receiving a single dose of 2000 mg/kg L-4 did not exhibit any toxic symptom (Figure 6F). Briefly, it could be predicted that the LD50 of the L-4 might be higher than 2000 mg/kg.



DISCUSSION

The abnormal expression of Hh pathway, which has a key role in the development and maintenance of many organs and tissues, has been linked to tumorigenesis. It had been proved that aberrant in this pathway can lead to BCC and MB. Recent researches demonstrated that Hh pathway could also be linked to many other cancers, including pancreatic (Rajurkar et al., 2012; Miyazaki et al., 2016; Kumar et al., 2017), colon (Park et al., 2011), gastric (Tang et al., 2018), lung (Zhu et al., 2017), breast (Song et al., 2016), and prostate cancers (Chen et al., 2011), leukemias and multiple myeloma (Blotta et al., 2012). As a result, development of novel Hh inhibitors is of great meaning and urgency. Here, we designed and synthesized a series of small molecular compounds containing central backbone of phthalazine or dimethylpyridazine as candidates of new Hh signaling inhibitors. After evaluation with dual luciferase reporter assays using Shh-Light II cells, among the all compounds, L-4 showed the best inhibitory potency with an IC50 of 2.33 nM.

In vitro, evaluating by Brdu assay, L-4 showed obvious inhibitory effect on the proliferation of primary MB cells with nanomolar IC50 just as Vismodegib and Taladegib. In addition, western blot analysis of primary MB cells treated with L-4 revealed that the expression of Hh pathway were repressed. These results confirmed that L-4 had inhibition effects on proliferation of MB cells by targeting Hh pathway.

BODIPI-cyclopamine is the derivative of cyclopamine with a fluorescent tag. Those inhibitors which share the same binding domain with cyclopamine can competitively prevent BODIPI-cyclopamine from binding to Smo protein. Correspondingly, the reduce of fluorescence signal of BODIPI-cyclopamine would be detected in the microscopy and flow cytometry analysis. In this occasion, we are able to confirm the binding domain between the inhibitor and Smo. To check whether L-4 could directly bind to Smo and to find the domain of binding between L-4 and Smo, BODIPI-cyclopamine competition assay was conducted in the present study. Both the results of fluorescence microscope analysis and the results of flow cytometry analysis showed the concentration-dependent competitive relationship between L-4 and BODIPI-cyclopamine. The results suggested that L-4 could directly bind to the transmembrane domain of Smo and occupied the same pocket as cyclopamine. As previous reported, in activating Hh pathway, Gli1 shuttles from the cell cytoplasm to nucleus to start the downstream signal in nucleus (Scales and de Sauvage, 2009). Under the treatment of L-4, there was an obvious decrease of Gli1 in both cytoplasm and nucleus. The reduce of Gli1 in the nucleus might be resulted from block of the Hh pathway by L-4. Under blocking of the Hh pathway, more Gli1 protein was restrained by the SuFu, and thus few Gli1 could go through the nucleus. Since Gli1 is also a Hh target gene and significantly influenced by activation of Hh pathway, there might be a negative feedback after L-4 binds to the Smo. Less Gli1 shuttles into nucleus might lead to reduction in the gene expression of Gli1 which resulted in the decrease of expression of Gli1 protein. Therefore, the level of Gli1 in cytoplasm also decreased.

We further checked the ability of L-4 in binding with mutant Smo D473H. In the antagonizing drug-resistant assay, L-4 exhibited equivalent potency in inhibiting the Gli-luciferase activity, and downstream biomarkers provoked by Smo wild type and Smo D473H. On the contrary, Vismodegib showed ameliorated ability in inhibiting the Gli-luciferase activity provoked by Smo D473H. In 293T cells, L-4 blocked the downstream Hh pathway biomarkers driven by mutant Smo D473H while Vismodegib failed. The results suggested possible better therapeutic effects of L-4 than Vismodegib in clinic because many patients suffered from drug resistance after treated by Vismodegib. Take molecular modeling into consideration, strong hydrogen bonds between L-4 and Smo protein suggested that the binding between L-4 and Smo might be stable. Particularly, results of calculational chemistry also showed that L-4 could equally bind to the wild type and mutant Smo, which supported results of our drug-resistant study. Vismodegib showed much weaker binding ability to mutant Smo. The docking scores of Vismodegib to wild type Smo and mutant Smo were -8.62 and -7.39, respectively. The inhibition ability of Vismodegib in antagonizing mutant D473H is more than ten folds weaker than that of wild type. The results were consistent with the IC50 values of Vismodegib in inhibiting wild type and mutant D473H transfected in the Shh-Light II cells, which were 21.6 and 326.8 nM, respectively. The mutation (relatively larger side chain) of Smo can change the structure of the binding pocket, especially the position of Arg400. There is only one hydrogen bond between Vismodegib and the Smo which can be easily disrupted by the mutation, while the interaction between L-4 and Smo is much stronger, thus their binding is not greatly affected by the mutation.

Of note, our tumor profiling data indicated that orally administration of L-4 showed remarkable dose-dependent anti-cancer effects in the Ptch+/-; p53-/- MB allograft model without inducing loss of body weight. At the dose of 20 mg/kg, tumors in all five mice almost stopped growing in the 13-day treatment. The expression levels of Gli1 and Ptch1 in tumors reduced along with augment of the dose of L-4. It suggested that L-4 inhibited MB tumor growth by inhibiting Hh pathway and Gli1 and Ptch1 might be important pharmacodynamic markers. Besides, according to the results of acute toxicity test, L-4 was well tolerated in adult mice and no obvious side effects were observed.

In all, L-4 exhibited excellent drug-like properties. L-4 could bind to both wild type and mutant D473H Smo and then inhibited the escapement of Gli from SUFU protein complex and translocation of Gli into the nucleus which would induce the expression of various context-specific genes related to regulation of cellular differentiation, proliferation, and survival (Figure 7). It had considerable anti-tumor efficacy in vitro and in vivo. It was highly soluble and with limited toxicity. Nowadays, many preclinical and clinical studies are conducted to develop novel Hh inhibitors or combine Hh inhibitors with other clinical medicine in hope to cure cancers with overexpressed Hh pathway (Riobo et al., 2006; Wang et al., 2012; Amakye et al., 2013). Although previous studied Hh inhibitors failed in clinical trials in all other tumors except BCC and MB, more effort should be taken to research and develop new Hh inhibitors. Since L-4 could bind with wild type and mutant Smo in the aberrant Hh pathway, it is reasonable that L-4 could be a promising candidate as new anti-cancer agent and create more opportunities in cancer therapy.
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FIGURE 7. L-4 inhibited the Hedgehog pathway by targeting Smo. L-4 bound with wild type and mutant D473H Smo to prevent Gli from being released from SUFU protein complex and then inhibited the translocation of Gli into the nucleus to induce the expression of various context-specific genes which regulate cellular differentiation, proliferation, and survival.
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Glioblastoma (GBM) is the most common type of malignant brain tumor in adults. We show here that small molecule 2-[(3,4-dihydroquinolin-1(2H)-yl)(p-tolyl)methyl]phenol (THTMP), a potential anticancer agent, increases the human glioblastoma cell death. Its mechanism of action and the interaction of selective signaling pathways remain elusive. Three structurally related phenolic compounds were tested in multiple glioma cell lines in which the potential activity of the compound, THTMP, was further validated and characterized. Upon prolonged exposer to THTMP, all glioma cell lines undergo p53 and cyclin-dependent kinase mediated cell death with the IC50 concentration of 26.5 and 75.4 μM in LN229 and Snb19, respectively. We found that THTMP strongly inhibited cell growth in a dose and in time dependent manner. THTMP treatment led to G1/S cell cycle arrest and apoptosis induction of glioma cell lines. Furthermore, we identified 3,714 genes with significant changes at the transcriptional level in response to THTMP. Further, a transcriptional analysis (RNA-seq) revealed that THTMP targeted the p53 signaling pathway specific genes causing DNA damage and cell cycle arrest at G1/S phase explained by the decrease of cyclin-dependent kinase 1, cyclin A2, cyclin E1 and E2 in glioma cells. Consistently, THTMP induced the apoptosis by regulating the expression of Bcl-2 family genes and reactive oxygen species while it also changed the expression of several anti-apoptotic genes. These observations suggest that THTMP exerts proliferation activity inhibition and pro-apoptosis effects in glioma through affecting cell cycle arrest and intrinsic apoptosis signaling. Importantly, THTMP has more potential at inhibiting GBM cell proliferation compared to TMZ, the current chemotherapy treatment administered to GBM patients; thus, we propose that THTMP may be an alternative therapeutic option for glioblastoma.
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INTRODUCTION

Glioblastoma (GBM) is known as the most aggressive primary brain tumor. Although different treatments have been combined such as surgical operation, chemotherapy, or radiotherapy, no standard treatment has been proven to be effective for treating brain tumor. It is noted that patients with glioblastoma have an average survival of 12–15 months. For chemotherapy, temozolomide (TMZ) is one of the drugs accepted to be used in combination with radiotherapy to treat brain tumor (Stupp et al., 2005). However, some limitations related to use of TMZ such as the over expression of O6-methylguanine-DNA methyltransferase (MGMT) and/or lacking of a DNA repair pathway in GBM cells (Hegi et al., 2005) still need to be addressed; therefore, effective recurrence needs to be explored further.

A comprehensive understanding of the response of glioblastomas to chemotherapy and detailed chemotherapy resistance analysis of gliomas may help to identify effective agents for the treatment of this disease. Currently, many chemical compounds including sorafenib (Yang et al., 2010), bevacizumab (Friedman et al., 2009), and kaempferol (Sharma et al., 2007) have been studied for anti-glioma ability, especially for inducing GBM growth arrest and apoptosis. In the past few decades, many efforts have been made in understanding chemotherapy-induced DNA damage response (DDR) such as activation of checkpoint, repair and cell death pathways. It is reported that GBM responds to DNA damage induced by genotoxic drugs by activating DNA repair machinery (Erasimus et al., 2016). Thereby, improving chemotherapy response should be made to address this issue. Beside the DNA damage, targeting cell cycle arrest and apoptosis also grasped the attention for GBM treatment. In glioma cells, several key regulatory elements of cell cycle and apoptosis alter the expression of cyclin-dependent kinases such as Bcl-2 protein family, p53 protein, inhibitor of apoptosis proteins (IAPs) or receptor tyrosine kinases like the epidermal growth factor receptor (EGFR) and their down-stream signaling cascade. Among these signaling pathways, p53 plays an essential role in cellular responses to DNA damage and regulation of cell cycle and apoptosis. It is well known that p53 functions as a transcription factor for genes relevant for the regulation of the cell cycle (e.g., p21) or apoptosis (e.g., BAX, BAK, PUMA, Bcl-2). Furthermore, p53 may also promote apoptosis through transcription-independent mechanisms and direct interactions with members of the Bcl-2 family of proteins in the cytosol or mitochondria.

In the past decades, many advances have been made in understanding the ability of phenolic compounds in acting as effective chemopreventive agents especially throughout the properties of inducing cell cycle arrest and apoptosis in tumor cells (Wu et al., 2009). Several mechanisms were studied explaining the effectiveness of these compounds as chemopreventive agents for cancer treatment. These compounds can suppress the overexpression of pro-oxidant enzymes implicated in the development of cancer. They are also able to inhibit the transcriptional factor activation, thus regulating target genes correlated with cell survival, apoptosis and proliferation (Wcislo et al., 2013). For instance, polyphenols have the ability to modulate various targets of apoptosis pathways including the expression of regulatory proteins, cytochrome c, activation of caspase 9 and caspase 3 (Selvendiran et al., 2006), increase of caspases-8 and t-Bid levels (Selvendiran et al., 2006), increase of Bax and Bak expression (Selvendiran et al., 2006), down-regulation of Bcl-2 and Bcl-XL expression, and modulation of transcription factor NF-κB (Gong et al., 2003). In addition, a study of resveratrol, a natural phenol, revealed the ability to prevent or delay the onset of several types of cancers because they can regulate multiple cellular processes associated with carcinogenesis. In detail, this compound can inhibit cell proliferation and induce apoptosis by dysregulating cell cycle (Gali-Muhtasib et al., 2015), increasing caspase activity (Kim et al., 2003), and decreasing Bcl-2 and Bcl-XL levels.

Alkylaminophenols, being Mannich bases, are a particular kind of phenols (Roman, 2015). Although reported as precursors of quinone methides (Weinert et al., 2006), which can react with biomacromolecules (Thompson et al., 1993), alkylaminophenol moiety is also found in some FDA-approved drugs namely, amodiaquine, used for malaria treatment (Olliaro et al., 1996) and in topotecan, a topoisomerase inhibitor chemotherapeutic agent (Pommier, 2006). Previously, we reported the potential anticancer activity as apoptosis inducer of several alkylaminophenols on osteosarcoma cells, namely: N-[2-hydroxy-5-nitrophenyl(4′-methylphenyl)methyl]indoline (HNPMI) (Doan et al., 2016), 2-[(1,2,3,4-tetrahydroquinolin-1-yl)(4-methoxyphenyl)methyl]phenol (THMPP) (Karjalainen et al., 2017) and 2-[(3,4-dihydroquinolin-1(2H)-yl)(p-tolyl)methyl]phenol (THTMP) (Neto et al., 2016). To our knowledge, the anticancer activity of various phenolic derivatives have been evaluated on several human cancer cell lines but the effect as well as the in depth mechanism of phenols on brain cancer are not well investigated. Motivated by the numerous reports on the anticancer properties of phenolic compounds and our previous studies on alkylaminophenols, we recently examine the effect of HNPMI, THMPP, and THTMP on multiple glioblastoma cell lines (1321N1, LN229, and Snb19). Several in vitro preclinical assays were performed to indicate the cytotoxicity of this derivative on GBM. Specifically, the ability to kill GBM cells.

In spite of the multiple mechanisms have been proposed for chemotherapeutic resistance in glioblastoma cells, the analysis of molecular signaling events is still not comprehensive. To date, advances in high-throughput sequencing methodology have provided a large amount of information regarding gene expression at the transcriptome level, as well as the underlying molecular events in response to chemotherapeutic drugs. Hence, the RNA-seq technique was used in this work to investigate alkylaminophenol -responsive genes in GBM cells. Here, we compared the gene expression profile of GMB cells between an alkylaminophenol and temozolomide. After determining the gene expression profile, we focused on the cell cycle arrest and the apoptosis pathway activated by our alkylaminophenol and investigated the significant of cell cycle genes as well as pro-apoptosis and anti-apoptosis genes in gliomas chemotherapeutic resistance. The cell cycle arrest was then validated by FUCCI biosensor and the apoptosis induction validation was performed using Annexin V and PI double staining. Moreover, ROS production and caspase 3/7 activation measurements were conducted to reconfirm the involvement of apoptosis pathway when the GBM cells were treated with phenolic derivatives.



MATERIALS AND METHODS

GBM Cell Lines and Chemical Preparation

1321N1 is a human astrocytoma cell line isolated as a sub clone of the cell line 1181N1 which in turn was isolated from the parent line U-118 MG (one of a number of cell lines derived from malignant gliomas). LN229 cell line was taken from a patient with right frontal parieto-occipital glioblastoma. The cells exhibit mutated p53 (TP53) and possible homozygous deletions in the p16 and p14ARF tumor suppressor genes. Snb19 is a malignant glioblastoma cell line initiated from the surgical resection of a left parietooccipital glioblastoma multiforme tumor. This line has been shown by DNA profiling studies to be a derivative of the U-373 cell line.

Synthesis and spectral characterization of compounds HNPMI (18), THMPP (19), and THTMP (20) were previously reported. These compounds and TMZ (Sigma-Aldrich, United States) were dissolved in dimethyl sulphoxide (DMSO, Sigma-Aldrich, St. Louis, MO, United States) to obtain a stock of 100 mM, from which, intermediate dilutions were prepared. The final concentrations used were 100, 75, 50, 25, and 10 μM, in the culture medium.

Cell Culture

The human glioma cell lines Snb19, LN229, and mouse embryonal fibroblast (MEF) cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS, 0.1 mg/ml Streptomycin, 100 U/ml Penicillin, and 0.025 mg/ml Amphotericin B. For 1321N1 cell line, the culture medium was prepared as previously but it was supplemented with 2 mM sodium pyruvate. HEK293T cells were cultured in DMEM supplemented with 10% FBS, 0.1 mg/ml Streptomycin, 100 U/ml Penicillin, 2 mM sodium pyruvate, and 0.025 mg/ml Amphotericin B. The culture was maintained at 37°C in a humidified atmosphere containing 5% CO2. All of the components for cell culture were purchased from Sigma-Aldrich, St. Louis, MO, United States.

In vitro Cytotoxicity Assay

Cytotoxicity assay was performed to evaluate cell growth inhibition of the three compounds HNPMI, THMPP, and THTMP at 100 μM concentration on three glioblastoma cell lines (1321N1, Snb19, and LN229). Cells were seeded with an initial density of 1 × 105 cells/well in 12-well plates containing appropriate medium for each cell line. When the cells reach 60–70% of confluence, the cells were then treated with the three compounds at 100 μM and incubated for 24 h at culture conditions. Treated cells were collected using centrifugation at 3000 rpm for 10 min. Number of live and dead cells were determined using trypan blue solution and Countess II FL Automated Cell Counter (Thermo Fisher Scientific). Inhibition percentage was calculated using the formula (1). In this experiment, biological and technical replicates were conducted for each condition. Temozolomide (TMZ, Sigma-Aldrich, St. Louis, MO, United States) and DMSO 2% were used as positive and negative control, respectively.
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The cytotoxicity of the top compound was evaluated on multiple GBM cell lines, 1321N1, LN229, Snb19, and HEK293T (immortal cells) human embryonic kidney and normal brain cells MEF. Ten micromolar concentration of the top compound was used to treat the cells followed by trypan blue exclusion assay to quantify the percentage of live and dead cells. The inhibition percentage was calculated as described above.

Inhibitory Kinetic Study

The inhibitory kinetic study was performed for 24 h exposure time using different concentrations 100, 75, 50, 25, 10 μM of the top compound on 1321N1, Snb19, and LN229 cells. After treatment, the cells were collected as described in the cytotoxicity assay. The positive control TMZ was also utilized. After that the dose-response curves were plotted. Half maximal inhibitory concentration (IC50) was calculated based on the curves fit. The two cell lines with best IC50 were selected for further time-dependent study. In this study, the cells were treated with IC50 concentration of the top compound and incubated for 48 and 72 h. The time-dependent graph was plotted.

Illumina Sequencing and Bioinformatics Analysis

To perform the RNA-seq, RNA of samples had to be isolated. LN229 and Snb19 cells were seeded into 6 well-plate and incubated overnight. The cells were treated with THTMP and TMZ for 24 h at IC50 concentration. The total RNA of the cells were isolated using GeneJET RNA Purification Kit (Thermo Fisher Scientific) following the manufacture’s instructions. Then, the total RNA of 18 samples of LN229 and Snb19 cells (including triplicates of THTMP treated, TMZ treated and untreated samples) were sent to whole transcriptome sequencing by Biomedicum Functional Genomics Unit (FuGU, University of Helsinki, Finland) using Illumina NextSeq 500. The sequencing produced data in bcl format which was converted into FASTQ file format.

RNASeq Data Analysis Pipeline

FastQC (Andrews, 2010) (version 0.11.2) was used for quality control to ensure that the quality value was above Q30. The Human (homo sapiens) genome FASTA file1 and gene annotation GTF file (Homo sapiens human release 922) were obtained from Ensembl. Although RNA-seq is a popular research tool, there is no gold standard for analyzing RNA-seq data. Among the available tools, we chose up-to-date open source tools for mapping, retrieving read counts, and differential expression analysis. We used STAR (Dobin et al., 2013) (version 2.6) to generate indexes and to map reads to the human genome. For assembly, we chose SAMtools (Li et al., 2009) (version 1.2) and the “union” mode of HTSeq (Anders et al., 2014) (version 0.9.1), as the gene-level read counts could provide more flexibility in the differential expression analysis. Both STAR and HTSeq analyses were conducted using the high-performance research computing resources provided by TUT TCSC Merope computing cluster3 in the Linux operating system (version 2.6.32). Differential expression (DE) and statistical analysis were performed using DESeq2 (Love et al., 2014) (release 3.3) in R (version 3.2.4). DESeq2 was chosen as a leading statistical method4. DESeq2 internally corrects for library size, so it is important to provide un-normalized raw read counts as input. We used variance stabilizing transformation to account for differences in sequencing depth. P-values were adjusted for multiple testing using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995). A false discovery rate adjusted p-value (i.e., q-value) <0.05 was set for the selection of DE genes.

Gene Ontology (GO) and Pathway Analysis

Gene ontology (Ashburner et al., 2000) and KEGG pathway (Kanehisa and Goto, 2000) analyses were performed with the PANTHER over-representation Test (released on Feb 03, 2018) in PANTHER version 13.15 (Mi et al., 2009; Emmert-Streib and Glazko, 2011). This program supports the human genome. PANTHER uses a binomial test and a Bonferroni correction for multiple testing and displayes z-scores to indicate whether a potential regulator is activated or inhibited. We used the default settings for statistical analysis in both the PANTHER pathway and GO terms. In the analyses, only pathways and GO terms with p-value <0.05 and fold change of 1.5 were set as cutoff values.

Analysis of Cell Cycle Progression

The Snb19 and LN229 cells were cultured in 96-well plates with the initial density of 1 × 105 cells/well. Cells were incubated overnight with appropriate culture conditions. When the cell confluence reached 60%, they were treated with the IC50 concentration of the top compound for 8 h. Then Premo FUCCI Cell Cycle Sensor ∗BacMam 2.0∗ (Thermo Fisher Scientific) was added into each well and incubated for 16 h following the manufacture’s protocol. The cells were then captured using confocal microscope. The analysis of images was done based on different fluorescent colors of the cells in which red fluorescent cells were the cells in G1 phase, green fluorescent cells means the cells in S, G2, M phase and the overlaid red and green fluorescent cells are the cells in G1/S phase (Zielke and Edgar, 2015).

Annexin V-FITC/PI Apoptotic Assay

To determine the apoptosis and/or necrosis of the top compound on Snb19 and LN229 cell lines, the Dead Cell Apoptosis Kit with Annexin V FITC and PI (Thermo Fisher Scientific) was used. The apoptosis determination was performed followed by the standard protocol from the manufacture. Briefly, the cells were cultured in 6 well-plate with the initial density of 5 × 105 cells/ well. The cells were treated with IC50 concentration of the top compound, TMZ and negative control (DMSO) were harvested and washed in cold PBS. The cell pellets were then resuspended in 1× annexin-binding buffer provided in the kit. Then, 5 μL of FITC conjugated Annexin V and 1 μL of the 100 μg/mL PI working solutions were added to the 100 μL of cell suspension. The cells were incubated at room temperature for 15 min prior to the fluorescence measurements. The image acquisition was done by using EVOS imaging system (Thermo Fisher Scientific) with 20 × objective magnification.

Detection of Intracellular Reactive Oxygen Species

The Snb19 and LN229 cells were cultured in 12-well plates with the initial density of 1 × 105 cells/well. Cells were incubated overnight with appropriate culture conditions then treated with the IC50 concentration of the top compound and TMZ for 5 h. After that, cells were harvested by centrifugation at 3000 rpm for 10 min and transferred into 96-well plate. Cells were incubated with 2 μM 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA), known as dichlorofluorescin diacetate (Sigma-Aldrich, St. Louis, MO, United States), for 30 min at cell culture conditions. The cells were then washed with pre-warm PBS and recovered in pre-warmed completed medium for 20 min prior the fluorescence measurement. Fluorescence intensity was measured using plate reader (Fluoroskan Ascent FL, Thermo Labsystems) at excitation 485 nm and emission 538 nm. DMSO and hydrogen peroxide 200 μM were used as the negative and positive controls. The fold increase in ROS production was calculated using the following formula (2).
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Where: Ftest is the fluorescence readings from the treated wells, Fcontrol is the fluorescence readings from the untreated wells, and Fblank is the fluorescence readings from the unstained wells.

Caspases 3/7 Activities Assay

Snb19 and LN229 cells were seeded on 96 well-plates at the initial density of 1 × 104 cells/well with appropriate medium. After culturing for 24 h, cells were treated with TMZ and the top compound at IC50 concentration for 5 h. Determination of caspase activity was performed using Caspase-Glo 3/7 Assay kit (Promega, Madison United States) followed by the standard protocol from the manufacture. Briefly, the plate containing cells were removed from incubator and allowed to equilibrate to room temperature for 30 min. An amount of 100 μl of Caspase-Glo reagent was added to the plate containing 100 μl of treated cell, untreated cell, blank or TMZ. After that, content of wells was gently mixed using a plate shaker at 300–500 rpm for 30 s. The plate was incubated for further 1 h before measuring the luminescence using a plate-reading luminometer (Fluoroskan Ascent FL, Thermo Labsystems). The fold increase in caspase 3/7 was calculated using formula (2) as described in ROS assay.

Statistical Analysis

All of the experiments were conducted with three biological repeats and technical repeats. The data was analyzed using SPSS 20.0. For comparison between the tested groups, statistical significant differences were evaluated with the t-test using a threshold of P < 0.001 and P < 0.05. For comparison of more than two groups, statistical significance was determined with a one-way ANOVA test with the level of significance at p < 0.05.



RESULTS

Characterization of Human Glioma Cells Treated With Alkylaminophenols

Three GBM cell lines were treated with 100 μM HNPMI, THMPP, and THTMP (Figure 1A). After 24 h of treatment, the cells lost the proliferative activity with dramatic changes in morphology, losing attachment property and incrementing granularity (Figure 1B). Delightfully, THTMP strongly inhibited the growth of GBM cells 1321N1, LN229, and Snb19 (Figure 1C). At 100 μM, THTMP was responsible for almost 100% cell death of 1321N1 and LN229 and approximately 80% cell death of Snb19. HNPMI also showed high cytotoxicity on LN229 and Snb19 with more than 80% cell death while it had little effect on 1321N1 with only 23% cell death. THMPP has the least cytotoxicity effect compared to THTMP and HNPMI (Figure 1C).
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FIGURE 1. Effect of alkylaminophenols characterized by cell growth arrest. (A) Molecular structure of three tested phenolic compounds (HNPMI, THMPP, and THTMP). (B) Demonstrated images of morphological changes in GBM cells at 24 h after treatment. (C) Cell growth inhibition was determined with trypan blue solution for compounds HNPMI, THMPP, THTMP, and TMZ against GBM cells (1321N1, LN229, and Snb19) at 100 μM concentration. (D) Growth inhibitory effect of THTMP on different cell lines 1321N1, LN229, and Snb19 and HEK293T cells at 10 and 100 μM at 24 h post-treatment. (E) Effect of THTMP and TMZ on GBM cell growth. Different concentrations including 10, 25, 50, 75, and 100 μM were utilized and incubated for 24 h. (F) Time-dependent effect of THTMP and TMZ on LN229 and Snb19 at 24, 48, and 72 h post-treatment at IC50 concentrations. All experiments were performed with three biological repeats and two technical repeats. ∗∗P < 0.001, ∗P < 0.05 compared to the TMZ.



From the above results, it is concluded that THTMP is a potent inhibitor of GBM cell growth. Here, we also used an immortal cell line, HEK293T and a non-tumorous cell line, MEF to examine the effect of THTMP. In general, THTMP has higher cytotoxicity effect on GBM cells compared with immortal and non-tumorous cells. In which, approximately 3 to 12% cell death were found in different GBM cell lines whilst only 2 and 1% growth inhibition were observed in HEK293T and MEF cells, respectively (Figure 1D). Thus, this result suggests that THTMP has the selectivity on GBM cells and was hence selected for further studies.

The dose-dependent inhibitory effect of THTMP against GBM cells was studied at 10, 25, 50, 75 and 100 μM concentrations (Figure 1E). Among three cell lines, LN229 was the most affected by THTMP with an IC50 concentration of 26.5 ± 0.03 μM, followed by 1321N1 with an IC50 of 61.9 ± 0.65 μM and least inhibited cell line was Snb19 with an IC50 of 75.5 ± 2.18. Besides, TMZ showed better effect on Snb19 than LN229 while seemly no effect was observed in 1321N1. This is in an agreement with the previous findings (Lee, 2016).

Based on the results obtained for THTMP and TMZ in dose response curve, further studies were performed on LN229 and Snb19 to understand the compound action mode as anticancer drug. To observe the effect of THTMP over the hours on cell viability, LN229 and Snb19 cells were treated for 24, 48, and 72 h with IC50 concentration (Figure 1F). The result showed that there was a time-dependent effect on Snb19 from 24 to 72 h and on LN229 from 24 to 48 h. In details, the growth inhibition of Snb19 was increased from 32.2 to 36.5% and to 43.1% at 24, 48, and 72 h post-treatment, respectively. The growth inhibition of LN229 was increased from 29.4% at 24 h treatment to 33.4% at 48 h treatment and was decreased to 13.7% at 72 h treatment.

Global Change in Gene Expression in Response to Top Compound

Principal Component Analysis (PCA) and Hierarchical Clustering Analysis

We performed PCA at each sample to determine whether samples in each cell line group clustered with each other or other groups. First, we used HTSeq to count reads that uniquely aligned to one gene, and these data were then imported into DESeq2 to generate PCA plots (Figure 2A). Furthermore, PCA scree plots confirmed that principal components 1 (PC1) and 2 (PC2) accounted for 70–80% of the total variation in gene expression at each time point (Figure 2B). To further investigate the cell-type dependent nature of the DEGs, we performed hierarchical clustering of the top 100 DEGs (i.e., those with the smallest q-values identified in the cell line analysis in DESeq2). In agreement with the PCA plots, this analysis demonstrated clustering of almost all sample groups from each cell line forming two clusters (Figure 2D).
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FIGURE 2. Hierarchical clustering analysis, heatmap, and principal component analysis. (A) Principal component analysis (PCA) for all samples measured from LN229 and Snb19 cell lines. Principal component 1 (PC1) and principal component 2 (PC2) were identified by variance stabilizing transformation in DESeq2 on cell line samples. (Red, Untreated samples; Green, Temozolomide samples; Blue, THTMP samples). (B) The figure shows the percentage of variance that indicates how much variance was explained by PC1 and PC2. (C) Scatter plot analysis of gene expression using comparisons (THTMP vs. Untreated and THTMP vs. TMZ) in LN229 and Snb19 cell lines from the GMB. Genes whose expression levels changed by more than 1.5-fold after treatment are indicated in red. (D) Hierarchical clustering analysis and heatmap of the 100 genes with the smallest q-values in the time course analysis in DESeq2 (for Untreated, Temozolomide, and THTMP designate three replicate samples; negative, positive, and compound are individual cell lines in each group).



Differentially Expressed Genes (DEGs)

In average, 20,090 genes were mapped by at least one read in each of the two cell line samples. Overall, 7,299 DEGs with a q-value <0.05 and fold change >1.5 (LN229 1,550; Snb19 5,749) were detected over the two comparisons (C1: THTMP vs. Untreated; C2: THTMP vs. TMZ) in the cell type analysis of DESeq2 (Supplementary Tables S1–S4). The results of plot analysis of gene expression in two cell lines of the GBM after treatment are shown in Figure 2C. The numbers of differentially expressed genes with more than 1.5-fold change were higher in Snb19 than in LN229 (Figure 3D). Indeed, there were higher number of differentially expressed genes in these Snb19 cell line when compared with LN229 cell line as shown in Figure 2C. We applied the MA plot function in DESeq2 to visualize the top genes with the smallest q-values (Figure 3A). We investigated the similarity in differential gene expression profiles regulated LN229 and Snb19. The fold-changes in overlapped genes filtered by the q-value <0.05 were plotted for LN229 and Snb19 cell lines. Comparison of gene expression profiles showed correlations between LN229 and Snb19 cell lines (R2 > 0.10, Figure 3C left in C1; R2 > 0.12, Figure 3C right in C2). Venn diagrams indicated overlap in genes whose expression was regulated in the same direction (Figure 3B). We identified 3,714 DEGs between THTMP and untreated (negative control) samples among the cell lines (q-value <0.05) (Supplementary Tables S1–S4 and Figure 3B top). In this comparison, Snb19 demonstrated the most DEGs, with 321 of the 3,714 DEGs common to both LN229 and Snb19. We also compared the THTMP and TMZ samples as a positive control group, both individually and combined as a single “affected” group. In these comparisons, 3,585 number of DEGs were identified, with the largest number of DEGs identified in Snb19 cell line, and 289 out of 3,585 DEGs common in both cell lines (Supplementary Tables S1–S4 and Figure 3B down).
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FIGURE 3. DEGs comparisons on LN229 and Snb19 samples. (A) MA-plot from means and log fold changes. The figure shows differential gene expression from the two inter-group comparisons (THTMP vs. Untreated; THTMP vs. Temozolomide). For MA-plot construction, a gene was considered to be differentially expressed between groups at an absolute log2 fold change >1.5 or<-1.5 and a q-value of 0.05 (moderated t-test; Benjamini-Hochberg procedure). (B) Overlapping DEGs in LN229 and Snb19 samples compared with positive and negative control at C1 and C2. For each comparison, only genes with a q-value <0.05 were considered as DEGs. The number of DEGs found at each comparison are indicated. (C) Scatter plots of fold-changes in gene expression levels after treatment of C1 and C2. The R2 value was calculated for genes with t-test p-values <0.1. (D) The total number and upregulated/downregulated number of DEGs of both cell lines after treatment.



A substantial overlap of DEGs was present when comparing LN229 and Snb19 samples with the control group at C1 and C2. The overlapping DEGs between the cell line were higher at C1 (3,714 DEGs) than at C2 (3,585 DEGs), supporting the two groups behave similarly at the end-stage of the treatment, as expected based on Figure 3B. Both cell lines shared appreciable proportions of gene expression profiles (21.23% of genes in LN229; 78.76% of genes in Snb19). The complete lists of DEGs from the cell line analysis and all pairs of comparisons appear in Supplementary Tables S1–S4.

Dynamic Cellular Damage Responses Induced by THTMP

The gene ontology was conducted to analyze up and down regulated genes regarded to DNA damage. GO analysis identified the list of genes that were enriched in DNA replication, sister chromatid segregation, DNA-dependent DNA replication, chromosome segregation, sister chromatid cohesion, and nuclear chromosome segregation process. These biological processes are involved in the DNA replication pathway in both cell lines when they were treated with THTMP and TMZ (Figure 4A). Enrichment analysis for GO molecular function and pathways clearly demonstrated related phenotypes associated with GBM (Figures 4B,C). GO terms cadherin binding, damaged DNA binding for molecular function appeared to be significantly overrepresented, and none significantly underrepresented. Cadherin binding, a type I membrane protein involved in cell adhesion and damaged DNA binding, interacting selectively and non-covalently with damaged DNA have coordinated effect on regulation and function in DNA damage (Daido et al., 2005). Previous studies have shown that GBMs are highly resistant to single inhibitor, suggesting that combinational strategies involving standard chemotherapies like TMZ and pathway inhibitors might be a possible future direction for treating GBM (Jacinto and Esteller, 2007).
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FIGURE 4. Selected results of Gene Ontology terms and pathways over-representation analysis (FDR < 0.01) on the top 20 terms. (A) Overrepresented Gene Ontology (GO) Biological process terms. (B) Overrepresented GO Molecular function terms. (C) Overrepresented KEGG pathway terms. The x-axis contains the number of genes involved in a particular pathway that were found differentially expressed in our study. The pie charts indicate the fraction of the signature genes associated with significantly enriched terms. The number of genes were normalized to allow comparisons between groups within the same cell line, and the vertical line on the pathways corresponds to the significant p-values. (D) The top 20 DEGs which are involved in the DNA damage on LN229 and Snb19. The DEGs were color coded, with the colors corresponding to the up- and down- expressed.



Genes associated with the DNA damage were listed in the Figure 4D. In general, more DEGs were observed in Snb19 when they were treated with THTMP and TMZ. Here, the top 20 DEGs were listed in Figure 4D. In LN229, eight DEGs were expressed when they were treated with THTMP and six DEGs were found in TMZ treatment. CDK1 gene is downregulated when the cells were treated with THTMP and TMZ in both cell types. It is reported that CDK1 was observed to be enriched in the p53 signaling pathway, which is induced by a number of stress signals, including DNA damage, oxidative stress and activated oncogenes. It is noted that p53 signaling network is an integral tumor suppressor pathway in GBM pathogenesis that affects cellular processes, including cell cycle control and cell death execution (Stegh et al., 2010). Moreover, CDKN1A was found to be upregulated in Snb19 when they were treated with THTMP (Figure 4D). It is noted that CDKN1A is a gene encoding for p21 protein which contributes to the cell response to DNA damage not only by inactivating G1-phase cyclins/CDKs complexes, but also through other processes, which possibly include direct interaction with PCNA to inhibit DNA replication, and indirect effects mediated by interaction with other cell cycle regulators.

Thereby, our result suggests that DNA damage has been confirmed by the downregulation of CDK1 as well as upregulation of CDKN1A leading to activation of p53 and p21 signaling; thus, inhibiting the growth of glioblastoma. Moreover, CDK1 also plays an important role in cell cycle control (Santamaría et al., 2007). Here, the downregulation of CDK1 expression was identified in THTMP treated conditions confirming cyclin-dependent kinase mediated cell cycle arrest. Detailed investigation of cell cycle arrest was performed using biosensor and gene expression profiling.

THTMP Induces G1/S DNA Damage Checkpoint

It has been demonstrated that DNA damage induced the cell cycle arrest in proliferating mammalian cells (Erasimus et al., 2016). At first, cell cycle progression was imaged using FUCCI fluorescent biosensor and microscopy. Different phases of the cell cycle were determined based on different fluorescence signals, red signal corresponding to G1 phase, yellow signal corresponding to G1/S phase and green signal corresponding to S/G2/M phase (Figure 5A). In this study, similar results were observed in both cell lines after the treatment. In DMSO condition, the highest number of cells were present in S/G2/M phase, moderate number of the cells were present in G1 phase, and least number of the cells were present in G1/S phase. Upon THTMP treatment, the majority of the cells were presence in G1 phase, following is the G1/S phase and small number of cells were in S/G2/M phase. In TMZ condition, the percentage of cells in different phases varied between G1/S and S/G2/M phase. According to these results, it is to conclude that GBM cells were arrested at G1/S phase when they were treated with THTMP and were arrested at S/G2/M phase when they were under TMZ treatment (Figure 5B).
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FIGURE 5. Cell cycle analysis using FUCCI and RNA-seq. (A) Demonstrated images of cell which were dyed with FUCCI in different conditions (DMSO, TMZ, and THTMP). Red cells corresponding to the cells in G1, yellow cells corresponding to the cells in G1/S phase and the green cells corresponding to the cells in S/G2/M phase (B) Percentage of total cell in different phases when they were treated with THTMP and TMZ. (C) The top 20 DEGs which are involved in the cell cycle on LN229 and Snb19. The DEGs were color coded, with the colors corresponding to the up- and down- expressed.



Here, we show that THTMP induced the downregulation of many genes related to DNA replication, thereby, inhibiting the process of DNA replication and cell cycle progression. Next, genes associated with cell cycle progression were selectively analyzed (Figure 5C). There are several biological processes involved in cell cycle pathway that have been activated by the treatment. It includes cell cycle G1/S phase, G1/S transition of mitotic cell cycle, G2/M transition of mitotic cell cycle, cell cycle G2/M phase transition, cell cycle checkpoint and positive regulation of cell cycle (Figure 4A). Regarding the expression of various genes involved in cell cycle, genes in Snb19 have higher fold change compared to those in LN229 (Figure 5C). For example, the fold change of CCNA2 gene is -0.4 and -2.5 in LN229 and Snb19, respectively, when they were treated with THTMP. The fold change of CCNB2 gene is -0.3 and -2.1 in LN229 and Snb19, respectively, when they were treated with TMZ.

Here, the genes associated with G1 phase and G1/S checkpoint were first selectively analyzed (Figure 5C). CCNA2 gene coding to cyclin A2 protein was found to be downregulated in both cell lines when they were treated with THTMP. In Snb19, genes CCNE1 and CCNE2 coding to Cyclin E1 and E2 proteins were found to be decreased in THTMP treatment. It is noted that overexpression of Cyclin A and Cyclin E has the function to regulate G1/S transition when they complex with CDK2; thus, decreased expression level of CCNA2, CCNE1, and CCNE2 could lead to mediate the G1/S arrest. Moreover, BUB1 was identified to be downregulated in this study and was enriched in biological processes associated with the mitotic cell cycle, including cell cycle chromatid segregation, G1/S transition of mitotic cells and DNA replication. CDC20 appears to act as a regulator protein interacting with several other proteins at multiple points in the cell cycle. We found that CDC20 gene was downregulated and enriched in cell cycle and oocyte meiosis pathways.

In case of TMZ treatment, FUCCI analysis shows that both Snb19 and LN229 cells were arrested at S/G2/M phase. It is in accordance with our gene expression analysis. Genes CCNB1, CCNB2, CCNA2, which relate to Cyclin B1 and Cyclin A2, were found to be decreased. These two cyclins have the function to regulate G2/M transition when they complex with CDK1. Moreover, CDKN1A (p21) and GADD45A, two downstream target genes of p53 in the G2 checkpoint, were found to be increased in LN229 and Snb19, respectively, at the transcriptional level. Previous studies have reported that increased p21 expression led to the repression of cyclin B1 and Cdc2 promoters and that increased GADD45A expression inhibits Cdc2 activity, thereby mediating G2/M arrest (Jin et al., 2000; Yang et al., 2000).

The results show that THTMP induced cell cycle arrest at G1/S phase while TMZ induced cell cycle arrest at G2/M phase in both cell lines. This result implies that THTMP has inhibited synthesis of GBM cells before they can entry to replication and division periods; therefore, strongly preventing cell proliferation. Moreover, G1/S phase arrest of cell cycle progression provides an opportunity for cells to either undergo repair mechanisms or follow the apoptotic pathway (Bartek and Lukas, 2001).

THTMP Increases ROS Production and Induces Pro-apoptotic and Anti-apoptotic Genes

Apoptosis induction assay was performed using Annexin V/PI double staining. Here, the percentage of apoptosis was calculated based on the cells with Annexin V-FITC positive and PI negative and both Annexin V-FITC and PI positive. The percentage of necrosis was defined based on the cells with Annexin V-FITC negative and PI positive (Chen et al., 2008). Figure 6A shows the live, apoptosis and necrosis of LN229 and Snb19 when they were treated with THTMP and TMZ. Generally, apoptosis induction was observed in both cell lines compared with positive control and untreated conditions. The apoptosis percentage of LN229 cells treated with THTMP is 45.8% while only 21.9 and 11.2% were obtained when they were treated with TMZ and DMSO, respectively. In case of Snb19 cells, 56.4% of apoptotic cells were found in THTMP treated condition whilst TMZ and untreated conditions exhibit only 36.2 and 11.5% apoptotic cells. Beside the apoptotic cells, necrotic cells were also observed in both cell lines. However, necrosis percentage is less than 10% in case of Snb19 while in LN229, 27.0 and 7.6% were found to be necrotic cells when they were treated with TMZ and THTMP, respectively.
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FIGURE 6. Apoptosis induction determination using double stains Annexin V and Propidium iodide and RNA-seq. (A) Percentage of apoptosis, necrosis and live cell using Dead Cell Apoptosis Kit with Annexin V-FITC and PI of untreated cell (DMSO control TMZ and compound THTMP at 24 h post-treatment on Snb19 and LN229. (B) The top 20 DEGs which are involved in apoptosis of LN229 and Snb19. The DEGs were color coded, with the colors corresponding to the up- and down- expressed. (C) Effect of THTMP and TMZ in intracellular ROS production. Fluorescence intensity of ROS was determined by activity of 2 μM H2DCFDA (30 min), fluorescent probe. H2O2 was used as the positive control. (D) Activity of caspases 3/7 in LN229 and Snb19. Caspase 3/7 was determined using luminescence plate reader. Fold increase in ROS and caspases 3 and 7 activity of LN229 and Snb19 cell lines was calculated when they were treated with THTMP and PC at IC50 concentration. Triplicates were performed for each condition.



The results above are in accordance with the gene expression profile showing the enrichment of apoptosis pathways including neuron apoptotic process, positive regulation of neuron apoptotic process, regulation of apoptotic signaling pathway, regulation of neuron apoptotic process, intrinsic apoptotic signaling pathway and extrinsic apoptotic signaling pathway. Genes involved in regulation of apoptotic process were presented in Figure 6B. Moreover, the gene expression profile indicates lower number of the DEGs related to apoptosis process in TMZ treatment compared to THTMP treatment (Figure 6B). The expression changes showing in Figure 6B revealed that THTMP tended to induce pro-apoptotic genes, reduce anti-apoptotic genes and also induce some anti-apoptotic genes.

Among pro-apoptotic genes, CTNNB1 gene coding for β-catenin protein was downregulated in LN229 cells when they were treated with THTMP. It is reported that abnormal accumulation of β-catenin contributes to most cancers and repressed CTNNB1 also leads to inducing apoptosis in some tumor cells (Yang et al., 2017). Interestingly, the pro-apoptotic Bcl-2 family gene MAGED1 was also found to be upregulated in LN229 whereas BBC3 (PUMA) gene was upregulated in Snb19 when they were treated with THTMP. Moreover, BCL2L12, an anti-apoptotic gene, was found to be downregulated in Snb19 cells. It is noted that BCL2L12 expression is upregulated in most human glioblastomas. Expression of Bcl2L12 results in resistance to apoptosis (Yang et al., 2015). Our findings demonstrated that THTMP has shown the ability to induce apoptosis of Snb19 and LN229 via mitochondrial pathway throughout the upregulation of pro-apoptotic and downregulation of anti-apoptotic Bcl-2 family genes.

Although the altered expression of genes described above could confirm apoptosis, genes involved in anti-apoptosis were expressed when the cells were treated with THTMP. The anti-apoptotic characteristics of Snb19 cells were identified by the downregulation of several genes from the membrane stress receptors, such as TNFSF10, TNFSF12, and TNFRSF2. Moreover, the upregulation of RELA, a member of NFkB family, suggested a decline in inflammatory processes and strong anti-apoptotic properties for this cell line. In LN229 cells, the regulation of the TNF receptor pathway as well as NFkB signaling pathway was not significantly affected, but there was a modest upregulation of BIRC6 encoded for BIRC protein, a member of the inhibitor of apoptosis (IAP) gene family preventing apoptotic cell death. Interestingly, the BIRC5 was suppressed in Snb19.

In addition to the activation of apoptotic pathways in the treated cells, reactive oxygen species (ROS) could lead to cell cycle arrest and induces apoptosis in anticancer treatment (Circu and Aw, 2010). It is well known that ROS is produced in both normal and abnormal cells especially in cancer cells. ROS plays an important role in proliferation, survival, metastasis and angiogenesis (Clerkin et al., 2008). In this study, the effects of THTMP, TMZ and H2O2, a positive control in the levels of ROS on GBM cells, was assessed using ROS production assay. Figure 6C shows an increase of ROS level when the cells were treated with THTMP and TMZ. Interestingly, the fold increase of ROS of Snb19 and LN229 cells treated with THTMP were higher than H2O2. As seen in Figure 6C, Snb19 cells have higher level of ROS compared to LN229 in all of the conditions. In which, up to 2 fold increase was found in THTMP treatment of Snb19 while only 1.3 fold increase was observed in LN229. The same trend was observed for the TMZ treatment in which 1.5 fold and 1.2 fold were obtained in Snb19 and LN229, respectively. Thus, ROS were significantly produced when GBM cells were affected with THTMP. This suggests that higher ROS level could be interlinked with the observed apoptotic cell death of cancer cells upon treatment with compound THTMP. Moreover, in mammalian cells, ROS are produced by normal oxidative metabolism and cellular antioxidants such as superoxide dismutase (SOD1) and thioredoxin (TRX1) detoxify these species (Covarrubias et al., 2008). A study indicated that decreasing SOD1 and TRX1 could lead to apoptosis induction in glioma cells when they were treated with kaempferol, a natural phenolic compound, via elevation of ROS (Sharma et al., 2007). In agreement, we also found out that while THTMP treatment had no effect on TRX1, a decrease in SOD1 was observed in Snb19 cells (Supplementary Table S3). Thus, THTMP induced ROS-mediated apoptosis.

According to Figure 6D, caspase 3/7 was not significantly increased in both cell lines when they were treated with THTMP and TMZ. This is also in agreement with the gene expression profile where we could not find the significant expression of CASP3 and CASP7 in LN229 cells (Figure 6B). In case of Snb19 cells, although the CASP3 and CASP7 were expressed, the CASP3 was downregulated and CASP7 was upregulated when they were treated with THTMP (Figure 6B). This result interprets the no change in caspase 3/7 activation assay results (Figure 6C). The repression of caspase genes might be caused from the activation of anti-apoptotic genes (Stegh et al., 2008). Thus, apoptosis inductions of GBM cells by THTMP and TMZ were not via caspase 3/7. Instead of CASP3 and CASP7, CASP4 was found to be upregulated in Snb19 when they were treated with both THTMP and TMZ. Therefore, the result implies the involvement of caspase 4 in Snb19 when they were treated with THTMP and TMZ.



DISCUSSION

DNA damage response induced by THTMP was validated and shown to be dose-and time-dependent. A detailed analysis of global molecular expression profiling is required in order to understand the complex cellular responses. Here, by combining biochemical studies with high-throughput RNA sequencing, the changes in gene expression in glioma cells induced by THTMP was explored. Our results show that genes involves in DNA damage, DNA replication, cell cycle arrest and apoptosis induction were transcriptionally modulated and highly enriched when GBM cells were treated with THTMP.

Firstly, our study demonstrated a THTMP induced activation of various genes associated with DNA damage and cell cycle arrest. The cell cycle arrest in GBM when they were treated with THTMP and TMZ may be explained by transcriptional expression change of some crucial genes that are listed in Figure 5B. CCNA2 gene was found in both Snb19 and LN229 when they were treated with THTMP compound. This gene belongs to a highly conserved cyclin family and the encoded protein of this gene is crucial in the control of the cell cycle at G1/S and G2/M transition points. Here, several important genes in control cell cycle at G1/2 and G2/M such as CCNA2, BUB1, CDC20 are selected for further discussion in order to understand their mechanism in controlling cell cycle of GBM.

In previous studies, it is reported that overexpression of CCNA2 is involved in tumor transformation and progression in numerous types of cancer (Uhlen et al., 2010). As expected, our results show that CCNA2 was downregulated, which is in accordance with the function of cyclin A2 protein in cell cycle indicating that CCNA2 inhibits the growth of GBM. BUB1 was also found to be downregulated that can explain the G1/S transition arrest since the BUB family of genes encode proteins that are involved in large multi-protein kinetochore complex, and are reported to be key component of the checkpoint regulator pathway. BUB1 encodes a serine/threonine protein kinase which plays an important role in mitosis (Tang et al., 2006), and BUB1 accumulates at unattached kinetochores where it mediates the recruitment of mitotic arrest deficient (Mad) dimers. Combination of Mad and BUB1 leads to prevention of premature separation of sister chromatids until all chromosomes are correctly attached to kinetochores; thus, correctly chromosome segregation achieved (Ricke et al., 2011). This suggests that GBM cell growth may be inhibited by regulating the mitotic cell cycle in THTMP treated conditions (Grabsch et al., 2003). In addition, previous reports indicate that CDC20 is highly expressed in various type of human tumors including breast, cervical and glioblastoma cancer (Marucci et al., 2008; Jiang et al., 2011; Rajkumar et al., 2011). It is also reported that expression level of CDC20 is correlated with the grade of glioblastoma and it is expressed at different levels in patients at different ages (Bie et al., 2011). In the study CDC20 was downregulated, which leads to conclude that CDC20 may inhibit GBM growth. According to the biological process enrichment results, CCNA2 was enriched in cell cycle and oocyte meiosis pathways, in which CDK1, BUB1 and CDC20 were also involved. These genes are also known as key genes playing a crucial role in promoting GBM growth (Chen et al., 2016). Repression of these genes when the cells were treated with THTMP indicates that this compound strongly inhibits the growth of GBM throughout cell cycle arrest.

Secondly, we detected apoptotic effects induced by THTMP. Analysis of apoptosis genes subsequently revealed that the progress of apoptosis was accompanied by changes in both pro-apoptotic and anti-apoptotic gene expression, consistent with the observation in other chemotherapeutic therapies in cancer cells (Kim et al., 2003). It is noted that BCL2L12 is overexpressed in primary GBM and functions to inhibit post-mitochondrial apoptosis signaling (Stegh et al., 2007). This study shows that THTMP has induced apoptosis via mitochondrial pathway in both LN229 and Snb19 cell lines due to the suppression of Bcl-2 family, BCL2L12. The study also shows that a large number of genes of Snb19 was expressed compared to LN229 when they were treated with THTMP. The anti-apoptotic genes expressed in LN229 and Snb19 are different. This result implies that apoptosis pathways of GBM cells will be executed in different mechanisms when they were treated with THTMP. This study shows that TMZ also induced apoptosis in GBM cells as explored by Annexin V/PI double staining; however, the gene profile of this condition is still limited. Here, the absence of caspase 3/7 activation indicates that THTMP has not induced apoptosis via caspase 3 and 7 of LN229 and Snb19, but the caspase 4 might be involved in the apoptosis pathway of Snb19 cells.



CONCLUSION

Overall, the effect of THTMP on GBM cells is relatively much stronger than TMZ in all aspects. This study provides experimental evidence that THTMP is capable of inhibiting the growth of GBM cells. THTMP has the ability to induce DNA damage through the p53 signaling pathway leading to cell cycle arrest. The G1/S checkpoint arrest depends on the decrease of cyclin A2 in both Snb19 and LN229 cells-treated with THTMP. Moreover, the decrease of cyclin E1 and E2 in Snb19 in THTMP treatment also contributes to the G1/S checkpoint arrest. This result suggests that THTMP facilitates cancer cells to undergo programmed cell death pathways, apoptosis in glioblastoma cells. The induction of apoptosis of GBM in THTMP treated conditions is associated with increasing pro-apoptotic factor of Bcl-2. In addition, it is indicated that caspase 4 may play a role in this apoptosis induction instead of caspase 3/7.

The findings on inhibition of GBM proliferation and downregulation of cell cycle genes in the G1/S phase not only provide a better understanding of the mechanisms of THTMP, a phenolic compound, as anticancer agent, but also open an avenue for investigating the role of oxidative stress in GBM involving cell cycle and apoptosis regulation. However, testing THTMP on glioma animal model and computational pharmacogenomics approaches (Musa et al., 2018) will allow this compound to be used as a potential chemotherapeutic drug for glioma treatment.
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Osteosarcoma is the most common bone cancer with limited therapeutic options. It can be treated by selenium-doped hydroxyapatite owing to its known antitumor potential. However, a high concentration of Se is toxic toward normal and stem cells whereas its low concentration cannot effectively remove cancer cells. Therefore, the current study was aimed to improve the anticancer activity of Se-HAp nanoparticles through catechins (CC) modification owing to their high cancer therapeutic value. The sequentially developed catechins modified Se-HAp nanocomposites (CC/Se-HAp) were characterized for various physico-chemical properties and antitumor activity. Structural analysis showed the synthesis of small rod-like single phase HAp nanoparticles (60 ± 15 nm), which effectively interacted with Se and catechins and formed agglomerated structures. TEM analysis showed the internalization and degradation of CC/Se-HAp nanomaterials within MNNG/HOS cells through a non-specific endocytosis process. Cell toxicity analysis showed that catechins modification improved the antitumor activity of Se-HAp nanocomposites by inducing apoptosis of human osteosarcoma MNNG/HOS cell lines, through generation of reactive oxygen species (ROS) which in turn activated the caspase-3 pathway, without significantly affecting the growth of human normal bone marrow stem cells (hBMSCs). qPCR and western blot analyses revealed that casp3, p53, and bax genes were significantly upregulated while cox-2 and PTK-2 were slightly downregulated as compared to control in CC/Se-HAp-treated MNNG/HOS cell lines. The current study of combining natural biomaterial (i.e., catechins) with Se and HAp, can prove to be an effective therapeutic approach for bone cancer therapy.
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INTRODUCTION

Cancer is the major health concerns and the second leading cause of death all over the world (1). Osteosarcoma, a commonly known bone cancer, cause malignant primary bone tumor with a high mortality rate, both in children and adolescents (2). It can easily metastasize to lungs after its germination in the distal femur and proximal tibia (3–8). In addition, the difficulty in cleaning up after the treatment increases the probability of recurrent osteosarcoma. Furthermore, the defects caused by surgery need to be filled for bone repair to relieve the physical limitations to patients. Therefore, extensive efforts have been devoted to the development of advanced targeted drug delivery systems and heat mediators to regulate oncogenes and tumorigenesis in treating osteosarcoma (9, 10).

The bone strength mainly relies on selenium (Se), calcium (Ca), and vitamins (K and D) contents. It is further enhanced by the addition of several other trace elements, such as manganese (Mn), zinc (Zn), fluorine (F), copper (Cu), magnesium (Mg), strontium (Sr), boron (B), and iron (Fe), etc. (11–15). Se deficiency is associated with the risk of developing multiple cancers; such as in bone, breast, ovary, prostate, gastrointestinal tract, and lungs (16, 17). To minimize the risk associated with the Se deficiency, its doping with hydroxyapatite (HAp) can be an effective approach which may potentially reduce the growth of osteosarcoma cells. Currently, HAp has received immense consideration in reconstructive surgeries, orthodontic, orthopedic substances, and three-dimensional printing of scaffolds owing to its high bioactive and osteoconductive properties (18–20). Its large surface area allows it to strongly interact with the neighboring bone and connective tissues in vivo. Se prevents the cancer development through generation of reactive oxygen species (ROS) (16); however, it possesses low anticancer activity when used at low concentrations, while its higher concentration can potentially inhibit the growth of normal cells leading toward osteosarcoma (21). This necessitates the improvement of its anticancer activity while still retaining its low or no toxicity toward the normal cells. To this end, its modification with another anticancer reagent to improve its antitumor activity can have the additive effect toward the osteosarcoma cells.

Green tea contains several important chemical reagents, among which 30% are catechins including epigallocatechin gallate (EGCG), epigallocatechin (EGC), epicatechin gallate (ECG), and epicatechin (EC). These play a preventive role against the development of different types of cancers (22–25). A recent study by Stadlbauer et al. suggested that epicatechin-3-O-gallate and 5,7-difluoro-epicatechin-3-O-gallate can potentially prevent the tumorigenesis during the initiation, promotion, and progression of cancer by diminishing the inflammation level through reduction of inflammatory lymphocytes (26). Similarly, EGCG affects several signal transduction pathways related to cancer development and exhibits strong anticancer activity by targeting several cell signaling pathways causing tumor growth suppression, induction of apoptosis through generation of reactive oxygen species, and inhibition of metastasis and angiogenesis (25, 27–30). In addition, it also exerts anticancer activity by acting as a chemo/radio-sensitizer when combined with conventional therapies (31). In vitro and in vivo studies have demonstrated that catechins control the cancer development by different mechanisms, such as through induction of apoptosis to control the cell growth arrest, through altered expression of cell-cycle regulatory proteins, by activating killer caspases, and through suppression of nuclear factor kappa-B activation (23). Catechins also act as carcinoma blockers by modulating the signal transduction pathways, involved in cell proliferation, transformation, inflammation, and metastasis (29, 32–37).

Owing to the known antitumor properties of catechins, the current study was aimed to develop catechins-modified Se-doped HAp nanocomposites (CC/Se-HAp) for potential application in osteosarcoma therapy. The developed nanocomposites were characterized by various physico-chemical and biological properties. The sequential self-assembly of green tea-derived catechins with Se-doped HAp resulted in formation of stable nanocomplexes which showed improved anticancer activity in vitro as compared to Se-doped HAp nanocomposite. These nanocomposites enhanced the ROS-mediated apoptosis through activation of caspase-3 pathway. These findings demonstrate the antitumor potential of the developed catechin-modified Se-doped HAp nanocomposites with the improved outcome to prevent the adverse and toxic effects of high concentration of Se toward the normal cells for cancer therapy.



MATERIALS AND METHODS


Materials

The chemical reagents, including calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) and sodium selenite (Na2SiO3), were purchased from National Medicine Chemical Reagent Company (China). Ammonium hydrogen phosphate ((NH4)2HPO4) was purchased from Regal Biotech Technology, Inc. (Shanghai, China), whereas sodium polyacrylate [[[Inline Image]]CH2[[InlineImage]]CH(CO2Na)[[Inline Image]]]n (PPAS) (MW: 5100) from Sigma-Aldrich (St. Louis, MO, USA). Commercial Brazilian green tea was purchased from a tea center (Peshawar, Pakistan). In all experiments, ultrapure deionized (DI) distilled water was used. Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), eagle's modified minimum essential medium (MEM), streptomycin, and penicillin were obtained from Hyclone (USA). The cell counting kit-8 (CCK-8) was purchased from Sigma Aldrich (St. Louis, USA).



Cell Culturing

Human osteosarcoma cell lines (MNNG/HOS) were kindly provided by Tongji Medical College of Huazhong University of Science and Technology, Wuhan, China. The human bone marrow stem cells (hBMSCs) were purchased from Chinese Center of Type Culture Collection of Wuhan University, Wuhan, China. The MNNG/HOS and hBMSCs cells were cultured in MEM and DMEM media, respectively. Both culture media were supplemented with 10% fetal bovine serum, 100 mg/mL streptomycin, and 100 unit/mL penicillin, and kept in an incubator at 37°C (5% CO2, 95% relative humidity). The culture media for both cell lines were refreshed after 24 h.



Synthesis of HAp Nanoparticles

The pristine HAp nanoparticles were synthesized via aqueous precipitation method followed by sonication technique using calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), ammonium hydrogen phosphate ((NH4)2HPO4), and ammonium hydroxide (HN4OH) solution as reported previously (15). A schematic representation of preparation of HAp nanoparticles is shown in Supplementary Figure S1. Briefly, 1.0 M calcium nitrate tetrahydrate solution was prepared in DI water with the desired concentrations of sodium selenite. The pH was adjusted to 10.5 with 25% (v/v) ammonium hydroxide solution. Thereafter, 0.6 M ammonium hydrogen phosphate solution (pH ≥ 9) was added dropwise (2.0–2.5 mL/min) into the cationic mixture to form a white precipitated mixture. The precipitated mixture was stirred for 4 h at 70°C, using sodium polyacrylate (PPAS, MW 5100) as a dispersant, followed by sonication for 20 min and allowed to settle down at room temperature for 24 h, until the formation of gel. The gel was collected via centrifugation, washed three-times with DI water, and dried at 60°C in a hot air oven.



Synthesis of Se-Doped HAp and CC/Se-HAp Nanocomposites

The stoichiometric Se-doped HAp and CC/Se-HAp nanocomposites were prepared by a modified aqueous co-precipitation method (16), using ammonium hydrogen phosphate, calcium nitrate tetrahydrate, and sodium selenite were used as sources of phosphorous (P), calcium (Ca), and selenium (Se), respectively (Table S1). Briefly, Se-HAp nanomaterial was prepared through dropwise and simultaneous addition of aqueous solutions of 5.45 mM (NH4)2HPO4 and 0.55 mM Na2SeO3 into the aqueous solution of Ca(NO3)2·4H2O, under vigorous stirring at 70°C. The pH was adjusted to 10.5 with 25% (v/v) ammonium hydroxide solution (Supplementary Figure S1, middle). The precipitate was stirred continuously for 24 h at 70°C, using PAAS as a dispersant, until the formation of a semitransparent and well-dispersed gel. This gel was then collected via centrifugation, washed three-times with DI water, and dried at 60°C in a hot air oven. For preparation of CC/Se-HAp nanocomposites, different catechins solutions (CC-1, CC-2, and CC-3) were prepared from green tea (Supplementary Material), and subsequently used to prepare CC/Se-HAp-1, CC/Se-HAp-2, and CC/Se-HAp-3 nanocomposites, respectively (Supplementary Figure S1).



Characterization

The synthesized pristine HAp nanoparticles, and Se-HAp and CC/Se-HAp nanocomposites were characterized for various structural and chemical properties. The phase composition of synthesized HAp, Se-HAp, and CC/Se-HAp was investigated by using XRD (PANalytical B.V., Netherlands). The morphology of synthesized nanomaterials was examined by transmission electron microscopy (TEM, Tecnai G2 20, FEI, Holland), while structural analysis was carried out using Gemini scanning electron microscope, SEM 300 (Zeiss Germany). FTIR (Vertex 70, Bruker, German) analysis was carried out to investigate the functional groups present in the pristine nanoparticles, using the classical KBr pellet system technique in transmission mode (See Supplementary Material for detailed information).



Cellular Uptake Analysis

The cellular uptake of CC/Se-HAp nanomaterials was determined through TEM analysis (38). Briefly, the synthesized nanomaterials were directly added to the culture dishes, separately containing human osteosarcoma cell line (MNNG/HOS), at a concentration of 50 μg/mL and cultured in MEM medium for 12 h. The medium was changed after every 2 days. For TEM analysis, the cell sections were immediately prepared and observed with a specific cell TEM (H-7000FA, HITACHI, Japan) by following a previously published protocol (39). Briefly, the overnight cultured seeded cells (1 × 106 cells per well) were treated with nanomaterials in reduced serum (MEM) and cell monolayers were rinsed with D-PBS and fixed in a mixture of 2% paraformaldehyde, 2.5% glutaraldehyde, and 0.15 M sodium phosphate at pH 7.4, and incubated overnight at 37°C. The monolayers were fixed in a mixture of 1% osmium tetroxide, 1.25% potassium ferrocyanide, and 0.15 M sodium phosphate buffer and rinsed in DI water. Cells were embedded in polybed epoxy resin after dehydrating them using acetone. Finally, the ultrathin sections were stained with 4% aqueous uranyl acetate and Reynolds' lead citrate and observed under TEM.



In vitro Cytotoxicity Assay

The cytotoxic effects of Se-HAp, CC/Se-HAp, and NaSeO3 (control) against human bone marrow stem cells (hBMSCs) and human osteosarcoma cell line (MNNG/HOS) were measured using a CCK-8 assay kit. Briefly, the cells were seeded at a density of 1 × 104 cells per well in a 96-well plate followed by adding 100 μg/mL of each nanomaterial to respective well. The plates were incubated for 6, 12, 18, 24, 36, 42, and 48 h. After incubation, the portion of viable cells was determined using CCK-8 assay according to the manufacturer's protocol (Supplementary Material). Optical density (OD) values were measured for all samples at 450 nm using a microplate reader (Eon, BioTek, USA). The viability of cells was expressed as a percentage of untreated control cells.



Caspase-3 Activity Assay

Caspase-3 activity was assessed calorimetrically using the CaspACE Assay System (Promega, Madison, WI, USA), following the manufacturer's instructions. The MNNG/HOS cells at a density of 1 × 106 cells per well were treated with caspase inhibitor Ac-DEVD-CHO (or antioxidant N-acetyl-cysteine). Cells were then treated with CC/Se-HAp nanomaterials and incubated for 18 h prior to lysis. Cell lysates were incubated with the caspase-3 substrate for 4 h. Free Ac-DEVD-p-nitroaniline was monitored by a spectrophotometer at 405 nm.



Determination of Intracellular ROS Level

ROS generation was measured by a previously reported method using a non-fluorescent probe, 2,7-diacetyl dichlorofluorescein (H2DCFDA) (16, 40). Briefly, the MNNG/HOS cells were cultured in 6 and 24-well plates at a density of 1 × 106 cells per well, for 16 h and incubated with CC/Se-HAp (100 μg/mL), HAp (100 μg/mL), and sodium selenite (2 μM) for 6, 8, 10, and 24 h. The cells were then incubated with 1 μM of DFCH/DA for 30 min at 37°C and washed three times with phosphate buffer saline (PBS) and resuspended in PBS. ROS generation was measured by flow cytometry (Cytomics FC500, Beckman Coulter, U.S.A.) at 485 nm excitation and 538 nm emission wavelengths. To investigate the inhibition effect of ROS generation in the presence of CC/Se-Hap, N-acetylcysteine (NAC) was added to each well and cultured for 1 h before incubation with materials under investigation. The inhibition effect of ROS generation was also confirmed by adding MnTMPyP (10 μM) to each well and cultured for 1 h before incubation with the nanomaterials.



Western Blot Analysis

Cells were cultured and treated with Na2SeO3, Se-HAp, and CC/Se-HAp. The cells were then lysed using lysis buffer on ice for 20 min and centrifuged at 12,500 rpm for 10 min at 4°C. The protein concentration was determined by BCA assay (Thermo-Fisher Scientific) according to the manufacturer's instructions. Loading of 60 μg protein onto SDS-polyacrylamide gel was followed by electrophoresis and transferred to polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with blocking buffer containing TBS [Tween-20 (0.1%), tri-sec-buffer saline (10%), DI water (89.9%)], and 5% skimmed milk for 2 h and incubated overnight at 4°C with monoclonal antibodies against gapdh, p53, bcl-2, caspase3, caspase9, cox-2, nf-kb, and bax. The membranes were then soaked with horseradish peroxidase (HPR)-conjugated secondary antibodies for 1 h at room temperature. The immunoblots were observed using chemiluminescence system (Bio-Rad, Hungary Ltd) according to the manufacturer's instructions.



Apoptosis Analysis

The qualitative apoptosis of MNNG/HOS cells was determined by treating comparable number of cells (1 × 106 cells per well) with both Na2SeO3 and CC/Se-HAp nanomaterials in a 12-well plate. The cells were washed with PBS and fixed in cold methanol: acetone solution for 5 min. The cells were then treated with DAPI (4 μg/ml 4,6-diamidine-2-phenylindole dihydrochloride) at room temperature for 10 min. The cells were examined by fluorescence microscopy (Olympus) at 200 × magnification. For quantitative apoptosis study, MNNG/HOS cells were seeded onto 12-well plates (106 cells/well). After incubation, the cells were treated with Na2SeO3 and CC/Se-HAp, keeping untreated cells as a control. The cells were trypsinized after incubation for 24 h, collected, and resuspended in 350 μL binding buffer. Then 4 μL annexin V-FITC and 8 μL PI were added to the cell suspension and mixed in dark for 15 min prior to flow cytometry analysis.



Quantitative Real-Time Polymerase Chain Reaction

The apoptosis-related gene expression levels were analyzed using real-time PCR. The total RNA of cells, both treated with the nanomaterials under investigation and control, was extracted by using Trizol reagent according to the manufacturer's instructions (Thermo-Fisher, Applied Biosystems). The RNA concentration was measured using a spectrophotometer. cDNA was synthesized using a high capacity RNA to cDNA kit (Thermo-Fisher, Applied Biosystems). qPCR analysis was performed according to the standard protocol (Applied Biosystems). The forward and reverse primers were generated through Primer-BLAST (NCBI) and/or primer-3.0 (Table S2). Relative gene expression was quantified by the ΔΔCT method using ACTIN as a reference gene.



Statistical Analysis

Results were expressed as means ± SD for each group. The analyses were performed using the two-tailed student's t-test. Statistically significant differences between the control and CC/Se-HAp nanomaterials were considered at *p < 0.05. All statistical analyses were performed in Prism Software (Graph Pad Prism 7, La Jolla, CA, USA) and MS Excel 2016 (Microsoft).




RESULTS


Synthesis of CC/Se-HAp Nanomaterials

The catechins-modified selenium-doped hydroxyapatite nanoparticles (CC/Se-HAp) were synthesized through the aqueous precipitation method (Figure S1). According to the previous reports, selenium replaces phosphate during the synthesis of HAp nanoparticles (16, 19, 21, 41). The synthesized Se-HAp nanoparticles were modified with catechin contents through vigorous mixing in a sonicator. It was hypothesized that catechins modification of Se-HAp nanoparticle will enhance their anticancer activity owing to the known anticancer activities of individual catechins and Se-HAp nanoparticles. The prepared nanomaterials were characterized for various physico-chemical properties such as size, chemical structure, structural morphology, and colloidal stability, which are important factors in the designing of nanoparticles (39).



Structural Analysis of CC/Se-HAp Nanomaterials

XRD analysis of the as-prepared nanomaterials was carried out to investigate the basic polymorphic structure of HAp and any structural variations during the Se-doping and catechins modification (Figure 1). The XRD spectrum of the extended linear scanning (10–70°) of HAp showed characteristic peaks confirming its successful synthesis, where the peaks were comparable with the standard HAp (JCPDS card no. 24-0033). Further, the intense and sharp peaks indicate the crystalline nature of synthesized HAp nanoparticles. The Se-doping of HAp slightly altered its crystallinity as indicated by the less intense crystallinity peaks. The Se-HAp and CC/Se-HAp samples showed a single phase (solid solution) with a hexagonal structure [space group, p63/m (176)]. The XRD spectra of CC/Se-HAp-1, CC/Se-HAp-2, and CC/Se-HAp-3 further indicated the synthesis of crystalline nanoparticles with crystallinity scope inferior to pristine HAp and Se-HAp. This crystallinity scope was further decreased with the increased concentration of catechins. Additionally, the peak intensities were slightly shifted toward higher 2θ value and three major differential peaks (211), (112), and (300) were merged into single peak, which indirectly indicates the substitution effect with nanosized features. The effect of Se-doping and catechins modification on lattice parameters (a and c), unit cell volume (Å)3, crystal size (D), and crystallinity (Xc) are summarized in Table 1.
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FIGURE 1. X-ray diffraction spectra of pristine HAp nanoparticles, and selenium-doped hydroxyapatite (Se-HAp), and modification of Se-HAp composites with different concentrations of catechins, i.e., 5% (CC/Se-HAp1), 7% (CC/Se-HAp2), and 10% (CC/Se-HAp3). The patterns of XRD depicted that both HAp and Se-HAp presented the typical HAp peaks, with the no significant differences. The peak (211) associated CC/Se-HAp showed a reduction in crystallinity which determines the association of catechin contents.





Table 1. Summary of effect of selenium and catechins contents on the lattice parameters (a and c), unit cell volume, crystal size, and crystallinity of pristine HAp and catechins-modified selenium-doped HAp nanocomposites.
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Chemical Structure Analysis of CC/Se-HAp Nanomaterials

FTIR spectroscopy was used to investigate the presence of specific functional groups (Figure 2) (42). The peaks for O-H vibrations were observed at 633 cm−1 and 3,500–3,000 cm−1. The peak at 1,640 cm−1 was assigned to the bending mode of H2O molecule present in the HAp lattice, which are in agreement with previous reports (41, 43). The peaks observed at 1,486, 1,459, 1,420, 1,424, and 872 cm−1 correspond to the carbonate (C[image: image]) groups, which indicated its substitution at P[image: image] (B-site) and OH positions (A-site) in the HAp lattice. The substitution of C[image: image] in the OH group might result in an increased length of the unit cell toward the a-axis and a decline toward c-axis, as reported previously (44). Similarly, the peaks for stretching vibrations due to OH group were present at 3,570 cm−1 and 630 cm−1 (45, 46) in all spectra of HAp, Se-HAp, and CC/Se-HAp samples while its intensity was relatively low in the spectrum for Se-HAp nanocomposite.
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FIGURE 2. Fourier transform infrared spectra of pristine HAp, Se-HAp, and its modification with different concentrations of catechins, i.e., 5% (CC/Se-HAp1), 7% (CC/Se-HAp2), and 10% (CC/Se-HAp3). The peaks show that both HAp and Se-HAp presented the typical HAp functional groups, with a decrease in intensity (1,000 cm−1) upon catechins modification.





Structural Morphology of CC/Se-HAp Nanomaterials

From Figure 3, TEM analysis showed the formation of small rod-like structure of various HAp samples under investigation. The modified aqueous precipitation method effectively maintained the rod-like morphology of HAp upon doping with Se and catechins modification, and were well-dispersed in PBS and formed a stable colloidal suspension even when stored for over a month.
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FIGURE 3. Transmission electron micrographs of (A) pristine HAp nanoparticles and (B) Se-HAp, (C) CC/Se-HAp1, (D) CC/Se-HAp2, and (E) CC/Se-HAp3 nanocomposites.



According to SEM micrographs (Figures 4A–E), the size of different HAp samples was estimated to be 60 ± 15 nm as determined via “Fiji v2” software, indicating their nano-crystalline features. The micrographs of pristine HAp and Se-HAp showed that the nanoparticles were nearly uniformly distributed and formed a moderately rough surface with slight pores, and particles were observed with dominant small rod-like morphology (Figure 4). In contrast, the Se-HAp samples with catechins content were highly agglomerated and exhibited dense rough surface with small rod-like morphology (Figures 4B–E). These results indicate that incorporation of Se and catechins content into HAp structure resulted in the synthesis of highly-agglomerated material and the particles exhibited small rod-like morphology. The strong agglomeration among the particles was due to the presence of catechins content which could be defined by the decreased particle size as confirmed via XRD analysis (Figure 1). XRF analysis was carried out to confirm the formation of HAp, Se-HAp, and CC/Se-HAp nanomaterials and to measure the degree of atomic percentage of Se substituted/doped during the synthesis of nanocomposites. The elemental mapping via XRF showed that Se distribution in CC/Se-HAp was reduced in comparison with HAp and Se-HAp where it was evenly distributed in the entire nanocomposite and was comparable to Ca and phosphate ions (Figures 3, 4). Overall, these findings imply that the incorporation of Se and catechins into HAp lattices did not alter the primary features of HAp nanoparticles including the physical dimension, geometrical shape, and crystal lattice. The integrated Se have the potential to be delivered via a degradation-mediated sustained release.


[image: image]

FIGURE 4. Field-emission scanning electron micrographs and XRF spectra (inset) of (A) pristine HAp nanoparticles, and (B) Se-HAp, (C) CC/Se-HAp1, (D) CC/Se-HAp2, and (E) CC/Se-HAp3 nanocomposites.





In vitro Cytotoxicity of CC/Se-HAp Nanomaterials

The in vitro anticancer activity of CC/Se-HAp nanomaterials was investigated against MNNG/HOS cells, using CCK-8 assay kit. The principle of this assay is that the color of developing substrate WST-8 is reduced by the intracellular dehydrogenase in live cells to water-soluble orange colored formazan, which is directly quantified photo-metrically and its absorbance reflects the number of viable cells in the culture medium (47). As shown in Figure 5A, the Se-HAp is much less toxic to MNNG/HOS cells as compared to CC/Se-HAp, confirming the improved activity of CC/Se-HAp against MNNG/HOS cells upon catechins modification. Further, CC/Se-HAp-3 showed high toxicity toward the cells as compared to CC/Se-HAp-1 and CC/Se-HAp-2 nanocomposites. In contrast, the Se-HAp nanoparticles showed toxicity toward MNNG/HOS; however, it was much lower than CC/Se-HAp nanocomposites. To investigate the safety of the developed CC/Se-HAp nanocomposites toward the normal cells, their toxicity effect was determined toward the stem cells (hBMSCs) and the results are shown in Figure 5B. The results showed significantly higher toxicity of Se-HAp toward hBMSCs as compared to CC/Se-HAp. Furthermore, the response of CC/Se-HAp to MNNG/HOS and its degradation behavior was also confirmed by cytotoxicity evaluation. It indicated that incubation time was directly associated with the cytotoxicity of nanoparticles (Figure 5C). For instance, the cell viability was mainly associated with the degradation of nanoparticles. Cell viabilities of CC/Se-HAp-3, CC/Se-HAp-2, CC/Se-HAp-1, Se-HAp, Se, and HAp were 98, 91, 98, 81, 76, and 100%, respectively, after the interaction of cells and nanoparticle for 6 h. Moreover, these viability values were 5, 14, 28, 37, 29, and 100%, respectively, after cell-nanoparticles interaction for 48 h. Se (representation for Na2SeO3) was used as a positive inhibition control, which showed prominent inhibition effect. Surprisingly, the inhibition effect of Se-HAp was superior to CC/Se-HAp up to 18 h; however, the cytotoxicity of CC/Se-HAp nanoparticles increased continuously until the maximum incubation period of 48 h. These results indicate that catechins and selenium contents of CC/Se-HAp affect the cell viability and lysosomal permeability. Higher catechin contents along with selenium in CC/Se-HAp nanomaterials result in lower cell viability due to faster degradation rate. The apoptosis during earlier incubation (0–24 h) might be attributed to the phase of burst release, whereas the high cytotoxic effect could be due to the sustained release during the extended incubation (24–48 h). These results demonstrate that catechins modification of Se-HAp increased its toxicity toward the cancer cell lines (MNNG/HOS) due to their degradation within the cell.
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FIGURE 5. (A) Cytotoxicity analysis of human osteosarcoma cell line (MNNG/HOS) against Se-HAp and its modification with different concentrations of catechins, i.e., 5% (CC/Se-HAp1), 7% (CC/Se-HAp2), and 10% (CC/Se-HAp3) relative to control. (B) Viability analysis of human bone marrow stem cells (hBMSCs) on Se-HAp and its modification with 5% catechins (i.e., CC/Se-HAp1) and 10% catechins (i.e., CC/Se-HAp3) relative to control. (C) ROS inhibitor attenuated the cytotoxic effect of nanoparticles, which resulted in higher cell viability. *p < 0.01, **p < 0.001, ***p < 0.0001 indicate significant differences of CC/Se-HAp-3 in comparison with Se-HAp.





Internalization and ROS Generation

TEM micrographs indicated the internalization of CC/Se-HAp nanomaterials into MNNG/HOS cells via endocytosis. After encapsulated in the endosomes, the nanomaterials were transported to lysosome for intracellular degradation (Figure 6C, Figure S3) and increasing lysosomal permeability. The gradual degradation of internalized nanomaterials in the lysosomes was confirmed by their gradually increased activity with the incubation time. The anticancer drugs have been extensively reported to kill the cancer cells through ROS generation (16, 25, 48). Therefore, we investigated the underlying mechanism of CC/Se-HAp mediated apoptosis of cancer cells through ROS generation by hypothesizing that CC/Se-HAp nanomaterials can induce ROS production in mitochondria. To verify the proposed hypothesis, we detected the ROS generation at specific time intervals (0, 6, 8, 12, 18, and 24 h) by monitoring the “fluorescent product of DCF.” This unique ROS indicator was generated during the processes of ROS production (Figure 6A). The results showed the highest level of DCF in response to the treatment of cancer cells with CC/Se-HAp-3. This analysis further indicated that CC/Se-HAp-3 nanoparticles induced highest ROS production after cell-nanomaterials interaction for 18 h. This ROS produced level was significantly higher than that of Se-HAp and Se (Na2SeO3). These results depicted that such a low cell viability caused by CC/Se-HAp was induced by ROS generation that caused cell apoptosis. To further confirm these results, we inhibited the ROS generation by treating the cancer cells with N-acetylcysteine (NAC) prior to nanoparticles treatment. With this treatment, the CC/Se-HAp-3 treatment indicated almost 100% cell viability of cancer cells, as the nanoparticles could not induce the apoptosis after the inhibition of intracellular ROS generation (Figure 6B). The inhibition of ROS generation also inhibited the cytotoxic effect of nanoparticles (Figure 6C). Therefore, these results depicted that ROS generation is a key player in the process of CC/Se-HAp mediated cancer cells apoptosis.
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FIGURE 6. ROS generation and internalization of nanoparticles. (A) Relative fluorescence intensity of DCF (percent) generated during the process of ROS formation demonstrated that CC/Se-HAp exhibited a remarkable increase in DCF, as compared to Se-HAp or Na2SeO3. (B) Relative fluorescence intensity of DCF (percent) in presence of ROS inhibitor was non-detectable in presence of both catechin and selenium. (C) TEM micrographs illustrating the internalization of CC/Se-HAp nanomaterials into the human osteosarcoma cell through a typical endocytosis process. TEM images show that the nanoparticles were internalized by human osteosarcoma cells through a typical endocytosis process. Yellow dotted lines describe cell membrane invagination that is followed by endosome formation. Red arrows specifying region indicates newly generated endosomes loaded with nanoparticles. Green arrows determine the primary lysosome combined with the endosome. White arrows denote the degradation and release of active agents. Blue arrows represent the noticeable degradation of nanoparticles within the lysosome (secondary). Yellow arrows represent the nanoparticles in the vicinity of the nucleus (probably lysosomal disruption). *p < 0.01 indicates significant differences of ROS generation in response to CC/Se-HAp treatment in comparison with Se-HAp treatment.





Regulation of Apoptosis-Associated Genes

The expression ratios of CASP-3, CASP-9, TP-53, COX-2, BCL-2, BAX, NF-kB, and FAK (PTK-2) in MNNG/HOS cells treated with nanomaterials for 24 h in comparison with non-treated cells, using qPCR are shown in Figure 7A. These findings demonstrate that the relative expressions of P-53, CASP-3, and BAX genes were significantly upregulated, while that of BCL-2 and COX-2 were slightly reduced. To further confirm the qPCR results of the ROS and apoptosis-related genes, their expression levels were measured using western blot technique. According to the western blot results, bcl-2, cox-2, and fak were down-regulated whereas caspase-3, caspase-9, p-53, nf-kb, and bax were upregulated in osteosarcoma cells in response to CC/Se-HAp nanoparticles treatment as compared to control (Figure 7C). These results are consistent with the qPCR results, which in turn are consistent with ROS generation and apoptosis.
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FIGURE 7. Molecular analysis associated with apoptosis of MNNG/HOS cells treated with nanoparticles. (A) Expression levels of genes (analyzed through qPCR) associated with cancer and/or apoptosis were altered, which indicate their association with nanoparticles treatment. (B) The caspase-3 activity assay was evaluated by using the CaspACE Assay System. The increase in caspase-3 determines that CC/Se-HAp-mediated apoptosis is involved caspase-3 pathway. (C) Key proteins involved in apoptosis and cancer were analyzed using western blot in order to confirm the qPCR results. Western blot indicates the alteration in protein levels in response to treatment of nanoparticles. (D) The qualitative analysis of apoptosis using fluorescence cytometry confirms the effectiveness of nanoparticles. *p < 0.05 and **p < 0.01 indicate significant differences in comparison with control.



It is well-documented that ROS generation induces caspase activation (17). Therefore, activation of caspase-3 was confirmed using CaspACE Assay System. The results showed that CC/Se-HAp induced caspase-3 activation in osteosarcoma cells (Figure 7B). The quantitative analysis showed that CC/Se-HAp activated higher levels of caspase-3 as compared to Se-HAp. These results strengthen the ROS-mediated apoptosis in CC/Se-HAP treated cancer cells. To further confirm the caspase-3 activation, the CC/Se-HAp-induced caspase-3 activity was determined by treating the osteosarcoma cells with caspase inhibitor using NAC. This treatment indicated similar caspase-3 levels in cancer cells treated with CC/Se-HAp-3, Se-HAp, and control. To further analyze the apoptotic effect of CC/Se-HAp nanoparticles, the osteosarcoma cells were treated with nanomaterials and analyzed through flow DAPI staining. The results demonstrated that nuclei of cells treated with nanomaterials were smaller and brighter stained with the crescent shape as compared to that of control cells which possessed intact and rounded nuclei with diffuse DAPI staining (Figure 7D). Furthermore, the cells showed separate globular structures (apoptotic bodies) around the periphery. The DAPI staining showed a dramatic increase in the number of apoptotic cells treated with CC/Se-HAp nanoparticles. DAPI staining revealed that exposure of cells to nanoparticles markedly increased the apoptosis, coincidently with the cytotoxicity test. In contrast, annexin V-FITC staining showed the notable percentage of early and late apoptotic cells in response to CC/Se-HAp treatment as compared to cells treated with Na2SeO3 (Figures S2, S3). These results demonstrate that CC/-Se-HAp nanomaterials enhanced the cellular apoptosis. Overall, these results indicate that two agents (i.e., catechins and selenium) simultaneously induced ROS generation for subsequent activation of caspase-3 and upregulation of P53, which led to higher apoptosis of cancer cells.




DISCUSSION

Natural bone is a hierarchically structured material assembled from basic building blocks of mineral nanoparticles in the frame of bone tissues and collagen protein, which become weak as a result of osteosarcoma (49). To treat osteosarcoma, different strategies including tissues cleaning and bone surgery are currently in practice; however, such strategies are not as accurate and lead to physical disability and recurrence of osteosarcoma. Therefore, targeted and specific therapeutic agents are required to completely kill the cancer cells. Hydroxyapatite is the main inorganic mineral in vertebrate bones and tooth enamels that has been extensively studied as excellent bone substitutes. Its doping with selenium has been reported previously as a potential anticancer agent (16, 17); however, it is toxic toward the normal cells when used at higher concentrations. Therefore, modification of Se-HAp nanoparticles with other anticancer agents, such as catechins, could be used to protect bone cancer metastasis and potentiate cancer cells removal. In the current study, a series of catechins-modified Se-doped HAp (CC/Se-HAp) nanocomposites were prepared and characterized for various physico-chemical and biological properties. In addition, the nanomaterials were evaluated for their size, morphology, and colloidal stability which are important factors in the designing of nanoparticles (39). Further, the developed nanomaterials showed a higher anticancer activity as compared to Se-HAp nanoparticles in vitro.

As reported previously, the nanoparticles having a size <100 nm possess better cell endocytosis (50–53) and mechanical compatibility with natural bone can effectively promote osteogenesis (54, 55). To this end, the developed nanoscale HAp nanoparticles (60 ± 15) can serve as ideal template for the development of new bone and effective nanocarrier in anticancer drug delivery system. TEM micrographs (Figure 3), showed that the developed nanomaterials possessed nano-dimensional size and single crystalline structure. Moreover, the CC/Se-HAp nanomaterials existed in a uniaxial-like form, i.e., larger dimensions in length (axial) and smaller dimensions in width (equatorial). Further, FTIR spectrum of pristine HAp showed the distinctive peaks for the triply degenerate υ3 asymmetric and non-degenerate υ1 symmetric of P-O stretching vibrations were present between 1,200 and 900 cm−1, which are in agreement with a previous report (46). Similarly, the double degenerate υ2 and triple degenerate υ4 bending of O-P-O were present between 600 and 400 cm−1 for all samples which is in accordance with the typical FTIR pattern of HAp (15, 41, 56).

Both selenium and catechin doses separately have been reported to have direct cytotoxic effects on malignant tumors in vitro and in vivo (16, 29, 31, 48). However, these particles are far behind the clinical studies due to their toxicity toward the normal cells and show low activity against cancer cells. Therefore, combining catechins with Se-HAp is expected to minimize the toxic effects of selenium toward the normal cells. Our data showed that CC/Se-HAp nanoparticles caused tumor growth inhibition through ROS generation in P53 mediated pathway, as indicated by the higher ROS generation and increased P53 levels (Figures 7A,D). Previous in vitro studies showed that Se-HAp nanoparticles induce ROS generation that leads to apoptosis (16). Comparatively, our data showed that CC/Se-HAp can induce higher cancer cell apoptosis (Figure 7A). In addition, the cytotoxicity results of CC/Se-HAp nanomaterials are comparable with a study which showed that nanoparticles with a size <100 nm possess better cell endocytosis efficiency as compared to those with a larger size (16). Therefore, the needle-like HAp nanoparticles prepared in the present study were expected to induce cytotoxicity and can effectively promote osteogenesis, as reported previously (16).

Generally, the cell viability is associated with the degradation of nanoparticles; therefore, the cell apoptosis was sufficiently higher after the cell-nanoparticles interactions for 24 h. These findings imply that Se and catechin contents in CC/Se-HAp nanoparticles after degradation in lysosome led to cell apoptosis. Researchers have explored the antitumor potential of different nanoparticles through ROS induction. For instance, Zn2+ could trigger ROS generation, thereby activates a p53-mediated apoptotic pathway (16, 57). Furthermore, catechins selectively induce ROS generation only in cancer cells (25). In current study, the higher levels of P53 and caspase-3 indicate the antitumor activities of selenium ions and catechin contents due to ROS generation. These findings are consistent with the earlier studies which showed that ROS generation could induce cancer cells apoptosis in P53 dependent pathway with the involvement of caspase-3 (16, 25). Studies have also shown that P53 activation in cancer cells induces the expression of P53 target genes which further leads to cell growth inhibition and apoptosis. Catechins also induce the activation of P53 in cancer cells (25, 58). Therefore, it is anticipated that CC/Se-HAp could affect the P53 mediated apoptosis pathway in a similar fashion. Furthermore, the internalization of nanoparticles on the surface is associated with the actin rearrangement near the plasma membrane and extension into the extracellular space (38). Similarly, the TEM micrographs (Figure 6C) revealed that most of the nanoparticles were rapidly internalized into the MNNG/HOS cells. This observation confirms the internalization and translocation of CC/Se-HAp nanoparticles. These observations are also in agreement with a previous report (16). Finally, the degradation of internalized CC/Se-HAp nanomaterials restrains the viability of cells as indicated by the reduced cell viability (Figure 6A). Furthermore, the internalization indicates that the nanomaterials were gradually degraded within the lysosomes with the increased incubation time, which is in agreement with a previously reported study of Se-doped HAp nanoparticles (16).

Overall, the results of present study indicate that CC/Se-HAp nanoparticles have the greater potency for the targeted treatment of the osteosarcoma with least side effects toward the normal stem cells. However, further analysis like release mechanism, release kinetics, action mechanism, and fate of the released particles from nanomaterials at different pH and with different concentrations of catechins and selenium, would provide the base for clinical trials of the developed therapeutic drug in the osteosarcoma therapy.
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Glioblastoma is the most common malignant adult brain tumor and has a very poor patient prognosis. The mean survival for highly proliferative glioblastoma is only 10 to 14 months despite an aggressive current therapeutic approach known as Stupp’s protocol, which consists of debulking surgery followed by radiotherapy and chemotherapy. Despite several clinical trials using anti-angiogenic targeted therapies, glioblastoma medical care remains without major progress in the last decade. Recent progress in nuclear medicine, has been mainly driven by advances in biotechnologies such as radioimmunotherapy, radiopeptide therapy, and radionanoparticles, and these bring a new promising arsenal for glioblastoma therapy. For therapeutic purposes, nuclear medicine practitioners classically use β− particle emitters like 131I, 90Y, 186/188Re, or 177Lu. In the glioblastoma field, these radioisotopes are coupled with nanoparticles, monoclonal antibodies, or peptides. These radiopharmaceutical compounds have resulted in a stabilization and/or improvement of the neurological status with only transient side effects. In nuclear medicine, the glioblastoma-localized and targeted internal radiotherapy proof-of-concept stage has been successfully demonstrated using β− emitting isotopes. Similarly, α particle emitters like 213Bi, 211At, or 225Ac appear to be an innovative and interesting alternative. Indeed, α particles deliver a high proportion of their energy inside or at close proximity to the targeted cells (within a few micrometers from the emission point versus several millimeters for β− particles). This physical property is based on particle–matter interaction differences and results in α particles being highly efficient in killing tumor cells with minimal irradiation of healthy tissues and permits targeting of isolated tumor cells. The first clinical trials confirmed this idea and showed good therapeutic efficacy and less side effects, thus opening a new and promising era for glioblastoma medical care using α therapy. The objective of this literature review is focused on the developing field of nuclear medicine and aims to describe the various parameters such as targets, vectors, isotopes, or injection route (systemic and local) in relation to the clinical and preclinical results in glioblastoma pathology.
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Introduction

Glioblastoma is a neoplasm derived from astrocytes, a subtype of brain macroglial cells. Historically, astrocytomas from the most benign to the most aggressive tumors have been classified using four grades (Louis et al., 2016): pilocytic astrocytoma (grade I tumors), diffuse astrocytoma (grade II tumors), anaplastic astrocytoma (grade III tumors), and glioblastoma (grade IV tumors). Glioblastoma appears to be the most aggressive and also, unfortunately, the most frequent primary brain tumor. The worldwide incidence of glioblastoma is less than 10 per 100,000 people (Hanif et al., 2017; Tamimi and Juweid, 2017) and represents approximately 50–60% of gliomas and 15% of all primary brain tumors in adults (Ostrom et al., 2016; Tamimi and Juweid, 2017; Li et al., 2018). Currently, glioblastoma can be divided into different subtypes based on molecular classification, which includes an isocitrate dehydrogenase-1 (IDH) mutation described in the 2016 WHO classification (Louis et al., 2016), or the more recently described 1p/19q codeletion and TERT promoter mutation (Eckel-Passow et al., 2015; Karsy et al., 2017; van den Bent et al., 2017). The current standardized therapeutic protocol known as Stupp’s protocol consists of a debulking surgery followed by radiotherapy and chemotherapy (Stupp et al., 2005). Despite the increase in the molecular knowledge of the pathology and the emergence of targeted therapies with some clinical trials based on this molecular stratification (Chen et al., 2017), patient outcomes remain poor with a survival rate of 14–15 months after diagnosis (Thakkar et al., 2014; Kaley et al., 2018), and there has been no significant progress made in the last decade.

The recent progress in nuclear medicine development has generated a new promising arsenal for glioblastoma therapy. This has been mainly driven by biotechnologies such as radioimmunotherapy, radiopeptide therapy, and radionanoparticles. The four main parameters required for successful radionuclide targeted therapies for glioblastoma are the selection of an appropriate target, the size of the targeting vector, the physical properties of the radionuclide, and the physicochemical properties of the vector (Cordier et al., 2016). The objective of this literature review is focused on the improving field of nuclear medicine and describes the various parameters such as targets, vectors, isotopes, or injection route (systemic and local) in relation to clinical and preclinical results in glioblastoma pathology.

Nuclear Medicine and Radiopharmaceuticals

Nuclear medicine is the medical specialty that uses radioactive atoms for diagnosis and/or therapy. In the therapeutic case, to obtain specific irradiation of tumor cells, the radioactivity could be attached to a pharmaceutical molecule that binds to specific molecules expressed on the target tumor cells. This specific radioactive molecule is called a radiopharmaceutical, and currently, we have many possible combinations. The pharmacological specific component of a radiopharmaceutical in glioblastoma therapy can be based on the target protein structure and includes peptides or monoclonal antibodies, or molecular structures like nanoparticles. For the radioactive side of therapeutic radiopharmaceuticals, nuclear medicine practitioners can use massive particle emitters, which deliver their ionizing energy locally like Auger electrons, or β− or α particles. Auger electrons are low-energy electrons that emit a very localized irradiation (several nanometers around the emission point) with high biological effects. Beta-negative particles have a relatively (compared with alpha particles) low linear energy transfer (LET) and emit their energy over a few millimeters. Radionuclide choice is based on the tumor size. For example, yttrium-90 emits a long-range beta emission and could be used for larger masses, while lutetium-177 has a short range, favoring treatment of minimal residual disease.

Alpha particles deliver a high fraction of their energy inside the targeted cells, leading to highly efficient killing. This makes them suitable for targeting isolated tumor cells and minimal residual disease. The physical properties of radionuclides used for glioblastoma are summarized in Table 1.





	
Table 1 | Physical properties of radioisotopes used in glioblastoma therapy.





	
Radionuclide


	
Emission type


	
Half-life (h)


	
Emax (keV) of main emission


	
Maximum range in soft tissues (mm)





	
Iodine-125


	
Auger


	
1426


	
3.19


	
Nanometer scale





	
Iodine-131


	
β−


	
193


	
606.3


	
2.9





	
Yttrium-90


	
β−


	
64


	
2,280.1


	
12.0





	
Lutetium-177


	
β−


	
162


	
498.3


	
2.0





	
Rhenium-186


	
β−


	
89.2


	
1,069.5


	
5.0





	
Rhenium-188


	
β−


	
17


	
2,120.4


	
10.8





	
Astatine-211


	
α


	
7.2


	
5.870 to 7.45


	
0.055 to 0.080





	
Bismuth-213


	
α


	
0.76


	
8.4


	
0.1





	
Actinium-225


	
α


	
240


	
8.4


	
0.1









Radioimmunotherapy Approach

Radioimmunotherapy (RIT) is a nuclear medicine modality that uses a monoclonal antibody (mAb) to achieve targeted vectorization of a radionuclide. The monoclonal antibody binds to specific antigens expressed or overexpressed on the tumor cells. For certain antigen targets, like epidermal growth factor receptor (EGFR), tenascin, or DNA histone H1 complex, clinical trials are underway; and the initial results show promise. Additional targets such as CA XII or cadherin 5 are also showing encouraging results at the preclinical stage.

GFR Targeting

EGFR is a cell-surface receptor involved in regulation of cell proliferation, angiogenesis, and tumor metastases. EGFR is particularly overexpressed in over 90% of glioblastomas and constitutes an interesting target for glioblastoma RIT (Frederick et al., 2000). One of the first glioblastoma RIT clinical trials using a mAb directed against the EGFR antigen and radiolabeled with iodine-125 showed a significant and promising increase in median survival. In this phase II clinical study, 180 patients, of which 118 had a glioblastoma diagnosis, received intravenous or intra-arterial RIT as an adjuvant therapy after surgery, radiotherapy, and with or without chemotherapy. The mean total administered dose was 5.2 GBq (one injection per week for 3 weeks). The overall median survival for the glioblastoma group was 13.4 months, demonstrating a significant outcome improvement. Furthermore, a subgroup of patients less than 40 years old showed a median survival of 25.4 months (Emrich et al., 2002). This first RIT application was confirmed by a second phase II clinical trial, which involved 192 patients with glioblastoma. Patients received 1.8 GBq each week for 3 weeks (total of 4.44 to 5.55 GBq) of RIT after debulking surgery and radiation therapy. The results showed no grade 3/4 toxicological events and an overall median survival of 15.7 months with an increment to 20.2 months for the arm with temozolomide and RIT-associated therapy (Li et al., 2010).

Another EGFR RIT targeting modality was tested by Casacó et al. in 2008 using a single-dose intracavitary injection of anti-EGFR (nimotuzumab) radiolabeled with rhenium-188. This phase I clinical trial included eight patients with glioblastoma multiform. The maximal tolerated dose was determined at 370 MBq for 3 mg of mAb. In the 370 MBq group, two patients presented a complete response after 3 years of monitoring, and one patient presented a partial response for more than 1 year. However, no improvement in median survival was reported due to the large variability (from 6.1 to 18.7 months), and a transient to very severe neurotoxicity was also observed (Casacó et al., 2008).

Tenascin Targeting

The extracellular matrix protein tenascin-C is another target of interest for glioblastoma RIT. Tenascin-C is overexpressed in more than 90% of all glioblastoma cases, and this protein is involved in adhesion, migration, and proliferation with increased proliferation with higher grades of tumor malignancy (Zagzag et al., 1996; Midwood et al., 2016).

The iodine-131-radiolabeled anti-tenascin mAb BC2 was the first used in this indication for 10 patients with recurring glioblastoma after surgery, radiotherapy, and chemotherapy. The mean dose of 551.3 MBq for 1.93 mg of mAb was injected directly into the tumor by the stereotaxic method. Both systemic and neurologic toxicities were negligible, and RIT failed to show any favorable results in four patients. Nevertheless, for three patients, the pathology appeared to be stabilized; for two patients, the results revealed a partial remission; and one patient showed complete remission (Riva et al., 1992). This approach was confirmed using other anti-tenascin mAb. BC4 was injected intratumorally in 30 patients with recurrent glioblastoma at a higher dose (1,100 MBq of iodine-131 repeated two, three, or four times) without adverse systemic effects and comparable results (Riva et al., 1994). A major phase I/II clinical trial using iodine-131-labeled mAb BC2 and BC4 enrolled 111 patients who suffered diverse malignant gliomas (20 patients for phase I and 91 for phase II). Like the previous proof-of-concept trial, the radioactive mAb was injected directly into the tumor, and the results for the phase I patients revealed a maximal tolerated dose of 2,590 MBq with serious brain edema for larger doses. For the phase II component, patients received a mean dose of 2,035 MBq with minimal toxicity. Among the patients with glioblastoma, the response rate was 47.2%, and the clinical objective responses were as follows: partial response 12.8%, complete response 1.4%, and no evidence of disease 32.8%. The overall survival median was 19.0 months (Riva et al., 1999).

Yttrium-90, an alternative to iodine-131, has also been trialed with an anti-tenascin BC4 mAb. For 26 patients with recurrent glioblastoma, an amelioration of median survival from 20 months for RIT only to 22 months when RIT was associated with mitoxantrone chemotherapy was demonstrated (Boiardi et al., 2005). These results obtained after an intracranial injection of 185 to 925 MBq of BC-4 mAb was confirmed when RIT was associated with temozolomide chemotherapy (Bartolomei et al., 2004).

Tenascin targeting appears to be one of the most promising RITs for glioblastoma, and many recent clinical trials using anti-tenascin 81C6 mAb showed similar results to the BC-2 and BC-4 mAbs. The radioisotope mainly used in these clinical trials is the β−/γ emitter iodine-131. This RIT protocol consists of an intracranial injection of 370 to 6,660 MBq and increased the median survival to 20.6 months for newly diagnosed glioblastomas and 14.5 months for recurrent disease (Figure 1) (Reardon et al., 2006b). This clinical progress was accompanied by reversible grade 3/4 hematologic toxicity and grade 3 neurologic toxicity, which could limit the therapeutic dose in certain cases (Bigner et al., 1995; Akabani et al., 1999; Cokgor et al., 2000; Reardon et al., 2002; Akabani et al., 2005; Reardon et al., 2006a; Reardon et al., 2008).
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Figure 1 | Serial MRI (top and middle) and 18F-FDG PET scan results of representative patient after 131I-ch81C6 therapy. Corresponding 18F-FDG PET scan images (bottom) demonstrate a lack of increased metabolic activity in region of surgically created resection cavity. This research was originally published in JNM (Reardon et al., 2006b).



81C6 mAb is also used with astatine-211, an innovative radioactive alpha emitter. In this clinical trial, which involved 18 patients, 81C6 was radiolabeled with 71–347 MBq of astatine-211 and was injected in the surgically created resection cavity. No patient experienced dose-limiting toxicity (six patients experienced a reversible grade 2 neurotoxicity), and the median survival time for glioblastoma patients was 54 weeks compared with 23–31 weeks observed for patients receiving conventional therapies (Zalutsky et al., 2008).

DNA Histone H1 Complex

DNA histone H1 complex is a ubiquitous intracellular antigen exposed in the necrotic core of solid tumors. This targeting is designated as tumor necrosis treatment (TNT) and could be used with a 131I iodinated radiolabeled mAb (Shapiro et al., 2006) under the commercial name Cotara®. The first-phase I/II RIT clinical trial based on TNT targeting enrolled 51 patients and defined the optimal functional dose for a clinical target volume. The dosing regimen was determined to be 37 to 55.5 MBq/cm3 without toxicity (Hdeib and Sloan, 2012). The most frequent adverse events included nervous system disorders such as brain edema (16%), hemiparesis (14%), or headache (14%) (Patel et al., 2005), but a median survival time of 37.9 weeks was reported. In addition, 7 of the 28 recurrent glioblastoma patients survived for more than 1 year.

Carbonic Anhydrase

To allow survival within a hypoxic tumor microenvironment, glioblastoma cells overexpress certain enzymes such carbonic anhydrase XII (CA XII) or carbonic anhydrase IX (CA IX) (Mboge et al., 2015; Cetin et al., 2018). CA is a membrane-bound protein overexpressed in glioma but absent from healthy brain tissue and appears to be a potential RIT target. In a preclinical study in mice, a human glioblastoma was xenografted, and the animals were treated by intravenous tail vein injection of a lutetium-177-labeled mAb Fab fragment directed against CA XII. Biodistribution analysis showed a significant (tumor xenograft-specific) accumulation in the brain tumor (3.1% of injected dose 3 h after injection) (Fiedler et al., 2018).

To our knowledge, CA IX is not currently used for therapy in nuclear medicine but was used for molecular imaging of glioblastoma and could be used in the near future for phenotypic imaging and theranostic approach (Li et al., 2015).

Cadherin 5

Glioblastoma like many solid tumors is associated with an aggressive and aberrant neovasculature and, in recent years, has become an important target using mAb drugs such as bevacizumab, which targets Vascular endothelial growth factor A (VEGF-A). E4G10 is an mAb targeting vascular endothelial cadherin (e.g., cadherin 5), a molecule specifically expressed at vascular cell–cell junctions in newly forming blood vessels. When labeled with the multiple alpha emitter actinium-225 and intravenously injected into transgenic glioblastoma mice, the E4G10 mAb showed therapeutic efficacy with a significant increase in survival (Behling et al., 2016) and remodeling of the vascular blood–brain-barrier microenvironment, which increased the penetration of chemotherapy drugs like dasatinib (Behling et al., 2016).

Integrin αVβ3

Integrin αVβ3 is involved in tumor neoangiogenesis and appears to be an oncologic target in various diseases including glioblastoma. Abegrin® is an mAb directed against αVβ3 and can be used in RIT after radiolabeling with yttrium-90. A proof of concept in a mouse glioblastoma xenograft model showed a partial tumor regression as assessed by image monitoring compared with control groups (Liu et al., 2011).

Radiopeptide Approach

Peptide receptor radionuclide therapy (PRRT) is an emerging nuclear medicine approach that vectorizes a radionuclide to a specific receptor overexpressed on a tumor using a labeled agonist or antagonist peptide. Various target receptors suitable for PRRT of glioblastoma are being examined in clinical trials with early promising results.

Somatostatin Receptors

Somatostatin is a well-known cyclic neuropeptide in nuclear medicine for both diagnosis and therapy of neuro-endocrine tumors. Octreotide derivatives, which mimic somatostatin, present different binding profiles for each somatostatin receptor isotype (SSTR1–5). In glioblastoma therapy, a first clinical trial of 43 patients treated with 400 to 3,700 MBq of 90Y-DOTA-lanreotide was conducted using a fractionated one-to-six therapy cycle. This proof-of-concept study showed five cases (11.6%) of regressive disease (reduction of more than 25% of the tumor size), 14 cases (32.6%) of stable disease, and 24 patients (55.8%) with progressive disease (increase of more than 25% of tumor size). Furthermore, five patients reported a subjective improvement in quality of life measures (Virgolini et al., 2002). In another trial evaluating the clinical impact of PRRT, an octreotide analog (90Y-DOTATOC) was used to treat recurrent high-grade glioma. Three patients with glioblastoma multiform (WHO grade IV) were locally injected via a subcutaneous reservoir system implanted into the resection cavity. Patients received 1,660 to 2,200 MBq of 90Y-DOTATOC in three or four fractions at an interval of 3 to 4 months. The only adverse effects observed were a reoccurrence of an epileptic seizure for one patient and a mild and transient headache for another. There was a complete remission for one patient and partial remission in the other two patients. The Karnofsky performance score increased by 10% to 40% for the three patients, and they reported an improved quality of life. While two patients died 10 to 13 months after admission in the clinical trial (Heute et al., 2010), the third was alive 4 years after admission.

Neurokinin Receptor

Neurokinin type 1 receptors (NK1Rs) appear to be exclusively expressed on the cell surface of gliomas and have been shown to be overexpressed in primary malignant gliomas like glioblastoma (Hennig et al., 1995; Kneifel et al., 2006). The major and physiologic ligand for NK1R is a tachykinin neurotransmitter family member known as substance P.

A pilot study included 20 patients (4 with glioblastoma and 16 with other astrocytoma grade) who received 90Y-, 177Lu-, or 213Bi-radiolabeled substance P into the tumor or into the resected cavity. There was an absence of PRRT drug-related toxicity and 11 months of median survival (range 6–24 months) after therapy initiation. Furthermore, the capacity to modify the radioactive metal in order to optimize tumor growth inhibition and the radionecrotic transformation show promising results for substance P PRRT (Kneifel et al., 2006).

A phase I study whereby 17 patients suffering glioblastoma multiform received repetitive intratumoral injection of 90Y-substance P also showed promising results. Fifteen patients stabilized or improved their functional status when PRRT was used as a neoadjuvant therapy with a mean achieved extent of 96% in subsequent resection surgery (due to an improvement of tumor demarcation by radionecrosis) (Cordier et al., 2010). The radiobiologic mechanisms and therapeutic effects of PRRT are directly dependent on the physical properties of the radioactive sources used. As a consequence, it has become potentially appealing to use short-range alpha-particle-emitting radionuclides in glioblastoma PRRT. A pilot alpha PRRT study using 213Bi-substance P included five patients and provided a proof of concept for this innovative approach, with no safety concerns and a transformation of primarily non-operable gliomas into resectable gliomas after treatment (Cordier et al., 2010).

A clinical trial of nine patients suffering recurrent glioblastoma were injected with 1.4 to 9.7 GBq of 213Bi-substance P into a resected cavity using a fractionated therapy cycle (one to six). The results supported the pilot study, with a median progression free-survival time of 5.8 months and overall survival time of 16.4 months (Figure 2). The median overall survival time from the first diagnostic was 52.3 months, and two of the nine patients (22.2%) are still alive 39 and 51 months after the PRRT initiation (Krolicki et al., 2018). A more recent clinical trial of 20 patients confirms the initial results with only mild and transient adverse reactions, demonstrating that PRRT with 213Bi-substance P is safe and well tolerated (Krolicki et al., 2018). The main limitation of 213Bi is the short half-life of the isotope (only 45.6 min), which places limits in terms of radiopharmaceutical preparation time, supply chain between preparation and injection, and dosimetric cumulative dose. To resolve this issue, other alpha-emitting isotopes with longer half-lives such as 225Ac or 211At have been used to label substance P, and preclinical studies are underway (Lyczko et al., 2017; Majkowska-Pilip et al., 2018).
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Figure 2 | In a 32-year-old woman suffering from an astrocytoma WHO grade II, conversion into a secondary Glioblastoma multiforme (GBM) manifested 10.6 months after initial diagnosis. Following standard treatment consisting of surgery, radiotherapy, and chemotherapy with temozolomide, four cycles of 213Bi-DOTA-substance P were applied. The total activity injected amounted to 8.0 GBq of the therapeutic isotope. The T1-weighted enhanced MRI examination revealed shrinkage of the tumor by 32% (Krolicki et al., 2018).



Matrix Metalloproteinase

Chlorotoxin is a 36-amino-acid neurotoxin present in the highly toxic venom of the giant yellow Israeli scorpion (Leiurus quinquestriatus). It binds to chloride channels (DeBin et al., 1993) and to matrix metalloproteinase-2 with a preference for malignant cells of neuroectodermal origin like gliomas (Cohen-Inbar and Zaaroor, 2016). TM-601 is a recombinant version of chlorotoxin that was radiolabeled with iodine-131 to treat glioblastoma. A phase I single-dose study with 370 MBq of 131I-TM-601 administered intracavitarially in 18 high-grade gliomas showed a well-tolerated therapy with no dose-limiting toxicities and promising results (four patients with stable disease at day 180 and two patients without evidence of disease for more than 30 months) (Mamelak et al., 2006).

Chemokine Receptor-4

Chemokine receptor-4 (CXCR4) is overexpressed in glioblastoma and is associated with a poor patient outcome (Bian et al., 2007; Tabouret et al., 2015). A first clinical trial of the chemokine receptor ligand Pentixafor® radiolabeled with the positron emitter gallium-68 showed high fixation and provided a nuclear medicine image of glioblastoma (Lapa et al., 2016). An alternative to the diagnostic Pentixafor® is Pentixather®, where the radionuclide is a beta-negative emitter (177Lu). This radiobiological model is currently in development (Buck et al., 2017) and in the near future could be used for glioblastoma PRRT.

Radionanoparticle Approach

The use of nanotechnologies in oncology is booming, and glioblastoma nuclear medicine therapy with the use of radionanoparticles appears to be an emerging field. These radioactive nanocarriers can be passive and act as a simple tumor brachytherapy approach or can be active with a specific targeting to vectorize a large amount of radioactivity. In the active case, the targeting is directed against a glioblastoma-specific antigen or receptor as described above for RIT or PRRT.

Passive Approach

The passive approach of radionanoparticle delivery has been used with different nano-objects such as metallofullerenes, liposomes, or lipid nanocapsules (LNC).

The use of metallofullerene (177Lu-DOTA-f-Gd3N@C80) in an orthotopic xenograft brain tumor model demonstrated its efficacy when the radionanoparticles were delivered by intratumoral convection-enhanced delivery (CED), and it showed an extended survival time of more than 2.5 times that of the untreated group (Shultz et al., 2011).

Liposomes can be loaded with beta-negative emitters such rhenium-186 and provide promising results when administered by CED in an orthotopic glioblastoma rat model (126 days’ median survival compared with 49 days for the control group) (Phillips et al., 2012).

The use of colloidal drugs like LNC loaded with rhenium-188 in a rat orthotopic model induced a remarkable survival benefit (increased median survival time of 257%) after intratumoral stereotactic injection at day 6 and CED injection at day 12 (Vanpouille-Box et al., 2011).

Active Targeting Approach

A recent approach using radionanoparticles consists of an active targeting approach where the nanoparticles are functionalized and directed against a tumor target. The aim of this active targeting is to optimize the confinement of the radioactivity near to the tumor cells. As an example, LNC can be loaded with rhenium-188 and coupled to a monoclonal antibody directed against the CXCR4 antigen. These CXCR4-recognizing immune-nanoparticles can then irradiate the tumor cells and have been shown to improve the preclinical efficacy in an orthotopic mouse model. Recurrence for the passive protocol was observed at 65 versus 100 days for the active targeting approach, and this appears to be the most effective therapy with the longest measured time to progression (Séhédic et al., 2017).

Discussion

During the last decade, the knowledge about the phenotypic signature of glioblastoma has increased markedly and resulted in therapeutic progress stemming from improved targeted therapies. Nuclear medicine therapies for glioblastoma have typically used specific vectors to deliver radioactivity to the tumor site. While the initial proof-of-concept studies and human clinical trials have shown encouraging results, some parameters remain to be improved. These include improved efficacy and safety, more localized irradiation of tumor cells, and reduction in bystander irradiation.

These parameters are mostly dependent on the radionuclide and vector choice. Classically, electrons (beta negative and Auger electrons) present an energy-dependent irradiation range. Auger electron emitters (e.g., 125I) need an intracellular vectorization close to the tumor cell nucleus to be effective, while beta-negative emitters (e.g., 131I, 90Y, or 177Lu) present a wider irradiation range from several millimeters to centimeters. These physical properties can present advantages, such as large irradiation of tumor margins and “cross fire” effects, which can compensate for the pharmacological heterogeneous distribution of the radiopharmaceutical compound, as well as disadvantages such as incremental local toxicity due to irradiation of healthy tissue. Alpha emitters (e.g., 213Bi, 211At, or 225Ac) deposit a very high energy over a very short range, in the order of 100 µm and can provide a very local irradiation with very low toxicity. The selection of the most appropriate and effective radionuclide in relation to the pathology status (size, dissemination, tumor margin status, etc.) appears to be one of the key factors for successful therapy.

The biodistribution and homogeneous repartition of the vector in the tumor mass are also a requirement for successful treatment. Tumor neoangiogenesis is known to result in morphologically abnormal and highly disorganized structures at the origin of rheologic dysfunction such as arteriovenous shunts or blood flow inversion. As a consequence of this phenomenon, the biodistribution of pharmaceutical compounds (radiopharmaceutical or chemotherapy) is altered inside the tumor, especially for high-molecular-weight drugs like monoclonal antibodies. From a pharmacological point of view, peptide vectorization appears to be more effective in allowing infiltration into the extracellular space of a tumor cell mass. However, clinical studies have shown mAb or high-molecular-weight compounds like radionanoparticles to be effective, and the theoretical “biodistribution barrier” can be bypassed after resection surgery or with co-administration of osmotic drugs like mannitol. For these vectorized approaches (e.g., RIT and PRRT), the key of success is mainly driven on pharmacologic-phenotypic based triad: specific presence of the target, expression level of the target, and pharmacological access to the target. Today, the rising of glioblastoma phenotypic knowledge has permitted to identify various interesting targets such as antigens for RIT and receptors for PRRT. The feasibility of RIT and PRRT in glioblastoma therapy is well established, and the first clinical trial results appear to be promising with well-known targets (e.g., tenascin, EGFR, or neurokinin receptors). Emerging targets such as cadherin, integrin, or chemokine receptors seem to give good results in preclinical and early-phase clinical trials. PRRT is a growing approach, particularly through the easiness where the vector is produced [Good Manufacturing Practice (GMP) compliance automatic synthesis], but presents a risk of direct pharmacological adverse event with the peptide dose used. From a general point of view, it still seems to be early to extrapolate these preliminary but very promising results that need to be clinically confirmed to evaluate the relevance of these approaches and if one (or several) target stands out in terms of therapy benefits.

The surgical administration pathway is also a key factor to optimize in glioblastoma management. If the classical intravenous injection route is used, access to the tumor for the radiotherapeutic drug is via the blood–brain barrier; however, other administration pathways are possible. The intratumoral or intra-resected tumoral cavity injection (by port-a-cath system, Rickham, or Ommaya reservoir) is classically used in glioblastoma therapy and shows some benefits in terms of patient outcomes. This intratumoral administration modality can be also modulated in terms of the volume injected, infusion rate, or positive back-pressure. The positive back-pressure used during the injection is known as convection enhanced delivery (CED) and is a promising methodology that ensures an increased interstitial diffusion of the radiopharmaceutical compound around the catheter implantation and a de facto increase in the diffusion and homogeneity of the irradiation features (Ung et al., 2015; Vogelbaum and Aghi, 2015). For the unvectorized approaches (e.g., naked nanoparticles in passive approach), the limitation concerns the feasibility of local injection that requires a surgical access. When the neurosurgical procedure allows the injection and if there is no leakage in systemic circulation and a limited diffusion in the extra-cellular matrix, the irradiation could be considered as “classical” brachytherapy. To circumvent the leakage and diffusion risks of passive approach, functionalized nanoparticle (e.g., active approach) presents the advantages of greater confinement of radioactivity inside the tumor or intra-resected tumoral cavity.

One of the limitations of nuclear medicine is the potential for adverse events due to the irradiation of healthy tissues. Increased knowledge of the radiobiological differential mechanisms between healthy and tumoral tissues is associated with recent progress in nuclear medicine therapy and demonstrates the effectiveness of the fractionation approach to increase the tumor irradiation total doses with reduced side effects (Reulen et al., 2015).

Conclusion

Glioblastoma is the most common primary brain tumor in adults and is typically associated with fatal outcome. Despite recent progress, the survival rate for patients remains poor, and the standard treatment is based on debulking surgery, radiotherapy, and chemotherapy. The current advances in nuclear medicine provide many powerful tools for glioblastoma therapy, and the evolution of biotechnological technologies linked to the molecular knowledge of the pathology and the development of innovative radionuclides has opened the field to new clinical opportunities. Since the first therapeutic injection of a radioactive compound, nuclear medicine applications have been constantly evolving, and new targets like tumoral microenvironment immune checkpoint inhibitors (e.g., CTLA4 or PD1/PDL1 targets) still need to be explored in the field of glioblastoma treatment (Reardon et al., 2016; Huang et al., 2017). In many clinical and preclinical trials, the combination of chemotherapy and nuclear medicine therapy shows an improvement in clinical outcomes by an additive effect of both modalities or by a synergistic effect with a radiosensitization by chemotherapeutic administration (Bartolomei et al., 2004; Milanović et al., 2014).

Many clinical trials demonstrate the efficacy and safety of nuclear medicine approaches, but these have only been assessed in phase I or II clinical trials. These results need to be strengthened, and phase III are trials are necessary to confirm the emerging place of nuclear medicine in the therapeutic arsenal against glioblastoma.

Author Contributions

All authors listed have made substantial, direct, and intellectual contribution to the work and approved it for publication.

Funding

This work has been supported by the French National Agency for Research called Investissements d’Avenir via grants Labex IRON n°ANR-11-LABX-0018-01 and Equipex Arronax plus n°ANR-11-EQPX-0004.

References

Akabani, G., Reardon, D. A., Coleman, R. E., Wong, T. Z., Metzler, S. D., Bowsher, J. E., et al. (2005). Dosimetry and radiographic analysis of 131I-labeled anti-tenascin 81C6 murine monoclonal antibody in newly diagnosed patients with malignant gliomas: a phase II study. J. Nucl. Med. 46 (6), 1042–1051.

Akabani, G., Reist, C. J., Cokgor, I., Friedman, A. H., Friedman, H. S., Coleman, R. E., et al. (1999). Dosimetry of 131I-labeled 81C6 monoclonal antibody administered into surgically created resection cavities in patients with malignant brain tumors. J. Nucl. Med. 40 (4), 631–638.

Bartolomei, M., Mazzetta, C., Handkiewicz-Junak, D., Bodei, L., Rocca, P., Grana, C., et al. (2004). Combined treatment of glioblastoma patients with locoregional pre-targeted 90Y-biotin radioimmunotherapy and temozolomide. Q. J. Nucl. Med. Mol. Imaging. 48 (3), 220–228.

Behling, K., Maguire, W. F., Di Gialleonardo, V., Heeb, L. E. M., Hassan, I. F., Veach, D. R., et al. (2016). Remodeling the vascular microenvironment of glioblastoma with α-particles. J. Nucl. Med. 57 (11), 1771–1777. doi: 10.2967/jnumed.116.173559

Behling, K., Maguire, W. F., López Puebla, J. C., Sprinkle, S. R., Ruggiero, A., O’Donoghue, J., et al. (2016). Vascular targeted radioimmunotherapy for the treatment of glioblastoma. J. Nucl. Med. 57 (10), 1576–1582. doi: 10.2967/jnumed.115.171371

Bian, X.-W., Yang, S.-X., Chen, J.-H., Ping, Y.-F., Zhou, X.-D., Wang, Q.-L., et al. (2007). Preferential expression of chemokine receptor CXCR4 by highly malignant human gliomas and its association with poor patient survival. Neurosurgery 61 (3), 570–578, discussion 578–9. doi: 10.1227/01.NEU.0000290905.53685.A2

Bigner, D. D., Brown, M., Coleman, R. E., Friedman, A. H., Friedman, H. S., McLendon, R. E., et al. (1995). Phase I studies of treatment of malignant gliomas and neoplastic meningitis with 131I-radiolabeled monoclonal antibodies anti-tenascin 81C6 and anti-chondroitin proteoglycan sulfate Me1-14 F (ab′)2—a preliminary report. J. Neurooncol. 24 (1), 109–122. doi: 10.1007/BF01052668

Boiardi, A., Eoli, M., Salmaggi, A., Lamperti, E., Botturi, A., Broggi, G., et al. (2005). Systemic temozolomide combined with loco-regional mitoxantrone in treating recurrent glioblastoma. J. Neurooncol. 75 (2), 215–220. doi: 10.1007/s11060-005-3030-x

Buck, A. K., Stolzenburg, A., Hänscheid, H., Schirbel, A., Lückerath, K., Schottelius, M., et al. (2017). Chemokine receptor—directed imaging and therapy. Methods 130, 63–71. doi: 10.1016/j.ymeth.2017.09.002

Casacó, A., López, G., García, I., Rodríguez, J. A., Fernández, R., Figueredo, J., et al. (2008). Phase I single-dose study of intracavitary-administered nimotuzumab labeled with 188Re in adult recurrent high-grade glioma. Cancer Biol. Ther. 7 (3), 333–339. doi: 10.4161/cbt.7.3.5414

Cetin, B., Gonul, I. I., Gumusay, O., Bilgetekin, I., Algin, E., Ozet, A., et al. (2018). Carbonic anhydrase IX is a prognostic biomarker in glioblastoma multiforme. Neuropathology 38 (5), 457–462. doi: 10.1111/neup.12485

Chen, R., Smith-Cohn, M., Cohen, A. L., and Colman, H. (2017). Glioma subclassifications and their clinical significance. Neurotherapeutics (US) 14 (2), 284–297. doi: 10.1007/s13311-017-0519-x

Cohen-Inbar, O., and Zaaroor, M. (2016). Glioblastoma multiforme targeted therapy: the chlorotoxin story. J. Clin. Neurosci. 33, 52–58. doi: 10.1016/j.jocn.2016.04.012

Cokgor, I., Akabani, G., Kuan, C. T., Friedman, H. S., Friedman, A. H., Coleman, R. E., et al. (2000). Phase I trial results of iodine-131-labeled antitenascin monoclonal antibody 81C6 treatment of patients with newly diagnosed malignant gliomas. J. Clin. Oncol. 18 (22), 3862–3872. doi: 10.1200/JCO.2000.18.22.3862

Cordier, D., Krolicki, L., Morgenstern, A., and Merlo, A. (2016). Targeted radiolabeled compounds in glioma therapy. Semin. Nucl. Med. 46 (3), 243–249. doi: 10.1053/j.semnuclmed.2016.01.009

Cordier, D., Forrer, F., Bruchertseifer, F., Morgenstern, A., Apostolidis, C., Good, S., et al. (2010). Targeted alpha-radionuclide therapy of functionally critically located gliomas with 213Bi-DOTA-[Thi8,Met(O2)11]-substance P: a pilot trial. Eur. J. Nucl. Med. Mol. Imaging 37 (7), 1335–1344. doi: 10.1007/s00259-010-1385-5

Cordier, D., Forrer, F., Kneifel, S., Sailer, M., Mariani, L., Mäcke, H., et al. (2010). Neoadjuvant targeting of glioblastoma multiforme with radiolabeled DOTAGA-substance P—results from a phase I study. J. Neurooncol. 100 (1), 129–136. doi: 10.1007/s11060-010-0153-5

DeBin, J. A., Maggio, J. E., and Strichartz, G. R. (1993). Purification and characterization of chlorotoxin, a chloride channel ligand from the venom of the scorpion. Am. J. Physiol. 264 (2 Pt 1), C361–369. doi: 10.1152/ajpcell.1993.264.2.C361

Eckel-Passow, J. E., Lachance, D. H., Molinaro, A. M., Walsh, K. M., Decker, P. A., Sicotte, H., et al. (2015). Glioma groups based on 1p/19q, IDH, and TERT promoter mutations in tumors. N. Engl. J. Med. 372 (26), 2499–2508. doi: 10.1056/NEJMoa1407279

Emrich, J. G., Brady, L. W., Quang, T. S., Class, R., Miyamoto, C., Black, P., et al. (2002). Radioiodinated (I-125) monoclonal antibody 425 in the treatment of high grade glioma patients: ten-year synopsis of a novel treatment. Am. J. Clin. Oncol. 25 (6), 541–546. doi: 10.1097/01.COC.0000041009.06780.E5

Fiedler, L., Kellner, M., Gosewisch, A., Oos, R., Böning, G., Lindner, S., et al. (2018). Evaluation of 177Lu[Lu]-CHX-A″-DTPA-6A10 Fab as a radioimmunotherapy agent targeting carbonic anhydrase XII. Nuclear Med. Biol. 60, 55–62. doi: 10.1016/j.nucmedbio.2018.02.004

Frederick, L., Wang, X. Y., Eley, G., and James, C. D. (2000). Diversity and frequency of epidermal growth factor receptor mutations in human glioblastomas. Cancer Res. 60 (5), 1383–1387.

Hanif, F., Muzaffar, K., Perveen, K., Malhi, S. M., and Simjee, S. U. (2017). Glioblastoma multiforme: a review of its epidemiology and pathogenesis through clinical presentation and treatment. Asian Pac. J. Cancer Prev. 18 (1), 3–9. doi: 10.22034/APJCP.2017.18.1.3

Hdeib, A., and Sloan, A. (2012). Targeted radioimmunotherapy: the role of 131I-chTNT-1/B mAb (Cotara) for treatment of high-grade gliomas. Future Oncol. 8 (6), 659–669. doi: 10.2217/fon.12.58

Hennig, I. M., Laissue, J. A., Horisberger, U., and Reubi, J. C. (1995). Substance-P receptors in human primary neoplasms: tumoral and vascular localization. Int. J. Cancer 61 (6), 786–792. doi: 10.1002/ijc.2910610608

Heute, D., Kostron, H., Guggenberg von, E., Ingorokva, S., Gabriel, M., Dobrozemsky, G., et al. (2010). Response of recurrent high-grade glioma to treatment with (90)Y-DOTATOC. J. Nucl. Med. 51 (3), 397–400. doi: 10.2967/jnumed.109.072819

Huang, J., Liu, F., Liu, Z., Tang, H., Wu, H., Gong, Q., et al. (2017). Immune checkpoint in glioblastoma: promising and challenging. Front. Pharmacol. 8, 242. doi: 10.3389/fphar.2017.00242

Kaley, T., Touat, M., Subbiah, V., Hollebecque, A., Rodon, J., Lockhart, A. C., et al. (2018). BRAF inhibition in BRAFV600-mutant gliomas: results from the VE-BASKET study. J. Clin. Oncol. 36 (35), 3477–3484. doi: 10.1200/JCO.2018.78.9990

Karsy, M., Guan, J., Cohen, A. L., Jensen, R. L., and Colman, H. (2017). New molecular considerations for glioma: IDH, ATRX, BRAF, TERT, H3 K27M. Curr. Neurol. Neurosci. Rep. 17 (2), 19. doi: 10.1007/s11910-017-0722-5

Kneifel, S., Cordier, D., Good, S., Ionescu, M. C. S., Ghaffari, A., Hofer, S., et al. (2006). Local targeting of malignant gliomas by the diffusible peptidic vector 1,4,7,10-tetraazacyclododecane-1-glutaric acid-4,7,10-triacetic acid-substance p. Clin. Cancer Res. 12 (12), 3843–3850. doi: 10.1158/1078-0432.CCR-05-2820

Krolicki, L., Bruchertseifer, F., Kunikowska, J., Koziara, H., Królicki, B., Jakuciński, M., et al. (2018). Prolonged survival in secondary glioblastoma following local injection of targeted alpha therapy with 213Bi-substance P analogue. Eur. J. Nucl. Med. Mol. Imaging 45 (9), 1636–1644. doi: 10.1007/s00259-018-4015-2

Krolicki, L., Bruchertseifer, F., Kunikowska, J., Koziara, H., Królicki, B., Jakuciński, M., et al. (2018). Safety and efficacy of targeted alpha therapy with 213Bi-DOTA-substance P in recurrent glioblastoma. Eur. J. Nucl. Med. Mol. Imaging 83, 588. doi: 10.1007/s00259-018-4225-7

Lapa, C., Lückerath, K., Kleinlein, I., Monoranu, C. M., Linsenmann, T., Kessler, A. F., et al. (2016). (68)Ga-Pentixafor-PET/CT for imaging of chemokine receptor 4 expression in glioblastoma. Theranostics 6 (3), 428–434. doi: 10.7150/thno.13986

Li, J., Zhang, G., Wang, X., and Li, X.-F. (2015). Is carbonic anhydrase IX a validated target for molecular imaging of cancer and hypoxia? Future Oncol. (London, UK) 11 (10), 1531–1541. doi: 10.2217/fon.15.11

Li, L., Quang, T. S., Gracely, E. J., Kim, J. H., Emrich, J. G., Yaeger, T. E., et al. (2010). A phase II study of anti-epidermal growth factor receptor radioimmunotherapy in the treatment of glioblastoma multiforme. J. Neurosurg. 113 (2), 192–198. doi: 10.3171/2010.2.JNS091211

Li, K., Lu, D., Guo, Y., Wang, C., Liu, X., Liu, Y., et al. (2018). Trends and patterns of incidence of diffuse glioma in adults in the United States, 1973–2014. Cancer Med. 7 (10), 5281–5290. doi: 10.1002/cam4.1757

Liu, Z., Wang, F., and Chen, X. (2011). Integrin targeted delivery of radiotherapeutics. Theranostics 1, 201–210. doi: 10.7150/thno/v01p0201

Louis, D. N., Perry, A., Reifenberger, G., Deimling von, A., Figarella-Branger, D., Cavenee, W. K., et al. (2016). The 2016 World Health Organization Classification of Tumors of the Central Nervous System: a summary. Acta Neuropathol. 131 (6), 803–820. doi: 10.1007/s00401-016-1545-1

Lyczko, M., Pruszynski, M., Majkowska-Pilip, A., Lyczko, K., Was, B., Meczynska-Wielgosz, S., et al. (2017). (5-11) as potential radiopharmaceutical for glioma treatment. Nuclear Med. Biol. 53, 1–8. doi: 10.1016/j.nucmedbio.2017.05.008

Majkowska-Pilip, A., Rius, M., Bruchertseifer, F., Apostolidis, C., Weis, M., Bonelli, M., et al. (2018). In vitro evaluation of 225Ac-DOTA-substance P for targeted alpha therapy of glioblastoma multiforme. Chem. Biol. Drug Des. 92 (1), 1344–1356. doi: 10.1111/cbdd.13199

Mamelak, A. N., Rosenfeld, S., Bucholz, R., Raubitschek, A., Nabors, L. B., Fiveash, J. B., et al. (2006). Phase I single-dose study of intracavitary-administered iodine-131-TM-601 in adults with recurrent high-grade glioma. J. Clin. Oncol. 24 (22), 3644–3650. doi: 10.1200/JCO.2005.05.4569

Mboge, M. Y., McKenna, R., and Frost, S. C. (2015). Advances in anti-cancer drug development targeting carbonic anhydrase IX and XII. Top Anticancer Res. 5 (4), 3–42.  doi: 10.2174/9781681083339116050004

Midwood, K. S., Chiquet, M., Tucker, R. P., and Orend, G. (2016). Tenascin-C at a glance. J. Cell Sci. 129 (23), 4321–4327. doi: 10.1242/jcs.190546

Milanović, D., Maier, P., Schanne, D. H., Wenz, F., and Herskind, C. (2014). The influence of retinoic acid and thalidomide on the radio sensitivity of U343 glioblastoma cells. Anticancer Res. 34 (4), 1885–1891.

Ostrom, Q. T., Liao, P., Stetson, L. C., and Barnholtz-Sloan, J. S. (2016). “Epidemiology of glioblastoma and trends in glioblastoma survivorship,” in Glioblastoma. (Philadelphia, USA): Elsevier, 11–19. doi: 10.1016/B978-0-323-47660-7.00002-1

Patel, S. J., Shapiro, W. R., Laske, D. W., Jensen, R. L., Asher, A. L., Wessels, B. W., et al. (2005). Safety and feasibility of convection-enhanced delivery of Cotara for the treatment of malignant glioma: initial experience in 51 patients. Neurosurgery 56 (6), 1243–1252, discussion 1252–3. doi: 10.1227/01.NEU.0000159649.71890.30

Phillips, W. T., Goins, B., Bao, A., Vargas, D., Guttierez, J. E., Trevino, A., et al. (2012). Rhenium-186 liposomes as convection-enhanced nanoparticle brachytherapy for treatment of glioblastoma. Neuro-oncology 14 (4), 416–425. doi: 10.1093/neuonc/nos060

Reardon, D. A., Akabani, G., Coleman, R. E., Friedman, A. H., Friedman, H. S., Herndon, J. E., et al. (2002). Phase II trial of murine (131)I-labeled antitenascin monoclonal antibody 81C6 administered into surgically created resection cavities of patients with newly diagnosed malignant gliomas. J. Clin. Oncol. 20 (5), 1389–1397. doi: 10.1200/JCO.2002.20.5.1389

Reardon, D. A., Akabani, G., Coleman, R. E., Friedman, A. H., Friedman, H. S., Herndon, J. E., et al. (2006a). Salvage radioimmunotherapy with murine iodine-131-labeled antitenascin monoclonal antibody 81C6 for patients with recurrent primary and metastatic malignant brain tumors: phase II study results. J. Clin. Oncol. 24 (1), 115–122. doi: 10.1200/JCO.2005.03.4082

Reardon, D. A., Gokhale, P. C., Klein, S. R., Ligon, K. L., Rodig, S. J., Ramkissoon, S. H., et al. (2016). Glioblastoma eradication following immune checkpoint blockade in an orthotopic, immunocompetent model. Cancer Immunol. Res. 4 (2), 124–35. doi: 10.1158/2326-6066.CIR-15-0151

Reardon, D. A., Quinn, J. A., Akabani, G., Coleman, R. E., Friedman, A. H., Friedman, H. S., et al. (2006b). Novel human IgG2b/murine chimeric antitenascin monoclonal antibody construct radiolabeled with 131I and administered into the surgically created resection cavity of patients with malignant glioma: phase I trial results. J. Nucl. Med. 47 (6), 912–918.

Reardon, D. A., Zalutsky, M. R., Akabani, G., Coleman, R. E., Friedman, A. H., Herndon, J. E., et al. (2008). A pilot study: 131I-antitenascin monoclonal antibody 81c6 to deliver a 44-Gy resection cavity boost. Neuro-oncology 10 (2), 182–189. doi: 10.1215/15228517-2007-053

Reulen, H.-J., Poepperl, G., Goetz, C., Gildehaus, F. J., Schmidt, M., Tatsch, K., et al. (2015). Long-term outcome of patients with WHO grade III and IV gliomas treated by fractionated intracavitary radioimmunotherapy. J. Neurosurg. 123 (3), 760–770. doi: 10.3171/2014.12.JNS142168

Riva, P., Arista, A., Sturiale, C., Moscatelli, G., Tison, V., Mariani, M., et al. (1992). Treatment of intracranial human glioblastoma by direct intratumoral administration of 131I-labelled anti-tenascin monoclonal antibody BC-2. Int. J. Cancer 51 (1), 7–13. doi: 10.1002/ijc.2910510103

Riva, P., Arista, A., Sturiale, C., Tison, V., Lazzari, S., Franceschi, G., et al. (1994). Glioblastoma therapy by direct intralesional administration of I-131 radioiodine labeled antitenascin antibodies. Cell Biophys. 24-25, 37–43. doi: 10.1007/BF02789213

Riva, P., Franceschi, G., Frattarelli, M., Riva, N., Guiducci, G., Cremonini, A. M., et al. (1999). 131I radioconjugated antibodies for the locoregional radioimmunotherapy of high-grade malignant glioma—phase I and II study. Acta Oncol. 38 (3), 351–359. doi: 10.1080/028418699431438

Séhédic, D., Chourpa, I., Tétaud, C., Griveau, A., Loussouarn, C., Avril, S., et al. (2017). Locoregional confinement and major clinical benefit of 188Re-loaded CXCR4-targeted nanocarriers in an orthotopic human to mouse model of glioblastoma. Theranostics 7 (18), 4517–4536. doi: 10.7150/thno.19403

Shapiro, W. R., Carpenter, S. P., Roberts, K., and Shan, J. S. (2006). 131I-chTNT-1/B mAb: tumour necrosis therapy for malignant astrocytic glioma. Expert Opin. Biol. Ther. 6 (5), 539–545. doi: 10.1517/14712598.6.5.539

Shultz, M. D., Wilson, J. D., Fuller, C. E., Zhang, J., Dorn, H. C., and Fatouros, P. P. (2011). Metallofullerene-based nanoplatform for brain tumor brachytherapy and longitudinal imaging in a murine orthotopic xenograft model. Radiology 261 (1), 136–143. doi: 10.1148/radiol.11102569

Stupp, R., Mason, W. P., van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J. B., et al. (2005). Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 352 (10), 987–996. doi: 10.1056/NEJMoa043330

Tabouret, E., Tchoghandjian, A., Denicolai, E., Delfino, C., Metellus, P., Graillon, T., et al. (2015). Recurrence of glioblastoma after radio-chemotherapy is associated with an angiogenic switch to the CXCL12-CXCR4 pathway. Oncotarget 6 (13), 11664–11675. doi: 10.18632/oncotarget.3256

Tamimi, A. F., and Juweid, M. (2017). “Epidemiology and outcome of glioblastoma,” in Glioblastoma (Brisbane, AU), 143–153. doi: 10.15586/codon.glioblastoma.2017.ch8

Thakkar, J. P., Dolecek, T. A., Horbinski, C., Ostrom, Q. T., Lightner, D. D., Barnholtz-Sloan, J. S., et al. (2014). Epidemiologic and molecular prognostic review of glioblastoma. Cancer Epidemiol. Biomarkers Prev. 23 (10), 1985–1996. doi: 10.1158/1055-9965.EPI-14-0275

Ung, T. H., Malone, H., Canoll, P., and Bruce, J. N. (2015). Convection-enhanced delivery for glioblastoma: targeted delivery of antitumor therapeutics. CNS Oncol. 4 (4), 225–234. doi: 10.2217/cns.15.12

van den Bent, M. J., Weller, M., Wen, P. Y., Kros, J. M., Aldape, K., and Chang, S. (2017). A clinical perspective on the 2016 WHO brain tumor classification and routine molecular diagnostics. Neuro-oncology 19 (5), 614–624. doi: 10.1093/neuonc/now277

Vanpouille-Box, C., Lacoeuille, F., Belloche, C., Lepareur, N., Lemaire, L., LeJeune, J.-J., et al. (2011). Tumor eradication in rat glioma and bypass of immunosuppressive barriers using internal radiation with (188)Re-lipid nanocapsules. Biomaterials 32 (28), 6781–6790. doi: 10.1016/j.biomaterials.2011.05.067

Virgolini, I., Britton, K., Buscombe, J., Moncayo, R., Paganelli, G., and Riva, P. (2002). In- and Y-DOTA-lanreotide: results and implications of the MAURITIUS trial. Semin. Nucl. Med. 32 (2), 148–155. doi: 10.1053/snuc.2002.31565

Vogelbaum, M. A., and Aghi, M. K. (2015). Convection-enhanced delivery for the treatment of glioblastoma. Neuro-oncology 17 (suppl 2), ii3–ii8. doi: 10.1093/neuonc/nou354

Zagzag, D., Friedlander, D. R., Dosik, J., Chikramane, S., Chan, W., Greco, M. A., et al. (1996). Tenascin-C expression by angiogenic vessels in human astrocytomas and by human brain endothelial cells in vitro. Cancer Res. 56 (1), 182–189.

Zalutsky, M. R., Reardon, D. A., Akabani, G., Coleman, R. E., Friedman, A. H., Friedman, H. S., et al. (2008). Clinical experience with alpha-particle emitting 211At: treatment of recurrent brain tumor patients with 211At-labeled chimeric antitenascin monoclonal antibody 81C6. J. Nucl. Med. 49 (1), 30–38. doi: 10.2967/jnumed.107.046938

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

Copyright © 2019 Bailly, Vidal, Bonnemaire, Kraeber-Bodéré, Chérel, Pallardy, Rousseau, Garcion, Lacoeuille, Hindré, Valable, Bernaudin, Bodet-Milin and Bourgeois. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








REVIEW
published: 12 August 2019
doi: 10.3389/fphar.2019.00887

[image: image2]

Reversing the Tumor Target: Establishment of a Tumor Trap

Mathie Najberg 1,2, Muhammad Haji Mansor 1,3, Frank Boury 1, Carmen Alvarez-Lorenzo 2† and Emmanuel Garcion 1†

1 CRCINA, INSERM, Université de Nantes, Université d’Angers, Angers, France, 2 Departamento de Farmacología, Farmacia y Tecnología Farmacéutica, R + D Pharma Group (GI-1645), Facultad de Farmacia, Universidade de Santiago de Compostela, Santiago de Compostela, Spain, 3 Center for Education and Research on Macromolecules (CERM), Université de Liège, Liège, Belgium

Edited by:
David A. Gewirtz, Virginia Commonwealth University, United States

Reviewed by:
Olivier Feron, Catholic University of Louvain, Belgium
Gaelle Vandermeulen, Catholic University of Louvain, Belgium

*Correspondence:
Emmanuel Garcion
emmanuel.garcion@univ-angers.fr

†These authors have contributed equally to this work

Specialty section:
This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Pharmacology

Received: 06 March 2019

Accepted: 15 July 2019

Published: 12 August 2019

Citation:
Najberg M, Haji Mansor M, Boury F, Alvarez-Lorenzo C and Garcion E (2019) Reversing the Tumor Target: Establishment of a Tumor Trap. Front. Pharmacol. 10:887. doi: 10.3389/fphar.2019.00887




Despite the tremendous progress made in the field of cancer therapy in recent years, certain solid tumors still cannot be successfully treated. Alongside classical treatments in the form of chemotherapy and/or radiotherapy, targeted treatments such as immunotherapy that cause fewer side effects emerge as new options in the clinics. However, these alternative treatments may not be useful for treating all types of cancers, especially for killing infiltrative and circulating tumor cells (CTCs). Recent advances pursue the trapping of these cancer cells within a confined area to facilitate their removal for therapeutic and diagnostic purposes. A good understanding of the mechanisms behind tumor cell migration may drive the design of traps that mimic natural tumor niches and guide the movement of the cancer cells. To bring this trapping idea into reality, strong efforts are being made to create structured materials that imitate myelinated fibers, blood vessels, or pre-metastatic niches and incorporate chemical cues such as chemoattractants or adhesive proteins. In this review, the different strategies used (or could be used) to trap tumor cells are described, and relevant examples of their performance are analyzed.

Keywords: tumor cell migration, tumor trap, biomimetic trap, cancer therapy, premetastatic niche recruitment

Introduction

For many decades, surgery, radiotherapy, and chemotherapy have served as the mainstay trident in the fight against cancer (Figure 1 Scheme I). During this period, the prognosis of many types of cancer has been significantly improved (Brustugun et al., 2018; Zeng et al., 2018; Iacobucci, 2019; Trama et al., 2019). However, the widespread use of these treatments has also uncovered several major limitations. For example, the feasibility of surgery is very much dependent on the localization and the size of the tumor. The procedure is also contraindicated in patients with poor clinical performance. As for radiotherapy and chemotherapy, these treatments are often implicated with serious side effects that, in some cases, may outweigh their potential therapeutic benefits. Moreover, these treatments lack the capacity to prevent metastases, which are responsible for roughly 90% of cancer-associated deaths (Rankin and Giaccia, 2016).
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Figure 1 | Summary of the strategies that can be applied to fight cancers. (Scheme I) The classic treatments used for cancers are surgery, chemotherapy, and radiotherapy. (Scheme II) Innovative treatments include (1) locoregional therapy, (2) targeted therapy, and (3) tumor traps, among others. Tumor traps can be designed to take advantage of the migration pathways used by the tumor cells. It includes the use of tracks [(a) system developed by Jain et al. (2014) using aligned PCL fibers coated with laminin]. Tumor traps can be designed as synthetic pre-metastatic niches [(b) system developed by Seib et al. (2015) using a silk scaffold loaded with bone morphogenic protein 2 (BMP-2) capable of developing bone and marrow in vivo, (c) system developed by De Vlieghere et al. (2015) using iron oxide-coated microparticles encapsulating cancer-associative fibroblasts (CAFs) that continuously deposit ECM on the surface, (d) system developed by Azarin et al. (2015) using poly(lactide-co-glycolic acid) (PLGA) through the induction of the immune system by the CCL22 chemokine, and (e) system developed by De La Fuente et al. (2015) using a three-dimensional scaffold loaded with exosomes]. Finally, tumor traps can use chemoattractive molecules [(f) system developed by Giarra et al. (2018) using a methylcellulose (MC) thermo-responsive hydrogel loaded with stromal derived factor-1 (SDF-1) and (g) the system developed by Haji Mansor et al. (2018) using SDF-1 encapsulated in PLGA nanoparticles]. (4) Tumor traps can also be used for the early detection of metastasis [(a) system developed by Yoon et al. (2013) using graphene oxide nanosheets, (b) CELLSEARCH® CTC test (CELLSEARCH Circulating Tumor Cell, 2019) is a device using ferrofluid nanoparticles with EpCAM antibodies, and (c) system developed by Chen et al. (2016) using a nanoroughened glass substrate].



Numerous studies in the quest of improving cancer treatments are driven by the concept of “magic bullet’’ (Figure 1 Scheme II-2) put forward by the German scientist Paul Ehrlich (Strebhardt and Ullrich, 2008). If radio- and chemotherapy are considered as weapons of mass destruction, Ehrlich’s strategy can be regarded as the sniper of cancer therapy. This concept is mainly based on the idea of increasing the bioavailability and specificity of vector-associated active agents in the body while limiting their premature degradation and toxicity. In the context of anticancer approaches, the success of selective therapies depends on the discovery of targeting elements that, when coupled with active ingredients and/or diagnostic cues, enable the recognition of well-characterized molecules, cells, or tissues. For example, Adcetris® targets the antigen CD30 in the treatment of Hodgkin’s lymphoma, and Kadcyla® targets HER2, which is present in about 20% of breast cancer patients (Kim and Kim, 2015). Nevertheless, the discovery of appropriate targets that are specific to tumor cells remains a challenging task, despite the significant advancements made in the field of genomics and proteomics in recent decades. 

Fortunately, a plethora of new therapies are being approved regularly for the treatment of cancer. Among them is the use of locoregional therapies (Figure 1 Scheme II-1) that includes Nanotherm® (MagForce) that involves injection of magnetic nanoparticles inside the tumor or into the resection cavity. A magnetic field is then applied to generate heat via the nanoparticles and kill the cancerous cells locally (Maier-Hauff et al., 2011). It is currently licensed in Europe for the treatment of brain tumors and has received FDA approval in February 2018 to be used in clinical trials involving prostate cancer patients (MagForce, 2018). Another example is Optune® (Novocure Ltd), a tumor-treating field (TTF) device composed of electrodes that can be placed on the patients’ scalp and connected to a generator to deliver a low-intensity electric field of 200 kHz (Taphoorn et al., 2018). It is believed to exert anticancer effects by disrupting the division of tumor cells (Giladi et al., 2015). The device has been approved for the treatment of glioblastoma and shown to increase the median survival from 15 to 21 months when used on top of the standard treatments for this cancer (Stupp et al., 2017). However, many countries and insurance companies do not cover the cost of this treatment, and the clinical adoption of this technology remains limited due to concerns regarding the lack of understanding of the device’s exact mechanism of action. Moreover, some skepticism exists toward the legitimacy of the device approval process due to the poor consideration of any placebo effect during the clinical trial phase (Fabian et al., 2019).

Among the numerous classes of novel anticancer treatments entering the market, cancer immunotherapy is arguably the one that is currently attracting the highest level of attention (Figure 1 Scheme II-2). This class of treatment aims to treat cancer through artificial stimulation of the patient’s immune system (Zhang and Chen, 2018). The most cutting-edge subset of this type of treatment is the chimeric antigen receptor (CAR) T-cell immunotherapy, which involves harvesting T cells from a patient and genetically modifying these cells to express a receptor that can bind to a tumor antigen before injecting them back into the patient (Feins et al., 2019). CAR-T cell immunotherapy made its debut in the clinic in August 2017 when Kymriah® (Novartis) was approved by the FDA for the treatment of B-cell acute lymphoblastic leukemia (BCALL) (FDA, 2017a). This was followed by the approval of Yescarta® (Gilead Sciences) in October of the same year for the treatment of diffuse large B-cell lymphoma (FDA, 2017b). Both Kymriah® and Yescarta® exert their effects by targeting CD19 antigen (Zheng et al., 2018). However, there are numerous ongoing clinical studies that explore the feasibility of targeting other antigens including PD-L1 (ClinicalTrials.gov Identifier NCT03672305, NCT03198052, NCT03330834), EpCAM (ClinicalTrials.gov Identifier NCT03013712, NCT03563326, NCT02729493), and CD123 (ClinicalTrials.gov Identifier NCT03796390, NCT02937103, NCT03672851). Many of these trials also attempt to evaluate the efficacy of CAR-T cell immunotherapy against solid tumors to expand its indication beyond certain blood cancers. More comprehensive reviews on the current status and future directions of CAR T-cell immunotherapy as well as other subsets of cancer immunotherapy such as immune checkpoint inhibitors and cancer vaccines can be found elsewhere (Dougan et al., 2018; Li et al., 2018; Sambi et al., 2019).

Despite the continuous increase in the number of novel anticancer treatments entering the clinic, local recurrence in previously healthy tissues seen in many cases of solid tumors remains an unsolved conundrum among clinicians and researchers alike. Development of new therapies for in situ control of the disease, while avoiding the problems of biological barriers and systemic toxicity, still proves to be a formidable task. Thus, in parallel to the innovative approaches mentioned previously, the idea of trapping infiltrative or circulating tumor cells (CTCs) within a confined area to facilitate their removal for therapeutic or diagnostic purposes has risen (Figure 1 Scheme II-3,4). Over the last years, this concept has developed progressively. The aim is twofold: a) to avoid the uncontrolled dissemination of tumor cells and b) to efficiently prevent the phenomenon of epithelial–mesenchymal transition (EMT) or development of metastases. The concept is largely inspired by the “ecological trap” theory (van der Sanden et al., 2013). By considering cancers as ecosystems, it is possible to develop tumor traps not only for the infiltrative tumor cells, but also for the CTCs that are responsible for metastasis. However, imitating the traditional features of a natural habitat or niche for tumor cells and directing their migration pathways present numerous physical and biological challenges. The focus of this review will be on understanding the mechanisms of tumor cell migration and how this knowledge can be used to capture them, keeping in mind that different tumors are likely to utilize different mechanisms.

Migration of Tumor Cells

Tumor cells must cover a great distance on their journey to form metastases (Figure 2). The first step of the process is to migrate away from the primary tumor. Tumor cells can follow aligned tracks a), or gradients of chemoattractant in solution (chemotaxis) or fixed on a substrate (haptotaxis) through the extracellular matrix (ECM) b). If the cross-sectional area of interfibrillar pores is more than 7 µm², degradation of the matrix is not needed for cell movement. Alternatively, a leader cell can open a path for the following cells by virtue of the matrix metalloproteinase (MMP) activity c). The second step is to intravasate into the bloodstream or the lymphatic system in which the tumor cells will transit through the circulation. Third, cells extravasate to secondary tissues once they reach a location where they can adhere to the walls of the vessel. The fourth and final step deals with the formation of a secondary tumor. This only occurs if the environment is favorable to tumor growth. 
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Figure 2 | Schematic representation of theorized paths of cancer cell migration away from the primary tumor. (1) Migration away from the primary tumor. Tumor cells can follow aligned tracks (a), or gradients of chemoattractant in solution (chemotaxis) or fixed on a substrate (haptotaxis) through the ECM. If the cross-sectional area of the interfibrillar pore is more than 7 µm², degradation of the matrix is not needed (b); otherwise, a leader cell creates a path for the following cells thanks to MMPs (c). (2) Tumor cells adhere to a vessel and intravasate to reach the blood or lymphatic stream in which they circulate. (3) Once they reach a location where they can adhere to the vessel wall, the cells extravasate. (4) If the environment is favorable, a secondary tumor grows.



The different strategies implemented to mislead these cells into a trap are described in next sections. These strategies exploit the current knowledge on cancer cell migration and metastasis and the specificities of each type of tumor.

Migration Away From the Primary Tumor

The physical interactions between the ECM and cancer cells play a key role in allowing the cells to start migrating. Cancer cells may undergo an EMT to acquire a motile phenotype (Polyak and Weinberg, 2009). This translates into the loss of intracellular adhesion molecules such as E-cadherin and cytokeratins, resulting in detachment of the cells from the primary tumor, and an overexpression of MMP on their surface that allows the cells to digest laminin and collagen IV to progress in the dense ECM (Polyak and Weinberg, 2009). These changes are thought to be related to the stiffness of the matrix around the tumor, which is of higher values than that of normal tissues (Wozniak et al., 2003; Paszek et al., 2005; Kumar and Weaver, 2009; Levental et al., 2009). For example, the stiffness of GBM tissues is of ~25 kPa. while normal brain tissues have a stiffness of 0.1 to 1 kPa (Wang et al., 2014). Wang et al. investigated the effect of matrix stiffness on GBM cells and found that an increase in matrix rigidity could induce an upregulation of MMP-1, Hras, RhoA, and ROCK1 (Wang et al., 2014), which are involved in increasing cell motility (Pulukuri and Rao, 2008; Liu et al., 2014; Wu et al., 2016; Li et al., 2017). Another physical factor that governs the dissemination of cancer cells is the architecture of the extracellular environment, which includes pores of a diameter ranging from less than 1 to 20 µm (Wolf et al., 2009). Matrix degradation is usually required for cancer cell migration to occur when the cross-sectional area of the interfibrillar pore is less than 7 µm², which corresponds to about 10% of the nuclear cross-section of cancer cells (Wolf et al., 2013). Above this value, cells can undergo deformation to migrate through the ECM.

Apart from the porosity of the ECM, the spatial arrangement of the matrix fibers near the primary tumor sites can also influence the motility of tumor cells; aligned fibers offer tracks that are more conducive to migration (Provenzano et al., 2008; Paul et al., 2017). These tracks are found along the ECM fibers in the interstitial space, between the muscle and nerve fibers, and along or within the vasculature of organs, among others (Gritsenko et al., 2012). Moreover, it has been observed that leader tumor cells are able to align collagen fibers to assist the migration of the following cells (Provenzano et al., 2006). In addition to creating the required physical space, these tracks also facilitate cancer cell migration by providing relevant molecular guidance. For example, cancer cells can be guided toward laminin and hyaluronan molecules in the ECM by their integrins and CD44 receptors, respectively, and also via haptotaxis by chemokines and growth factors immobilized along the tracks (Aznavoorian et al., 1990; Gritsenko et al., 2012). Jain et al. took inspirations from these biological phenomena and designed a scaffold to guide GBM cells toward a killing sink in an extracortical location (Figure 1 Scheme II-3-a) (Jain et al., 2014). They utilized aligned poly-L-lysine and laminin-coated polycaprolactone (PCL) nanofibers (10 μm thick) encased in a PCL/polyurethane support (2.4 mm diameter) to imitate the white matter tracts (Bernstein and Woodard, 1995; Giese et al., 2003). The killing sink was composed of a collagen-based hydrogel conjugated to the chemotherapeutic agent cyclopamine. With this approach, the tumor mass of induced GBM in mice could be reduced. However, despite the positive results, this strategy as itself has limited clinical appeals, as the establishment of an extracortical sink in human patients may invite numerous technical difficulties. Instead, exploiting the local (intracortical) migration of the cancer cells may be a more translatable strategy to develop an efficient tumor trap for this cancer.

Intravasation and Tumor Cell Circulation

Tumor cells can circulate through the blood and lymphatic vessels on their journey to form a secondary tumor distant from the primary site (Chiang et al., 2016). This requires the cells to intravasate by passing through the endothelial cell junctions. Intravasation into the blood vessels occurs frequently due to the leaky nature of tumor vasculature. In addition, it has been observed in vivo that metastatic cells are able to polarize toward blood vessels. A possible explanation to this phenomenon is that these cells have an increased expression of epidermal growth factor (EGF) and/or colony-stimulating factor 1 (CSF-1) receptors. Thus, they migrate toward a gradient of EGF or CSF-1 released by the macrophages lining the blood vessels (Wyckoff et al., 2000; Wyckoff et al., 2004). However, it is still easier for tumor cells to enter the lymphatic system, as the surrounding ECM network is easier to penetrate and that the endothelial junctions are looser (Wong and Hynes, 2006). Either route can lead to blood vessel dissemination since the lymphatic circulation drains into the blood. As the lymphatic fluid is filtered by the lymph nodes, tumor cells are invariably invading them, starting with the nearest (Nathanson, 2003).

Once in the blood circulation, the trajectory of the tumor cells is influenced by the blood flow, the diameter of the blood vessels, and the intercellular adhesion (Wirtz et al., 2011). Two mechanisms can lead to the arrest of a CTC: physical occlusion and cell adhesion (Figure 3). Physical occlusion occurs when the diameter of the blood vessel is smaller or equal to the one of the CTC (usually around 10 µm). This has been observed in the brain by real-time imaging in a mouse model (Kienast et al., 2010). Adhesion of CTCs to the vessel walls occurs when there is a balance between the adhesion force and the shear force exerted inside the blood vessel (Zhu et al., 2008). When the shear force increases, the collisions between cells and the vessel wall increase, which in turn enhances the likelihood of cell adhesion. However, if the shear force is too high, turbulences may prevent the adhesion.
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Figure 3 | Mechanisms of arrest of a CTC: the influence of the shear force and the blood vessel diameter on the site of CTC extravasation.



It is therefore possible to capture CTCs by designing a device with strong adhesive cues. Yoon et al. (2013) designed a microfluidic device consisting of graphene oxide nanosheets fixed onto a patterned gold surface to capture CTCs in early-stage cancer for analytical purposes (Figure 1 Scheme II-4-a). The nanosheets were functionalized with epithelial cell adhesion molecule (EpCAM) antibody to capture CTCs. Blood samples were retrieved from healthy donors and mixed with labeled human breast cancer cell lines MCF-7 and Hs-578T and the human prostate cancer cell line PC-3. This microfluidic device captured more than 70% of the cancer cells in the prepared blood sample with high specificity. A similar principle was also implemented in the design of CELLSEARCH® CTC Test, the first and only clinically validated and FDA-approved blood test for enumerating CTCs (CELLSEARCH Circulating Tumor Cell, 2019). It allows for early assessment of patient prognosis as well as follow-up of the patient. The test constitutes the use of ferrofluid nanoparticles with EpCAM antibodies that bind to CTCs (Figure 1 Scheme II-4-b). Once magnetically separated from the rest of the blood sample, cells are stained to discriminate CTCs from leukocytes that can copresent in the sample. Working within the same domain of research, Chen et al. (2016) designed a nanoroughened glass substrate to capture CTCs based on their stronger adhesion capacity compared with normal blood cells (Figure 1 Scheme II-4-c). Such a working principle makes this device useful for capturing CTCs regardless of their surface marker expression profile, which is known to vary according to the type of cancer, patient demographics, and the state of the disease. It is indeed well discussed in the literature that the EMT process may lead to reduction in the epithelial cell adhesion molecule (EpCAM) expression in CTC (Hyun et al., 2016). The capture of CTC using EpCAM antibody alone may lead to an underestimation of the CTC number in the blood. With this device, more than 80% of cancer cells in whole blood samples from mice with induced breast cancer or lung cancer were captured independently of their EpCAM expression. Based on these findings, it is evident that a number of approaches can be adopted to capture CTCs to enable early detection of metastasis, although most of them are still far from translation to the clinic.

Extravasation and Secondary Tumor Formation

At the end of their time in blood circulation, the CTCs that survived and adhered to the blood vessel walls extravasate, and a fraction of these proceeds to form a secondary tumor. It has been shown experimentally that only about 0.01% of the cells in the circulation system eventually contribute to metastatic colonization (Fidler, 1970). The location at which they stop and grow into a secondary tumor is not believed to be randomly determined, and the reasons driving the selection of a particular site are still being investigated. In 1889, Paget et al. hypothesized that metastasizing cancer cells are like seeds that can only grow in the proper soil (Paget, 1889). Indeed, it has been observed that invasive cancer cells tend to migrate toward certain preferred sites of metastasis, a phenomenon that has been coined as “tissue tropism” (Seib et al., 2015). More recent studies revealed that the formation of certain microenvironments termed as pre-metastatic niches is crucial to the subsequent formation of metastatic tumors. These microenvironments consist of inflammatory immune cells, stromal cells, ECM proteins, tumor-secreted exosomes, and homing factors (Aguado et al., 2017). Tumor-secreted exosomes are sent to prime the niche at a target organ (often lungs, liver, brain, bone, and lymph nodes) by attracting bone marrow-derived cells (BMDCs) as well as increasing the proliferation of fibroblast-like stromal cells (Peinado et al., 2012). BMDCs include CD11b+ myeloid cells, myeloid-derived suppressor cells, neutrophils, tumor-associated macrophages, and regulatory T cells. They are known to create an attractive site for metastasizing cells, and the presence of VEGFR1-positive BMDCs can serve as a predictor for the arrival of tumor cells (Kaplan et al., 2005). Moreover, the establishment of a pre-metastatic niche is associated with an increased secretion of inflammatory cytokines and chemokines (Hiratsuka et al., 2006; Darash-Yahana et al., 2009; Brennecke et al., 2014). The increasing understanding of the pre-metastatic niches and their roles in welcoming metastatic dissemination has inspired scientists to create synthetic niches as a means to trap migrating cancer cells.

Creation of a Synthetic Pre-metastatic Niche to Trap CTCs

Many different strategies have been explored to engineer pre-metastatic niches. For example, Seib et al. (2015) developed a tumor trap for the metastasizing cells of breast and prostate cancers by imitating the red bone marrow microenvironment (Figure 1 Scheme II-3-b). The strategy was adopted based on the knowledge that the bone was the preferred site of colonization in more than 60% of cases of metastasis for primary breast cancer and 73% for primary prostate cancer (Weiss, 1992). Evidence shows that red bone marrow attracts migrating cancer cells via chemotaxis with stromal derived factor-1 (SDF-1) (Taichman et al., 2002) and CXCL16 (Lee et al., 2013). It also provides adhesion sites that interact with tumor cell surface molecules such as annexin2 (Shiozawa et al., 2008), growth arrest-specific 6 (GASP-6) (Shiozawa et al., 2010), CD44 (Hill et al., 2006), integrins (such as VLA-4, VLA-5, and LFA-1), and cadherins. Moreover, the bone marrow microenvironment is composed of osteoblasts, osteoclasts, stromal cells, stem cells, and mineralized bone marrow surrounded by a rich vascular bed, making it a perfect site for tumor growth (Mishra et al., 2011). To imitate the red bone marrow, Seib et al. designed a silk fibroin scaffold loaded with bone morphogenetic protein 2 (BMP-2) that is capable of developing bone and marrow in vivo. After implantation into the mammary fat pads of mice with induced breast or prostate tumor, no effect on the primary tumor growth was observed. However, metastatic growth could be seen taking place in the functionalized scaffolds, suggesting that it is possible to lure metastasizing cells into a trap by imitating the bone marrow microenvironment. A similar strategy was adopted by Bersani et al. (2014). They utilized a polyacrylamide hydrogel coated with bone marrow stromal cells (BMSCs), which was able to capture metastasizing cells of prostate cancer. 

De Vlieghere et al. (2015) took a slightly different approach to mimic a pre-metastatic niche by developing traps made of iron oxide-coated microparticles, encapsulating metabolically active cancer-associated fibroblasts (CAFs) (Figure 1 Scheme II-3-c). The CAFs continuously deposited ECM composed of type I collagen and tenascine C, among others, creating an adhesive environment for disseminated cancer cells. The microparticles were implanted into the peritoneal cavities of mice with induced ovarian cancer. Twenty-four hours after the implantation, the microparticles were magnetically removed, and the adhesion of cancer cells on the microparticles was assessed. The treatment led to a delay in peritoneal metastasis and prolonged the animal survival.

Another variation in the strategy for recruiting metastasizing cancer cells was presented by Azarin et al. (2015). They developed a microporous scaffold from poly(lactide-co-glycolic acid) (PLGA) scaffold for in vivo capture of metastasizing breast cancer cells through the induction of a local immune response (Figure 1 Scheme II-3-d). Indeed, it has been shown that immune cells are implicated in tumor cell recruitment (Qian et al., 2009; Qian et al., 2011). Here, they have either recruited immune cells into the scaffold by grafting the chemokine CCL22, which is known to induce migration of immune cells but not tumor cells, or incorporated the Gr1hiCD11b+ immune cells directly into the PLGA scaffold. By doing this, they were able to reduce the number of breast cancer cells that metastasized to the lung by 88%. Similarly, Rao et al. (2016) designed a poly(ε-caprolactone) (PCL)-based device with a slower degradation rate than PLGA scaffolds and investigated the immune response induced at the implantation site, the ability of the device to recruit metastatic cells for detection prior to colonization of organs as well as its influence on the survival of mice with induced breast cancer. Pelaez et al. (2018) further developed the strategy to enable the elimination of the attracted metastatic cells by noninvasive focal hyperthermia. To do so, they coupled metal discs to PCL microparticles to allow heat generation through electromagnetic induction using an oscillating magnetic field. The heat generation could be modulated conveniently by changing the size of the disc or the type of metal.

It has been shown that exosomes, which are vesicles involved in the transfer of information between cells, play a role in homing CTCs in the pre-metastatic niche (Peinado et al., 2012). De La Fuente et al. (2015) harnessed the potential of this knowledge and designed a three-dimensional scaffold with embedded exosomes extracted from the ascitic fluid of ovarian cancer patients (Figure 1 Scheme II-3-e). The scaffold, called M-Trap, was implanted in the inner wall of the peritoneum of mice with a xenograft of human ovarian cancer in the peritoneal cavity. They showed that the scaffold could serve as the preferred site of metastasis, while a peritoneal carcinometastasis was observed in the absence of the M-Trap. Moreover, an increase in the mean survival was observed in the presence of the M-Trap (from 117.5 to 198.8 days), which was further improved by the removal of the scaffold (mean of survival of 309.4 days). The safety and performance of the M-Trap is currently being evaluated in a clinical trial involving female patients with stage IIIC ovarian cancer (ClinicalTrials.gov Identifier NCT03085238).

Chemoattraction of Tumor Cells

Migrating cells can make directional choices when presented with different migration pathways. In vitro, it has been shown that neutrophil-like cells can navigate through a microfabricated maze by following a chemical gradient (Skoge et al., 2016). Chemokines and their receptors are particularly involved in this navigation process. They are indeed responsible for the chemoattraction of various cells and could therefore be used to attract migrating tumor cells into a trap. Several receptors/chemokines have been identified to facilitate cancer cell migration. The most investigated one is SDF-1, also called CXCL12, which binds with high affinity to the CXCR4 and CXCR7 receptors. This chemokine is a pro-inflammatory mediator and is known to play a role in the recruitment of T cells, monocytes, and lympho-hemopoietic progenitor cells (Crump et al., 1997). Its overexpression has been linked to an increase in the invasiveness of ovarian cancer (Kajiyama et al., 2008), breast cancer (Bachelder et al., 2002; Zhan et al., 2016), and GBM (Barbero et al., 2003; Hira et al., 2017), among others [further details can be found elsewhere (Kryczek et al., 2007)]. In addition, despite being less well studied, CXCL16 and its receptor CXCR6 are also suspected to play a role in the migration of tumor cells. Wang et al. (2008) have shown that the expression of CXCR6 increases with the grade of prostate cancer. These results were supported by Lu et al. (2008) who observed that metastatic cells from prostate cancer overexpress the CXCR6 receptor. Moreover, CXCL16 have been shown to induce the migration and enhance the proliferation of CXCR6-expressing cancer cells in vitro (Darash-Yahana et al., 2009).

With this knowledge, several groups have tried to stop the migration of tumor cells by inhibiting chemokine receptors, particularly the CXCR4 receptor. A reduction in the migration of cancer cells has been observed in vitro (Brennecke et al., 2014; Chittasupho et al., 2017; Zheng et al., 2017). However, this has not been successfully replicated in vivo. Brennecke et al. found that the use of CXCR4 antibody 12G5 can reduce the number of osteosarcoma pulmonary metastases having a diameter of <0.1 mm but not those of larger dimensions (Brennecke et al., 2014). This finding can be explained by the fact that chemoattraction of cancer cells can be mediated by several pairs of chemokine–receptor interaction (for example, SDF-1 can bind either CXCR4 or CXCR7 or both, and CXCR6 can be activated by CXCL16). In addition, cells can activate the so-called compensation mechanisms in vivo to maintain their migration capacity. Indeed, it has been observed that neural progenitor cells (NPCs) are able to migrate in response to SDF-1 via the activation of the CXCR7 receptor in response to the blockade of the CXCR4 receptor (Chen et al., 2015). Therefore, in order to stop the migration of tumor cells completely, all receptors implicated in in vivo chemoattraction should be identified and blocked, making the task nearly impossible. Moreover, this strategy could only work if the tumor cells have yet to begin migrating. In the particular case of GBM, cancer cells usually have already invaded the surrounding tissues at the time of diagnosis (Giese et al., 2003). Thus, it may be more useful to direct the migration of cells toward a desired location instead of blocking the migration process altogether.

Chemokines are already being used to attract cells into a scaffold for regenerative medicine purposes. The tumor trap concept can benefit from the existing knowledge in this field of application. Water-retaining polymer networks such as hydrogels and swellable matrices, which have been widely used in tissue engineering and regeneration, are pivotal platforms that are transferrable to the tumor trap application. For this purpose, biocompatible polymers capable of in situ formation of three-dimensional gels (Schesny et al., 2014; Shen et al., 2014; Addington et al., 2015) or matrices (Li et al., 2013; Yoon et al., 2013; Azarin et al., 2015; De Vlieghere et al., 2015; Ding et al., 2015; Autier et al., 2018) may be used to exert chemotaxis (based on a gradient of soluble attractant or repellant) or haptotaxis (based on a gradient of substrate-bound extracellular matrix proteins) (Figure 4). Of particular interest is the potential exploitation of the CXCR4-SDF-1 axis due to its prominent roles in regulating the migration of many types of cancer cells (Andreas et al., 2014; Schesny et al., 2014; Addington et al., 2015; Goffart et al., 2015). Examples of biomaterials used to deliver SDF-1 for regenerative medicine are presented in Table 1. Recently, the development of SDF-1-releasing scaffolds to attract tumor cells has received increasing attention. Giarra et al. (2018) designed a temperature-responsive gel loaded with SDF-1 based on methylcellulose (MC) or poloxamers with or without hyaluronic acid (HA) for the purpose of attracting CXCR4-expressing GBM cells (Figure 1 Scheme II-3-f). Haji Mansor et al. (2018), on the other hand, encapsulated the chemokine in nanoparticles composed of PLGA and a (PEG)-PLGA copolymer to achieve sustained release (Figure 1 Scheme II-3-g). However, in both papers, no in vivo assessment on the ability of SDF-1 to attract migrating cancer cells was performed.
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Figure 4 | Illustration of the use of scaffolds to attract motile tumor cells by chemotaxis (A) or haptotaxis (B).







	
Table 1 | Strategies to load SDF-1 into different biomaterials.





	
Bonding strategy


	
Type of biomaterial


	
Composition


	
Target site for regeneration


	
Ref





	
Adsorption


	
Hydrogel


	
Hyaluronic acid


	
Cardiac tissue


	
(Purcell et al., 2012)





	
PPCN


	
Wound healing


	
(Zhu et al., 2016)





	
3D scaffold


	
Collagen


	
Cartilage


	
(Chen et al., 2015)





	
Tendon


	
(Sun et al., 2018)





	
Collagen/silk fibroin


	
Bone


	
(Hu et al., 2018)





	
Hydroxyapatite


	
Bone


	
(Zhang et al., 2018)





	
Decellularized skeletal muscle


	
Muscle


	
(Rajabi et al., 2018)





	
Collagen/PLA


	
Bone


	
(Ritz et al., 2017)





	
PLGA


	
Cartilage


	
(Wang et al., 2017)





	
Membrane


	
PCL/gelatin


	
Bone


	
(Ji et al., 2013)





	
Immobilization through specific heparin-mediated interaction


	
Hydrogel


	
Heparin/PEG


	
Cardiac tissue


	
(Prokoph et al., 2012)





	
Blood vessel


	
(Krieger et al., 2016)





	
Cardiac tissue


	
(Baumann et al., 2013)





	
3D scaffold


	
Heparin/PLCL


	
Blood vessel


	
(Shafiq et al., 2017)





	
Heparin/PGS


	
Blood vessel


	
(Lee et al., 2013)





	
Heparin/PLLA 


	
Blood vessel


	
(Yu et al., 2012)





	
Systems with nano/microparticles


	
Microspheres


	
Alginate


	
Bone


	
(Xu et al., 2018)





	
Hydrogel/Nanoparticles


	
Hydrogel: CS/GP nano: CS/CMCS


	
Bone


	
(Mi et al., 2017)





	
Microcapsules


	
Dex-GMA/gelatin/PNIPAAm


	
Wound healing


	
(Chen et al., 2013)





	
Particles


	
PLGA


	
Cardiac tissue


	
(Zamani et al., 2015)





	
PPCN, poly (polyethylene glycol citrate-co-N-isopropylacrylamide); PLA, polylactide; PLGA, poly(lactic-co-glycolic) acid; PCL, polycaprolactone; PEG, poly(ethylene-glycol); PLCL, poly(L-lactide-co-e-caprolactone) (PLCL); PGS, poly(glycerol sebacate); PLLA, poly(l-lactic acid); CS, chitosan; GP, beta-glycerol phosphate disodium salt; CMCS, carboxymethyl-chitosan; Dex-GMA, glycidyl methacrylated dextran; PNIPAAm, poly(N-isopropylacrylamide).









Challenges Associated With the Clinical Translation of the Tumor Trapping Strategy

While promising preclinical results have been obtained from the use of tumor traps as a diagnostic and/or therapeutic tool, there are multiple issues that must be addressed before this approach can enter the clinic. Main concerns include identifying suitable means for in vivo monitoring of the recruitment of cancer cells into the scaffolds to allow one to decide on the optimal time point for killing the trapped cancer cells. Prolonged duration of cancer cell recruitment may lead to overcrowding of the tumor trap and subsequent cell escape, reducing the purpose of the synthetic niche to merely a “relay” for the cancer cells en route to their natural metastatic sites. 

The incorporation of chemoattractant molecules such as SDF-1 into the tumor trap may also introduce additional complexities. In particular, there are concerns regarding the selectivity of SDF-1-mediated chemotaxis. Indeed, in addition to its role in recruiting cancer cells to local and distant sites of colonization, SDF-1 is also implicated in the homing of other cell lines such as immune cells and stem cells (Crump et al., 1997; Wang et al., 2017; Hu et al., 2018). Moreover, the potential off-target effects may also be exacerbated by the fact that this chemokine is known to be involved in various processes that support tumor progression, angiogenesis, metastasis, and survival (Teicher and Fricker, 2010). It is therefore necessary to study in more detail the effect of injecting such proteins near tumor cells in vivo and to carefully evaluate the entire risks before moving to the clinic.

Further down the development timeline, the most effective way to kill the recruited cancer cells should be elucidated. It may be tempting to suggest direct removal of the trap to achieve an immediate eradication of the disease. However, this approach will necessitate an additional surgery, a requirement that may be very difficult to fulfill especially in patients who are terminally ill. A less invasive solution would be to use stereotactic radiotherapy (SRT). SRT is a treatment where radiation beam is directed to a well-defined spot, usually the tumor site, from many different angles around the body. The procedure ensures the targeted site receives much higher dose of radiation than the surrounding tissues. At the moment, SRT seems to be a viable option for killing the trapped cancer cells. This said, other selective approaches should also be considered and evaluated.

Conclusion

A good understanding of the escape pathways of a prey allows the hunter to capture it more efficiently; the same rule of thumb can be applied to tumor cells. Using this principle, it is possible to design tumor traps for diagnostic and/or therapeutic applications. For the latter purpose, it is necessary that the trapped cells are killed by the application of existing therapies. The different therapeutic strategies (surgery, chemotherapy, targeted therapy, …) may not be sufficient on their own to cure every cancer type, but they can be used in combination to achieve the best clinical outcomes. Jain et al. used a chemotherapeutic agent in the form of cyclopamine alongside their tumor trap to shrink down the size of GBM tumors (Jain et al., 2014). It would also be interesting to combine the trap with radiosensitizers, focus x-ray, or γ-ray microbeams. Since the trap would concentrate the tumor cells, the efficiency of chemo- and radiotherapies can potentially be improved, while the associated side effects are likely to decrease. Immunotherapy, which can be broadly described as the activation of immune cells to make them able to recognize and eliminate tumor cells, could also be used. Indeed, one of the major difficulties in immunotherapy is to make the cancer cells accessible to the activated immune cells. This is particularly true in the brain, as there is a need to overcome the blood–brain barrier (Lyon et al., 2017). If immune cells can be preloaded or attracted into the trap via chemoattraction, this will facilitate the killing of the trapped cancer cells. Indeed, immune cells are also sensitive to a gradient of chemokines such as SDF-1 (Krieger et al., 2016) and can therefore be recruited into the trap together with the cancer cells of interest. Overall, this bio-integrative approach can be seen as counterintuitive insofar as the factors governing the trapping of tumor cells are also involved in other signaling pathways that may lead to effects that are opposite to the initial will (Komarova, 2015). Our current knowledge on the mechanisms driving the migration of cancerous cells might not be sufficient to develop a trap that only impacts tumor cells in a safe manner. The translation to the clinic will therefore require further investigations on the efficacy and safety of such systems. Nevertheless, as Albert Einstein pointed out, “we do not solve problems with the modes of thought that have engendered them,” and this unique approach therefore deserves further investigations.
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Convection-enhanced delivery (CED) is a method used to increase transport of therapeutics in and around brain tumors. CED works through locally applying a pressure differential to drive fluid flow throughout the tumor, such that convective forces dominate over diffusive transport. This allows therapies to bypass the blood brain barrier that would otherwise be too large or solely rely on passive diffusion. However, this also drives fluid flow out through the tumor bulk into surrounding brain parenchyma, which results in increased interstitial fluid (IF) flow, or fluid flow within extracellular spaces in the tissue. IF flow has been associated with altered transport of molecules, extracellular matrix rearrangement, and triggering of cellular motility through a number of mechanisms. Thus, the results of a simple method to increase drug delivery may have unintended consequences on tissue morphology. Clinically, prediction of dispersal of agents via CED is important to catheter design, placement, and implementation to optimize contact of tumor cells with therapeutic agent. Prediction software can aid in this problem, yet we wonder if there is a better way to predict therapeutic distribution based simply on IF flow pathways as determined from pre-intervention imaging. Overall, CED based therapy has seen limited success and we posit that integration and appreciation of altered IF flow may enhance outcomes. Thus, in this manuscript we both review the current state of the art in CED and IF flow mechanistic understanding and relate these two elements to each other in a clinical context.

Keywords: CED, glioma, brain, fluid flow, drug delivery, transport, cancer


INTRODUCTION

Convection-enhanced delivery (CED) is a technique that harnesses increased flow of fluid to increase transport of large molecules and drugs throughout a tissue. In brain cancer therapy, this technique has been implemented for decades but has not been adopted widely in the clinic. The ability of this therapy to move drugs around is useful, however there are a number of factors that can inhibit or obstruct the ability of this method to work appropriately. Fluid flow in the brain (healthy or diseased) is a constant force and it can affect not only the transport of drugs and molecules throughout the tumor and surrounding tissue, but also cause changes to tumor cells and surrounding cells that could worsen or alter disease progression. Specifically, interstitial fluid (IF) flow, or the fluid flow around cells within the porous extracellular matrix, interacts with cells to enact intracellular signaling events. CED, by its nature, increases this interstitial fluid flow (IFF) but the two are rarely discussed together. Thus, we hope to describe these flows in the context of both the natural flow in the brain and the changes in IF flow that may be attributed to the technique of CED.



THE FLUID FLOW NETWORK OF THE BRAIN: A SECONDARY SYSTEM OF REGULATION

Within the brain fluid flow is a tightly-controlled, yet complicated, process that occurs along defined pathways. A major driver of these flows is pressure: intracranial pressure resulting from the brain incompressibility of fluid within the confined space of the cranium and hydrostatic pressure arising from circulatory dynamics. This pressure includes the tissue and fluid components of the brain and is normally around 11 mmHg (1). Pressure is regulated by the flux of bulk fluid into and out of the brain and thus is directly linked to the fluid flow pathways and rates within the tissue. Intracranial pressure changes result in shifting or compression of at least one of the four principle components of the cranial fluid vault: blood, cerebrospinal fluid (CSF), IF, and brain tissue (2). Discrete pressures can be measured in the vasculature running throughout the brain. Contraction of ventricles within the heart create this hydrostatic pressure which is the main driver of convective flow in fluid movement through the arteries and across capillary walls. Thus, this vascular pressure also drives IF flows due to the resultant pressure differential between arteries and parenchymal space. While pressure provides the force for fluid movement, anatomic structures provide the pathways (summarized in Figure 1). A fundamental understanding of these pathways and the fluids that move within them is essential to appreciate the complex effects of introducing an exogenous convective force and fluid into the brain as therapy.
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FIGURE 1. Fluid flows throughout the brain in bulk flow pathways and in interstitial space within the cellular environment. (A) Bulk flow pathways include CSF through the ventricles and subarachnoid space, blood through the arteries and veins, and lymph through the meningeal lymphatics. Flow direction is shown by arrows. (1) CSF to cribriform plate (2) CSF to venous sinus through arachnoid villi (3) CSF to spinal cord. (B) Interstitial flow moves from cerebral arterioles to venules through the endothelial cells, crossing through extracellular matrix and cells such as neurons, astrocytes, and microglia. Figure not to scale.




The Fluids, Structures, and Forces That Drive Flow

There are three main fluids that flow within the physiological domains of the brain: CSF, blood, and IF. Various groups have measured average flow velocities of blood, CSF, and IF (3–5). Ivanov et al. measured blood flow through cerebral capillaries in mice which was found to be 0.79 ± 0.03 mm/s. Using fluorescence intensity after bleaching on a rabbit ear, Chary and Jain measured interstitial flow to be 6 × 10−5 cm/s. CSF through the cerebral aqueduct was 5.27 ± 1.77 cm/s as reported by Mase et al. However, these flow rates can differ based on the localization within the tissue (i.e., major arteries vs. capillaries) and disease states.

CSF bathes the cortex and subarachnoid spaces acting as both a homeostatic regulator, distributing ions and nutrients and removing waste in the parenchyma, and as a hydraulic protector, providing buoyancy and cushioning for the brain. While there is still controversy surrounding the topic of CSF production and circulation (6, 7), general consensus is that the majority of CSF originates at the choroid plexus that line the lateral, third, and fourth ventricles (8–10). Once secreted, the CSF flows from the lateral ventricles through the interventricular foramen to the third ventricle. It then passes through the cerebral aqueduct and into the fourth ventricle before flowing into the spinal cord and subarachnoid spaces. The arachnoid villi, or arachnoid granulations, within the subarachnoid space provide a direct path for CSF to the systemic circulation through the superior sagittal sinus (11, 12). Experimental evidence suggests that another path exists through the cribriform plate. The CSF travels around olfactory nerve sheaths and is absorbed into the lymphatics within the submucosa of the olfactory epithelium (13, 14). More recently, CSF has been observed to drain into a recently (re) discovered lymphatic network within the meninges and into deep cervical lymph nodes (15, 16).

CSF flow is dynamic, driven by multiple pulsatile drivers within the central nervous system. Choroid plexus production of CSF, and subsequent velocity, has been linked to pulsatile blood flow and the cardiac cycle by Nilsson et al. (17). Phase contrast MRI indicates the pulsatile nature of CSF as it travels throughout the brain (18) indicating driving forces of heart rate (19, 20), respiration (21, 22), and ciliary beating of ependymal cells lining the ventricles and central canal of the spinal cord (23, 24). CSF flow is complicated and closely tied to other fluid movement within the brain.

Blood flow is a major driver of other fluid movement within the brain. Cerebral arteries run throughout the subarachnoid space and penetrate the cortex through the pia mater, forming what is known as the Virchow Robin space. This space is occluded from the parenchyma as the pial sheath surrounding the artery fuses with the basement membrane of the glia (6). As the arteries taper into arterioles and the complex capillary network within the parenchyma, glial cells and pericytes envelope the area around the endothelial cell layer of the blood vessels, collectively forming the blood brain barrier (BBB). Endothelial cells are especially important, forming tight junctions. The BBB limits solute transport into the brain based on size and polarity (25). The capillaries then converge to form venules and veins, leading back to the subarachnoid space, and eventually joining up with the jugular veins. To demonstrate the impact of arterial pulsation in driving transport within the brain, Rennels et al. showed that by blocking cerebral artery pulsation, horseradish peroxidase was prevented from rapid paravascular influx (20). Similarly, Hadaczek et al. infused fluorescent liposomes into rat striatum and measured distribution volumes between rats with high and low blood pressure rates (19). In rats with high blood pressure, infusate was distributed in significantly larger volumes. Thus, blood is a major driver of not only CSF flow, but also is the primary driver of endogenous IF movement.

IF, as the primary fluid within the parenchyma of the brain, is involved in cellular homeostasis and transport of nutrients. This IF is found in the spaces between the cells and extracellular matrix and is very similar in composition to CSF (26). IF originates from the blood brain barrier as the sodium-potassium pump provides a net secretion of fluid (filtered blood serum) into the parenchyma (27, 28). It may also arise as the byproduct of CSF mixing in the parenchyma as it travels via the glymphatic system.

Experimental evidence in mice suggests that CSF passes through the Virchow Robin space and enters spaces around the cerebral arteries within the cortex. In this para-arterial space, CSF passes around the astrocytic endfeet and into the interstitial space within the brain parenchyma, mixing with and becoming IF. Iliff et al. showed that IF is involved in the glymphatic system along with the CSF by injecting a tracer into the cortex and then fixing and imaging brain sections at different time points. They demonstrated that at <10 min after injection, the tracer was seen around arteries only, but after 1 h the tracer accumulated around venules as well. This indicates that IF and CSF drain via the same paravenous pathways after moving through the parenchyma. CSF and IF then collect in the corresponding paravenous spaces of the cerebral vein and, finally, either flow back to the subarachnoid space, enter the bloodstream, or drain to the cervical lymphatics (29). Interestingly, this system lines up nicely with the research done by Aspelund et al. (15) as the glymphatics would provide the link between upstream CSF and IF flow and downstream collection within the lymphatic vasculature (30). Recent criticisms debate the importance or independent existence of the glymphatic system (31, 32), but it would seem there is some means to linking the CSF and IF in the brain parenchyma. However, the degree to which they are independent vs. consistently mixed, is mostly semantic, as there are no independent barriers separating these two fluids (like with lymph and interstitial fluid for instance).

Though considered a convective force, there is supporting literature that IF flow is primarily a diffusional process (33–36) as the parenchyma has too high a hydraulic resistance for convection to occur. However, several groups have identified a convective component of IF (26, 27, 29). Abbott et al. (37) recently reviewed IF transport, which describes both contributors indicating that both convection and diffusion exist but may be dependent on anatomical location. White matter promotes convective flow as the fibers are aligned with lower amounts of dense matrix and cell bodies, whereas gray matter promotes diffusive flow (38). This has major implications for drug delivery as particles undergoing diffusion will be governed by size and particles undergoing convection will be governed by fluid flow velocity.

These pathways and fluids, in concert, offer a dynamic and complex network of flow within the brain. While we have yet to understand them altogether, significant work has been done to characterize and model the physiological state of these systems. This has led to a foundation from which abnormal flows can be studied, such as those arising in tumors, with the intention of more wholly understanding and developing therapeutic strategies against cancer.



Disruption of Fluid Flow in Diseased States: Focus on Glioblastoma

There has been considerable work to identify the impact that diseased states have on fluid transport and how this transport can, in turn, affect disease progression. Indeed, fluid flow in the brain is dynamic along many time scales, with velocity magnitudes that fluctuate with circadian rhythm (17, 39), decrease with age (40), and vary depending on changes in blood pressure (19). Flow has also been implicated in the progression of neurological disorders such as Alzheimer's (41). But perhaps the most drastic change to flow magnitudes is from the formation of brain tumors, which will be the focus of this review with specific emphasis on glioblastoma (GBM).

GBM has an overall survival from diagnosis of <2 years, making it the deadliest primary brain tumor. This type of primary brain cancer is known for its invasive nature and most commonly arises in the cortex of the brain, specifically the frontal and temporal lobes (42). Like fluid flow, the tumor is constrained by the fundamental architecture of the brain. Microscopically, the microenvironment that these tumors grow in is a complex assortment of cells, vasculature, and extracellular matrix (ECM) that contribute to altered molecular transport and tumor progression (43). Glial and endothelial cells have been implicated in the progression of disease via invasion, maintenance of stem cell populations, and proliferation (44–50). The extracellular matrix is comprised of dense 3D networks composed of hydraulically resistant glycoproteins, proteoglycans, and hyaluronic acid (51) and contributes 20% of total brain volume (52). This fluid-rich, gel-like matrix has tortuous paths, with an estimated pore size between 20 and 60 nm that constrain and dictate the movement of molecules (36, 53). Conversely, fluid flow within the ECM can bend and stretch ECM molecules, altering the configuration of the microenvironment and triggering cellular mechanotransduction pathways (54, 55). A rich vasculature runs throughout the parenchyma yielding channels for fluid flow along glymphatic routes (56, 57).

In cancer, neo-vascularization causes a highly disorganized network of blood vessels. These vessels are also leaky due to increased permeability, are tortuous, and have blind ends (58). As blood and serum leak from the vasculature into the tumor and increase in volume, the IF pressure rises. In addition to increased fluid influx, the extracellular matrix undergoes massive reorganization by tumor cells and surrounding parenchymal cells (59, 60). This leads to decreased hydraulic conductivity and retention of fluids in the tumor bulk, further contributing to the increased IF pressure which can be as high as 45 mmHg inside some types of tumors (61). This pressure difference, specifically at the tumor border, drives flow from the tumor out into the surrounding parenchyma (62).

Dynamic contrast-enhanced imaging, which employs gadolinium contrast agents and time-lapse imaging, can be used to examine fluid movement into and within tumors. This technique is used clinically to examine blood vessel permeability and vascular transport in brain tumors. In an effort to observe the interstitial flow patterns in mouse models of glioma, (63) adapted this technique by using concentration gradients of contrast to simultaneously calculate flow velocity and diffusion, yielding a map of the flow patterns within the tumor and surrounding interstitial space. Flow directionality is heterogeneous in and around the tumor, although there are converging regions that are believed to overlap with structures (like white matter tracts) within the brain. The average interstitial flow magnitude remains relatively restricted between 0 and 6 μm/s (when corrected). D'Esposito et al. (64) created a computational model to study intratumoral IF pressure of glioma in a mouse model. They removed the tumor postmortem and cleared the tumor and cortex of the mice, imaging the vasculature afterward. This was then used in a computational model which incorporated intravascular and interstitial compartments, vascular permeability, and blood and interstitial flow to yield quantitative information about perfusion, IF pressure, and IF velocity. Findings indicate a mean IF pressure within the tumor of 16 ± 10 mmHg, an IF velocity of <0.01 μm/s in the tumor center, and an interstitial velocity of 17 ± 4 μm/s at the tumor periphery (64). Similarly, interstitial flow of tumors in general has been modeled in numerous groups (65–68) and more recently in the context of chemokine convection (69). Incorporation of these natural flows into broader models of drug delivery should allow for better prediction of drug distribution, specifically in the context of manipulating fluid flow.




CONVECTION-ENHANCED DELIVERY TO DRIVE TISSUE TRANSPORT

The guiding principle behind CED is creating a positive pressure gradient to deposit treatment directly into the tumor or resection cavity and drive it through the surrounding parenchyma such that invaded cells might be accessed. This method was first described by Bobo et al. (70) in order to bypass the BBB and locally deliver chemotherapeutics or other anti-tumor agents. One such early example was the use of conjugated human transferrin to selectively target human glioma cells. Human transferrin is expressed ubiquitously in malignant tumors such as glioblastoma, but also in endothelial cells (71), creating an obstacle to intravenous delivery. CED was employed to deliver this type of drug and found to be efficacious in treating human glioma (72), eventually leading to clinical trials (73). CED uses catheters placed at specific locations to perfuse treatment directly in a, theoretically, spherical area. This method has been modeled mathematically, and at its core takes advantage of fundamental mass transport principles to increase convective over diffusive flux through the tissue.

CED is employed to solve drug delivery issues related not only to limited BBB permeability, but also to overcome high intratumoral pressures (sometimes termed the blood-tumor barrier) or limit systemic toxicity that may arise from some drugs. For example, Degen et al. conducted a study testing the dose effects of carboplatin and gemcitabine in a rat glioma model, utilizing CED or systemic delivery (74). They found that the perfusion of brain regions could be accomplished without toxicity and that the CED-treated groups had higher long-term survival. The positive pressure induced by CED drives flow through the tissue via convection-dominated transport until it reaches a certain limit governed by the infusion volume and rate. At this point, diffusion-dominated transport would govern. This means that near to the catheter, the velocity of flow is most important to the transport of the drug while farther away, the size of the drug is more important. Thus, CED is particularly beneficial to large molecule drugs, such as antibodies, nanoparticles, or conjugates (often imaging agents coupled with a drug or biomarker). Therefore, these types of therapies have been a major focus of preclinical and clinical CED application.


CED Has Shown Limited Clinical Success

Figure 2 shows a depiction of CED at the macroscopic level as it may be clinically implemented. Infusion rates range from 0.1 to 10 μL/min, and a single catheter can usually distribute drug up to a few millimeters as confirmed by imaging (75). Clinically, the therapeutic application is defined by two terms: volume of distribution (Vd), or amount of drug that is delivered, and volume of infusate (Vi), the amount of infusate (drug and carrier fluid) that is delivered. The ratio of Vd to Vi is used to describe how well CED delivers a specific drug, dependent on the drug and tissue being perfused. A higher ratio is desirable as this would indicate greater distribution of drug, all else being equal. An example is the ratio of gray matter, spinal cord, and peripheral nerves which range from 4:1 to 7:1 compared to the ratio of compacted white matter which ranges from 6:1 to 10:1 (76). This means that drug distribution is greater in the white matter than the gray matter, consistent with the increased permeability of that tissue, and thus conducts fluid flow at a different rate.
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FIGURE 2. Overview of CED into brain tumors. (A) CED is performed through catheters placed either intratumorally or intraparenchymally. The infusate profile will change depending on region of delivery (shown in orange). (B) Some example catheter designs that have been used to deliver CED.



Catheter design, catheter placement, tumor location, tumor size, infusion rate, infusion frequency, drug type and concentration, and brain anatomy can all contribute to differential CED responses. When working with these parameters, it is often a balance between increasing the drug distribution profile within and around the tumor and limitations on the physical implementation of CED. For instance, increasing flow rates will undoubtedly increase the distribution of drug within and around the tumor while also reducing total infusion time for the patient. However, backflow, or the tendency of the infusate to travel back up between the catheter and the tissue, is directly impacted by the infusion rate (77). Thus, oftentimes, multiple catheters have been used to better distribute and increase infusion overall at lower rates, but this can be limited by surgical access and anatomy. As such, design of catheters has been a major area of research in CED. For instance, the development of a stepped catheter design which allows CED flow rates as high as 5 μL/min in mice (78) increases flow while limiting backflow. Other new catheter designs include hollow-fiber, multi-port, ultrafine, and balloon-tipped. Lewis et al. recently reviewed the history and evolution of catheter design for CED (79). Catheter placement and infusion rate varies among the clinical trials. This is due, in part, to the more personalized approach to catheter placement necessitated by the limitations presented by an individual tumor anatomy within the brain. Further, not only are catheters placed within tumors or resection cavities, but also within the surrounding parenchyma. This variability makes it difficult to compare parameters across clinical trials using CED. To aid in some of the ambiguity of the treatment, clinical imaging is often used in conjunction with CED. Intraoperative MRI is the primary modality. By incorporating a contrast agent into the infusate or as a drug conjugate, drug distribution can be monitored and analyzed in real-time and post-treatment (80, 81).

As mentioned, infusion rates are arguably one of the most important components to CED. We will discuss later how the infusion rate is responsible for mathematically driving drug distribution. Interestingly, while this is such an important factor, it is highly variable in clinical trials to date, ranging from 0.5 μL/min to (73, 82–102) 66 μL/min (Table 1). Further, the infusion time changes substantially between independent trials. Some trials infuse for days while others only for a few hours. Some infusions are continuous while others cycle. Lastly, the total volume infused varies from 2 to 108 mL which is unsurprising given the variance in flow rates and time intervals. This lack of standardization might be one of the reasons that CED has been unable to acquire clinical success, and part of the lack of standardization is that we still do not have a holistic understanding of how CED is affected by and exerts effects on the brain and tumor tissues.



Table 1. Completed clinical trials of CED for human gliomas.
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Catheter placement is one of the most important steps in planning a CED intervention. Mathematical modeling and software have aided in this planning. One major factor in catheter placement is anatomical location of the tumor or location to be infused. Certain structures such as white matter tracts, ventricles, and ependymal surfaces have been known to cause failure of CED because of the impact they have on drug distribution (104, 105). The anisotropy of white matter tracts causes drug to preferentially flow through this bulk fluid pathway away from areas of therapeutic interest. Ventricles and ependymal surfaces can also act as sinks for the infusate, diminishing the Vd/Vi ratio.

Last, the drug that is delivered is extremely important to outcomes with CED and planning of infusions. Normally, when trying to deliver a drug through the vasculature and BBB, an advantage is to have it be as small as possible and potentially lipophilic so that it can pass through more easily and have a greater presence at the tumor site. CED bypasses the BBB completely, so this problem is now reversed; the drug is already where it needs to be, the issue is having it stay there. One study that examined this effect used topotecan and compared intracerebral delivery to intraperitoneal delivery using a rat glioma model (106). The authors found that the topotecan delivered systemically was able to cross the BBB, but there was a higher concentration of the topotecan in the brain and around the tumor when delivered via CED. They also observed a significant decrease in the tumor size of the CED group compared to the systemic delivery group. Because of this, drugs should have higher molecular weights and be hydrophilic if possible. Raghavan et al. (107) provide an interesting perspective into many of these clinical obstacles as well as relevant clinical scenarios in which CED could be improved upon. Some recent clinical studies with CED are highlighted in Table 1 with discussion of some of these parameters.



CED Increases Drug Distribution in Interstitial Spaces

CED is governed by classical mass transport equations accounting for diffusive and convective flux. The changes in fluid velocity driven by CED and its impact on drug transport are best understood from this mathematical point of view. The main focus of CED is on the drug concentration profile that can be developed. This is based on the mass transport equation, which describes the change in concentration of a species over time. The general equation is dependent on diffusion and convection characteristics and is given by:
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Where the change in concentration over time ([image: image]) is solved from the diffusive component (D∇2c), convective component (v·∇c), and rate of any reactions taking place. In other words, transport of a species (the infusate) depends on whether it is passively diffusing, being driven by a pressure differential (bulk flow), or being replenished or depleted by chemical reactions. In the tumor microenvironment, the pressure differential between the tumor and normal tissue creates a convective force throughout the interstitial space. Depending on the species being transported by this flow, there will also be diffusion taking place (as the concentration gradient spreads out) as well as reactions between the species and surrounding cells. With regards to CED, the concentration profile is often modeled as a sphere radiating outward from the catheter tip. In this context, the mass transport equation can be written with spherical coordinates:
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Where r denotes the radius of the sphere from the catheter tip, θ an angle around the tip from the z axis, and φ an angle orthogonal to θ. Together, these describe the change in concentration of infusate over time in a spherical volume.

In order to solve for the convective component of the mass transport equation, the velocity of the infusate must be known. This can be solved from the generalized Navier-Stokes equation, which defines fluid flow rate based on the properties of that fluid and the surrounding space.
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In this equation, the first term describes the change in velocity of the fluid over time, the second term is the convective component of the velocity, ∇P defines the pressure gradient, μ∇2v is the viscous or diffusive component and ρg is the effect gravity has on the velocity. Together, these terms can be used to solve for the velocity profile of a fluid. Again, because CED theoretically supplies a spherical distribution of infusate at the location of the catheter tip spherical coordinates can be used, similar to Equation 2.

In regards to the fluid flow within the tumor microenvironment, Navier-Stokes can be simplified with the assumption of incompressible, creeping flow and being a Newtonian fluid to the Stokes equation. This can then be transitioned to Darcy's law by assuming viscous forces are linear with velocity. Darcy's law describes fluid moving through a porous medium, such as flow through the interstitial space of the brain parenchyma. This is especially useful in the context of glioblastoma as the pressure differential from the tumor causes flow through the interstitial space. Darcy's law is given by:
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With this equation, the average velocity of the IF can be calculated based on the pressure differential (Δp), permeability of the parenchyma (k), viscosity of the fluid (μ), and a characteristic length of tissue through which the fluid is flowing (Δx). It is important to note that this gives a superficial velocity, not a discrete profile of the flow rate. This velocity can then be paired with the mass transport equation to solve for concentration of a drug over time. It is important to note, however, that this concentration profile cannot be solved without considering the convective component which is directly tied to the interstitial flow rate that the procedure is causing as well as the impact that the surrounding tissue is causing.

One last term to consider is the Péclet number:

[image: image]

Where L is the characteristic length, v is the flow velocity, and D is the mass diffusion coefficient. This term is a ratio of the convective component to the diffusive component for a given system. For a Péclet number less than one, diffusion dominates whereas a number greater than one means convection will dominate. This is important especially in the context of CED, where the main goal is to increase the convective component, by increasing the v in Equation 5, in order to obtain a larger distribution volume to the tissue. Under normal circumstances, the Péclet number in the interstitial space will be close to one, meaning that diffusion and convection components are about equal.

In the context of CED, the positive pressure induced inside the tumor from the catheter(s) would increase the pressure term in Darcy's Law, causing the velocity of the infusate through the interstitial space to increase. This velocity would also depend on the permeability of the parenchyma and tumor tissue, as the flow would have to travel through these media, and on the viscosity of the infusate. If the permeability of the tissue is higher there will be less resistance to flow, resulting in a higher flow rate as shown by Equation 4. A lower viscosity would similarly cause an increase in flow velocity, as a less viscous fluid is less resistant to deformation through shear stress. Once flow rate is determined, it can be used in the mass transport equation (v in Equation 1) to describe the convective component of drug delivery and in the Péclet number to describe how convection and diffusion are contributing. The transport of this mass is also affected by the diffusion coefficient of the drug and the reactions between the infusate and surrounding cellular environment. Together, these equations describe the drug concentration inside and around the tumor.



Advanced Mathematical Modeling

The equations laid out in the preceding section comprise the fundamental mathematical principles that govern CED, but they have been used well before this to study fluid flow and transport in brain and other tissues (108–110). Since Bobo et al. first proposed CED, there have been numerous mathematical models trying to predict drug transport, as there are obvious clinical benefits of doing so. Early models such as that by Morrison et al. (111, 112) took into account catheter diameter, volumetric inflow rate, hydraulic flow through tissue, and deformation of the tissue and were used to model backflow. Subsequent models have built off and adapted these precursors such as Raghavan et al. (113), which reformulated and extended the model by Morrison et al. more accurately predicting backflow surrounding a cylindrical catheter based on changes in volumetric flow rate. However, more complex analytical models have been and are being created that incorporate factors such as tissue edema, fluid pathways, tissue and tumor heterogeneity, and other structural and biophysical mediators to more accurately simulate in vivo conditions (114–120). These models have recognized and accounted for the role that interstitial flow and structural pathways play in the CED paradigm. When examining these mathematical models, consideration of whether they are modeling CED intraparenchymally or intratumorally is important to their application. Clinically, CED can be applied into tumors alone, into tumor+parenchyma, or into resected tumor cavities or surrounding parenchyma alone. Each of these tissues presents its own set of physical parameters and challenges to planning and treatment implementation. Most of the referenced models look at perfusion into the brain tissue and not the tumor itself, which has major limitations on the results owing to the differences in mechanical and biophysical properties.

Clinically, some mathematical models have been successful. Sampson et al. (121) tested an algorithm to predict patient-specific drug distributions in a retrospective study of a CED clinical trial. The algorithm aids in placing catheters such that drugs will be delivered successfully to specific anatomical regions of the brain. The software works by first delineating fluid-filled volumes and surfaces using a T2-weighted MRI to describe the anatomy of the brain. Manual segmentation of edematous brain regions is then performed so as to not confound the algorithm. Using infusate volume and catheter dimensions, length of backflow (flow back up the outside of the catheter) is calculated and then cross-referenced to any segmented surface or cavity that is within this length. If detected, the software gives a warning of potential poor catheter placement and the catheter can be repositioned. Once verified that backflow will not occur, the fluid distribution is calculated based on the mass transport equation (Equation 1) and Darcy's law (Equation 4). The result is a patient-specific 3D profile of the drug concentration. Rosenbluth et al. (122) later refined this approach by integrating diffusion tensor imaging to include more anatomical information. Rosenbluth et al. also developed an autosegmentation tool for use with CED (123).

The use of such software offers the ability to simulate drug distribution prior to application and has helped to enhance the reproducibility of drug delivery. However, these therapeutic approaches are still not offering the expected curative outcomes for many diseases, particularly in glioblastoma. One reason for this may be the focus on distribution volume of the drug (in terms of reducing backflow and creating more targeted zones of delivery) instead of the direct impact CED has on the flow pathways within the brain. Further, there currently exists no model of CED that incorporates the naturally-occurring fluid flow within the tissue which will have a major impact on the resultant flows from an imposed pressure gradient.




CED DIRECTLY CONTRIBUTES TO INCREASED IFF

The main focus of CED to date has been on delivering efficacious concentrations of drug in and around the tumor or resection site, but the downstream impact of this extrinsic force has not been considered. CED not only is an effort to bypass the BBB, but also to overcome the heightened intratumoral interstitial pressures. It is this same heightened pressure that drives IF flow at the tumor border into the surrounding parenchyma (61). The interstitial pressure in normal brain tissue is 0.8 mmHg, whereas it is 7 mmHg when a tumor is present (124). This increased interstitial pressure can lead to issues with CED. As mentioned, it can cause increased efflux of the CED-administered treatment back up the catheter track, reducing total delivered dose and hence, decreased clinical efficacy (80). Because CED introduces an additional hydrostatic pressure compared to a relatively normal pressure in adjacent tissue, IF flow will be induced or increased although we still don't know the downstream consequences as illustrated in Figure 3.
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FIGURE 3. Illustration of fluid flow resulting from tumor (blue arrows) and potential effects on flow when introducing CED (orange arrows). Without CED, the tumor causes interstitial flow from its border into the surrounding parenchyma, affecting cells located there. With CED, this interstitial flow will be increased but it is not known if this will create new pathways of flow or just increase existing ones, or what the downstream impact of this increased flow will be on the resident cells. Figure not to scale.



Like interstitial pressure, IFF rates are higher in tumor-bearing tissues as at border regions; though it can be nearly static in some regions of the tumor (63). Heightened interstitial or bulk flows can also affect CED success. In regions with low resistance to flow or along bulk fluid paths, drugs may move very quickly through the tissue reducing residence time around invaded tumor cells that are being targeted. The complex heterogeneity of tumors coupled with the anisotropy of the brain makes this balance complicated in application of flow.

CED is most often performed post-surgical resection, however, in some cases and oftentimes in canine glioma, CED is performed with the tumor in place. The inherent biophysical differences in these tissues makes exact modeling difficult, especially IF flow due to its dependence on the matrix permeability and fluid viscosity, both affected by therapeutic intervention. For instance, radiation therapy has been shown to degrade extracellular matrix in other tissues which will increase permeability of the extracellular matrix (125). As CED is most often performed on patients who have already received numerous rounds of standard of care and potentially experimental treatments, it can be difficult to generalize parameters based on healthy or even initially diagnosed patients. Strategies to use clinical imaging to identify these other properties can aid in these efforts for patient-specificity and potentially improve outcomes by identifying these parameters. Importantly, we can link the known CED derived transport to IF flow to better understand and model the effects of these changes in patients.


IF Flow Can Drive Tumor Invasion

The effects of IF flow on cancers in general was recently reviewed by Munson and Shieh (126). In glioma, two groups have shown that this IF flow causes glioma cells to invade (126–128). The flow is thought to mediate mechanisms whereby the tumor cells actively invade the healthy tissue and may contribute to the diffusive nature of these tumors which makes them particularly difficult to cure.

Two proposed mechanisms by which flow could be mediating tumor invasion in the brain include autologous chemotaxis and cellular mechanotransduction (127). Autologous chemotaxis is the process by which a cell migrates in the direction of autologous chemokine gradients formed by IF flow carrying secreted protein upstream of the cell body (129). In glioma, the receptor, CXCR4, and its ligand, CXCL12, have been implicated in this mechanism in rat and patient glioma cells (127, 130). Mechanotransduction is the process by which cells sense and react to mechanical changes in their environment via extracellular matrix binding proteins. These cues can be induced by forces such as shear stress, compressive stress, or tensile stress (54). IF flow results in localized shear stress at the cell surface which directly signals to cytoskeletal binding proteins leading to glioma cell migration (128). One of the major receptors implicated in this mechanism is CD44 (127, 131), but other matrix-binding proteins may also be involved in mechanotransduction in the glioma microenvironment. Both CXCR4 and CD44 are highly upregulated in glioma, which further enhances the importance of studying flow in conjunction with these cancers. Paths of invasion within the brain occur in perivascular spaces around blood vessels (132), along white matter tracts (38), in perineuronal spaces, and along the meningeal layers lining the brain. Coincidentally these are regions with increased preferential bulk flow as shown by Geer and Grossman in their seminal work using convection-infused dye as a surrogate for heightened tumor pressure and tumor cells. Though these regions are subject to bulk flow as opposed to interstitial flow, much of the IF flow that is moving within the brain extracellular space eventually drains toward and along these major conduits, thus linking IF flow, bulk flow, and invasive pathways.

Recently, Cornelison et al. showed that CED therapy (at 1 μL/min) in a GL261 mouse model increased invasion of glioma cells, mediated by CXCR4. By blocking CXCR4 with AMD3100 this invasive response was effectively eliminated, suggesting that CED therapy could be more efficacious by considering the impact of fluid flow. This was the first direct proof in vivo that CED could lead to increased invasion. Interstitial flow in other tissues can also alter the surrounding tissues (55, 133). Interestingly, in the brains bearing GL261 tumors, not only was CXCR4 phosphorylation increased in the tumor cells with CED, but there was also observably more p-CXCR4 in the surrounding parenchymal tissue, implicating neuroglial cells have a role in possibly other flow-related signaling. These findings could have major implications on the outcome of the CED procedures, and potentially offer some partial explanation into why CED has not been shown to statistically significantly increase patient survival in clinical trials.




CHALLENGES AND OPPORTUNITIES OF CED: FOCUS ON IFF

We contend that a vital component to successful CED treatment is recognizing inherent fluid flow and pathways within the brain and their impact. Though these therapies have been implemented for decades, very few studies exist that probe the inherent contributions of the brain to CED outcomes (as opposed to CED on brain outcomes, or more often, tumor outcomes). We propose that not only are these conduits acting as passive sinks, but that the bulk fluid flow that moves along white matter tracts and within ventricles are active conduits for bulk movement of drug. Not only are these more obvious locations privy to this type of flow, but also the perineuronal or perivascular or glymphatic pathways as well. These more microscopic bulk flows offer pathways of fluid movement that can just as easily transport drug away from the tumor and quickly out of the brain. Increases in IF flow may be a good thing in this regard as keeping therapies within the interstitial spaces of the brain where they move more slowly through the complex extracellular space may offer opportunities to access more invasive cells or exert effects longer. Regardless, coupling and appreciating that there are multiple flows occurring along multiple length scales within the tissue is integral to success of a therapy that aims to alter flow. In our imaging studies, we found that though IF flow velocities were fairly consistent between animals, the intratumoral heterogeneity was high, especially in terms of direction of flow (63). Perhaps imaging flow within tissues may offer insight into CED based therapy distribution and outcomes that are not clearly apparent by simply observing the anatomy of tumor and surrounding brain.

These inherent flow pathways within the brain and natural or abnormal flows that develop due to a tumor are important when determining the appropriate design elements that are implemented. For instance, the design of catheters could account for these flow pathways by understanding the natural forces that they may be feeling beyond flow and could be designed to take advantage (coupled with placement) of inherent flows to minimize issues with backflow. Drug design and development could also take advantage of IF flow by carefully sizing particles based on the known properties of the tissue and the effect of the specific rate of IF flow within those tissues. Use of in vitro models of IFF in the brain (127) coupled with potential CED-based therapies could offer insight before implementation in the brain. Further, a major advance would be to continue to develop imaging modalities that can yield the parameters needed to best model fluid flow and drug distribution within individual tumors, allowing the complex computational models to better predict therapeutic delivery.

An appreciation of IF flow is also important due to its biological impact. As we mentioned, it has been shown that only a 10-fold increase in interstitial flow compared to normal physiological flow can trigger glioma cell invasion in vitro and in vivo. This response is troubling in the context of CED as the introduction of higher flows may lead to more invasion, or trigger specific invasion in already invaded tumor cells. The impact of magnitude is not yet known as IFF responses have only been studied as an on-off mechanism. A strong understanding of how tumor cells respond to heightened flows over a range is important to an understanding of the implications of CED and perhaps implementation of therapies (such as CXCR4 inhibitors or CD44 inhibitors) that can attenuate these responses. Additionally, the effect on surrounding tissues is totally unstudied, but important for a strong comprehension of how drugs may be interacting within the extracellular spaces both with other cells and with the matrix. These changes could limit drug distribution through cellular uptake and matrix binding.

In theory, CED should be a very effective treatment, if not curative. It removes many of the mysteries facing systemic delivery: known drug concentration in the tumor, defined delivery profiles, increased distribution to access invasive cells, and in situ and personalized treatment of patient tumors. However, in clinical trials—there has been no statistically significant difference between CED and the standard treatment modalities. This is perplexing, and we propose that there is still something we are not accounting for. Though IFF is likely not the complete picture, a better knowledge and appreciation for the inherent flows within these tissues seems one logical step to better understanding outcomes of a flow-based therapy.
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Background

C type CpG oligodeoxynucleotides (CpG-C ODNs), possessing the features of both A type and B type CpG ODNs, exert a variety of immunostimulatory activities and have been demonstrated as an effective antitumor immunotherapy. Based on the structural characteristics, we designed 20 potential ODNs with the aim of synthesizing an optimal, novel CpG-C ODN specific to human and murine Toll-like receptor 9 (TLR9). We also sought to investigate the in vitro immunostimulatory and in vivo antitumor effects of the novel CpG-C ODN.



Methods

Twenty potential CpG-C ODNs were screened for their ability to secrete interferon (IFN)-α, and interleukin (IL)-6 and tumor necrosis factor (TNF)-α production for the three most promising sequences were assayed in human peripheral blood mononuclear cells (PBMCs) by enzyme-linked immunosorbent assay (ELISA) or cytometric bead array assay. The functions of human and mouse B cells, and cytokine production in mice induced by the most promising sequence, HP06T07, were determined by flow cytometry and ELISA. Growth and morphology of tumor tissues in in vivo murine models inoculated with CT26 cells were analyzed by a growth inhibition assay and immunohistochemistry, respectively.



Results

Among the 20 designed ODNs, HP06T07 significantly induced IFN-α, IL-6, and TNF-α secretion, and promoted B-cell activation and proliferation in a dose-dependent manner in human PBMCs and mouse splenocytes in vitro. Intratumoral injection of HP06T07 notably suppressed tumor growth and prolonged survival in the CT26 subcutaneous mouse model in a dose-dependent manner. HP06T07 administered nine times at 2-day intervals (I2) eradicated tumor growth at both primary and distant sites of CT26 tumors. HP06T07 restrained tumor growth by increasing the infiltration of T cells, NK cells, and plasmacytoid dendritic cells (pDCs).



Conclusions

HP06T07, a novel CpG-C ODN, shows potent immunostimulatory activity in vitro and suppresses tumor growth in the CT26 subcutaneous mouse model.





Keywords: cytosine-phosphate-guanosine dinucleotide-containing oligodeoxynucleotides, Toll-like receptor 9, plasmacytoid dendritic cells, B cells, antitumor immunotherapy



Introduction

Unmethylated cytosine-phosphate-guanosine dinucleotide (CpG)-containing oligodeoxynucleotides (ODNs), also known as immunostimulatory sequences (ISS), imitate the immunoenhancing activities of bacterial DNA (Krieg et al., 1995; Krieg, 2002). In addition, as ligands for Toll-like receptor 9 (TLR9), they directly activate plasmacytoid dendritic cells (pDCs) and B cells (Hemmi et al., 2000; Bauer et al., 2001).

Based on the chemical compositions, structures, and in vitro activities, CpG ODNs are divided structurally and functionally into three types: A, B, and C types [also known as D (CpG-A), K (CpG-B), and CpG-C types, respectively]. CpG-A ODNs, which naturally form a multimeric structure at ~20–100 nm under physiological conditions (Kerkmann et al., 2005), are characterized by a phosphodiester central CpG-containing palindromic motif, capped at the 3’-end by a phosphorothioate-modified poly G tail (Verthelyi et al., 2001). CpG-A ODNs can induce pDCs to produce large amounts of interferon (IFN)-α and tumor necrosis factor (TNF)-α, which in turn promotes higher IFN-α- and TNF-α-dependent NK cell activity (Marshall et al., 2003; Marschner et al., 2005; Marshall et al., 2006), CD8+ T cell activation, and cytotoxicity (Huber and Farrar, 2011). However, they weakly stimulate TLR9-dependent nuclear factor (NF)-κB signaling, and the production of pro-inflammatory cytokines such as interleukin (IL)-6 (Marshall et al., 2003; Vollmer et al., 2004).

CpG-B ODNs contain phosphorothioate backbones and encode one or more CpG dinucleotides (Verthelyi et al., 2001; Kadowaki et al., 2001). CpG-B ODNs markedly induce B-cell activation and maturation by upregulating CD40/CD80/CD86, activate B-cell proliferation, and increase the production of cytokines such as IL-6 and TNF-α, while inducing a relatively small production of IFN-α (Krieg, 2012).

CpG-C ODNs have the characteristics of both CpG-A and CpG-B ODNs (Bao et al., 2006), and contain a full phosphorothioate backbone and a stimulatory palindromic CpG-containing motif (Sharma et al., 2008). In addition, CpG-C ODNs markedly induce cytokine secretion such as IFN-α, IL-6, and TNF-α, and stimulate the activation and proliferation of B cells (Krieg et al., 1995; Krieg, 2002; Liu et al., 2011; Li et al., 2017). Such strong stimulatory features of CpG-C ODNs show promise for using as a therapeutic immunopotentiator.

CpG-C ODNs have shown potent immune-enhancing effects that require unique sequence characteristics (Vollmer et al., 2004; Liu et al., 2011; de Titta et al., 2013). For instance, ODN 2395, a typical CpG-C ODN, has two major indispensable sequence characteristics: (a) one or more TCG elements close to, or at the 5ʹ-end of the ODN, and (b) a palindromic sequence containing multiple CpG motifs at the 3ʹ-end of the ODN (Vollmer et al., 2004). In addition, the hexameric motif 5ʹ GTCGTT in ODNs has also been demonstrated as the optimal sequence for CpG-C ODNs activities such as that of ODN 2395 (Vollmer et al., 2004). However, it has also been demonstrated that CpG-C ODNs such as C274, C695, and C792 that lack this sequence, also have very potent immunoenhancing effects (Fearon et al., 2003; Marshall et al., 2004; Marshall et al., 2005). In addition, the increasing IFN-α production correlates with longer palindromes (Marshall et al., 2005; Du et al., 2007).

CpG ODNs have been demonstrated to stimulate type-I helper T cells (Th1)-biased innate and adaptive immune responses in both pre-clinical and clinical studies (Klinman, 2004; Krieg, 2012). The stimulation is mediated by initiation of B-cell proliferation and activation (Krieg, 1996; Walker et al., 1999; Hartmann et al., 2000), enhancement of cytokine secretion (Krieg et al., 1999), or promotion of NK-cell cytotoxicity (Ballas et al., 1996). CpG ODNs have received widespread attention for using as vaccine adjuvants (Shirota and Klinman, 2014) and immunotherapeutic agents to treat various infections (Nijnik, 2013), allergies, and cancers (Klinman, 2004; van Duin et al., 2006). Extensive pre-clinical and clinical studies have provided evidence that CpG ODNs are an effective treatment option for cancers, owing to their ability to initiate immune activation in the tumor microenvironment, and break immunosuppression and tolerance (Whitmore et al., 2004). In mice, some studies have demonstrated that intratumoral injections of CpG ODNs can effectively delay tumor growth by stimulating innate and adaptive responses (Sharma et al., 2008; Marabelle et al., 2014). In humans, combining intratumoral CpG ODN with radiation has been demonstrated to be efficacious in patients with cutaneous T-cell lymphoma (Kim et al., 2012) and indolent B-cell lymphoma (Brody et al., 2010). In addition, CpG ODNs have been studied in combination with other drugs to treat cancers (Krieg, 2012; Scheiermann and Klinman, 2014), especially drugs of checkpoint inhibitors such as anti-programmed cell death 1 (PD-1) antibodies (Wang S. et al., 2016; Wang C. et al., 2016). In recent years, CpG-C ODNs, owing to the potent immunostimulatory activity, have been examined for cancer treatment. For example, SD101 (CpG-C ODN) represses tumor growth and reverts the resistance of anti-PD-1 antibodies by increasing leukocyte infiltration and type I IFN-regulated gene expression in a mouse model and a phase 1b/2 clinical experiment, respectively (Wang S. et al., 2016; Ribas et al., 2016).

In this study, we designed 20 potential ODNs based on the nucleotide sequence features of CpG-C ODNs with altered CpG motifs. The immunostimulatory properties of these CpG ODNs were comprehensively investigated to target the best novel CpG-C ODN that is specific to human and murine TLR9. We detected the abilities of the novel CpG-C ODN, HP06T07, to stimulate cytokine (IFN-α, IL-6, and TNF-α) secretion, and activation and proliferation of B cells in human peripheral blood mononuclear cells (PBMCs) and mouse splenocytes in vitro. In addition, we confirmed the antitumor effect of HP06T07 using the in vivo mouse CT26 tumor model.



Materials and Methods


CpG ODNs

Single-stranded, phosphorothioated ODNs containing CpG sequences were synthesized by Ribo Life Science Company (Suzhou, China). ODN 1-20 (ODN 13 was renamed HP06T07) were the sequences modified based on the nucleotide sequence characteristics of CpG-C ODNs. CpG-C control (GC) was used as the negative control for the CpG-C ODN. The positive controls were ODN 2216 (CpG-A), 2006 (CpG-B), and 2395 (CpG-C). All CpG ODNs were described in Supplementary Table 1. All CpG ODNs were dissolved in sterile endotoxin-free water.



Animals

Specific-pathogen-free female BALB/c and C57BL/6 mice (Vital River Laboratory Animal Technology Co., Beijing, China), between 6 and 8 weeks old, were used in the study, and were maintained in a pathogen-free animal facility at the Institute of Translational Medicine, The First Hospital, Jilin University. All animal experiments were performed in accordance with institutional guidelines and the protocols were approved by the ethics committee of the First Hospital of Jilin University, Changchun, China (approval no.: 2017-031).



Cells and Cell Culture

Human PBMCs were isolated using Ficoll (Corning, NY, USA) density gradient centrifugation of buffy coats obtained from healthy volunteers enrolled by the First Hospital of Jilin University. All volunteers signed an informed consent for use of their data for research purposes. The protocol used was approved by the institutional ethics committee (approval no.: 2017-031). Mouse splenocytes were isolated from 6- to 8-week-old BALB/c mice and cultured in RPMI-1640 medium (Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS; Clark, USA) and 1% penicillin/streptomycin (TransGen Biotech, Beijing, China). The murine CT26 colon carcinoma cells were purchased from the American Type Culture Collection (Gaining Biological; Shanghai, China). The CT26 cells were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were cultured at 37°C in humidified air containing 5% CO2.



Detection of Cytokines Using Enzyme-Linked Immunosorbent Assay (ELISA) and Cytometric Bead Array (CBA) Assay

Human PBMCs or mouse splenocytes were cultured at 0.2–1×106 cells/well in 96-well U-bottomed plates using different concentrations of CpG ODNs. After 16 h, the supernatants were harvested and assayed with the following ELISA kits: human IFN-α, mouse IL-6, mouse TNF-α (Mabtech, Sweden), and mouse IFN-α (eBioscience, Vienna, Australia). Human IL-6 and TNF-α were analyzed using CBA (BD Biosciences, San Jose, CA, USA). All kits were used according to the manufacturers’ instructions and the results obtained were expressed as picogram per milliliter (pg/ml). For the CBA assays, 50 μl of diluted samples or recombinant standards were incubated with 50 µl mixed capture beads for 1 h at 25°C. Then, 50 µl phycoerythrin-conjugated detection antibodies were added for 2 h protected from light to form the sandwich complexes. After washing the samples to remove the unbound reagents, the concentrations of the cytokines were determined using a flow cytometer (FACS Array; BD Biosciences, San Jose, USA) and the obtained data were analyzed using the FCAP Array software (BD Biosciences, San Jose, CA, USA).



Flow Cytometry Analysis

After stimulation with or without CpG ODNs for 24 h, human PBMCs or mouse splenocytes were collected, pre-incubated with anti-mouse CD16/32 antibodies (BD Biosciences, San Jose, CA, USA), and the dead cells were excluded using an aqua dead cell staining kit (Invitrogen, San Diego, CA, USA). The cells were stained with the following antibodies: anti-human or anti-mouse CD45, CD3, CD19, CD80, and CD86 (BD Biosciences, San Jose, USA); incubated with the respective antibodies for 25 min at 4°C; and then washed twice. After performing FACS using LSRFortessa™ cytometer (BD Biosciences, San Jose, CA, USA), the results were analyzed using the FlowJo software (BD Biosciences, San Jose, CA, USA).



Cell Proliferation Assays

Human PBMCs or mouse splenocytes (5 × 105 cells) were suspended in phosphate-buffered saline (PBS) and then stained with 5-(and 6-) carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen, San Diego, CA, USA) at 37°C for 7 min, protected from light. Pre-cooled RPMI-1640 medium containing FBS was then added to the cells to stop the staining process. After three rounds of washing, cells were incubated with or without CpG ODNs at 37°C for 72 h, and harvested for staining with other antibodies. All flow cytometry data were acquired using the LSRFortessa™ cytometer and were analyzed using the FlowJo software. Decreased CFSE content indicated proliferating cells.



Syngeneic Mouse Models

For the CT26 mouse model, 2 × 105 CT26 tumor cells were injected subcutaneously into the right hind flank of the 6- to 8-week-old BALB/c mice on day 0 and 1 × 105 CT26 cells injected into the left side on day 4. When tumor sizes reached a maximum of 0.6–0.8 cm in diameter, 50 μl HP06T07, GC or PBS was injected into the right side of the tumors. Tumor sizes on both sides of mice were monitored using a digital caliper (AIRAJ, China) every 2–3 days, and the tumor volumes were calculated using the formula: volume (mm3) = (length × width × width)/2. When the tumor volumes exceeded 3,000 mm3, mice were euthanized.



Immunohistochemistry

Mice were euthanized on day 28, and tumors on the right and left sides were harvested, fixed in 4% paraformaldehyde for 24 h, and paraffin-embedded for immunohistochemistry using a method reported previously (Gur et al., 2011). Paraffin-embedded spleen sections were stained with rabbit anti-mouse CD3ϵ (99940S; 1:150; Cell Signaling Technology, Danvers, MA, USA), CD19 (90176S; 1:800; Cell Signaling Technology, Danvers, MA, USA), NCR1 (ab214468; 1:600; Abcam, Cambridge, MA, USA), and rat anti-mouse PDCA-1 (DDX0390P-100; 1:100; Novus biologicals, Littleton, CO, USA) antibodies overnight, washed with Tris-buffered saline, and then incubated with goat anti-rat/rabbit (Fuzhou Maxim Biotechnology Development Co., Ltd., Fuzhou, China) and 3,3’-diaminobenzidine (DAB) substrate (Fuzhou Maxim Biotechnology Development Co., Ltd., Fuzhou, China). Images were captured using a light microscope (BX51N-34-FL-1-D, Olympus Corporation, Tokyo, Japan) and processed by CellSens Dimension software (Universal Imaging).



Statistical Analysis

Data were analyzed using GraphPad Prism software (San Diego, CA, USA) and expressed as means ± standard error of the mean (SEM). Log-rank test was performed to compare survival curves between groups. Statistical significance of the differences between the experimental groups was determined using the Student’s t-test or two-way analysis of variance (ANOVA), followed by Bonferroni test for multiple comparisons. P values < 0.05 were considered significant (*P < 0.05, **P < 0.01, ***P < 0.001, and ****p < 0.0001).




Results


The Production of IFN-α, IL-6, and TNF-α by Human PBMCs Is Effectively Induced by CpG-C ODNs

CpG-C ODNs induce IFN-α production by pDCs (Marshall et al., 2003). ELISA results showed that ODN 9, ODN 10, and ODN 13 (the principal ODNs that renamed HP06T07) markedly induced IFN-α in a dose-dependent manner, and the induced IFN-α peaked at a CpG ODN concentration of 0.33 or 1 μM. Other CpG ODNs also stimulated IFN-α production to a certain degree, but their effects were weaker than those of ODN 9, ODN 10, and HP06T07 (Figure 1A and Table S1).




Figure1 | The production of IFN-α, IL-6, and TNF-α by human PBMCs is effectively induced by CpG-C ODNs. (A) Human PBMCs (2 × 105) were cultured with or without the 20 designed CpG-C ODNs at different concentrations (0.01, 0.03, 0.1, 0.3, 1, and 3 μM) for 16 h. Supernatants were harvested and assayed for IFN-α using ELISA. (B–D) Human PBMCs (2 × 105) were incubated with or without ODN 9, 10, 13 (the principal ODNs that renamed HP06T07), 2216, 2006, and 2395 at different concentrations (0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 μM) for 16 h. Supernatants were harvested and assayed for IFN-α (B) using ELISA, and IL-6 (C) and TNF-α (D) via CBA. All data are presented as means ± SEM of three technical replicates from two donors per group. Statistical significance of differences between ODN 2395 and other treated groups were determined (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).



The cytokine-inducing activities of these three CpG ODNs were evaluated using ELISA or CBA with the typical CpG-C ODN, ODN 2395, as the positive control to evaluate cytokine production. ODN 2006, a CpG-B ODN, was used as the negative control for IFN-α secretion, and as a positive control for IL-6 and TNF-α production. The results showed that ODN 2395 markedly induced IFN-α, IL-6, and TNF-α production, while ODN 2006 effectively induced IL-6 and TNF-α; no obvious IFN-α secretion was observed as mentioned above. Compared to ODN 9, ODN 10, and the controls, ODN 2006 and ODN 2395, the most upregulation of IFN-α, IL-6, and TNF-α was caused by HP06T07 (Figures 1B–D). Owing to the potent cytokine induction by HP06T07, it was used in subsequent experiments to confirm its function in vitro and in vivo.



Activation and Proliferation of Human B Cells Are Enhanced by HP06T07

CpG-C ODNs not only induce the production of cytokines, but promote B-cell activation and proliferation (Marshall et al., 2003). Flow cytometry analysis revealed that GC had no obvious effect on CD80 and CD86 expression in B cells. ODN 2395 significantly promoted CD80 and CD86 expression in B cells to increase their activation and maturation in a dose-dependent manner. HP06T07 also significantly promoted CD80 and CD86 expression in B cells in a dose-dependent manner (Figures 2A–D). In addition, the proliferation of B cells was determined using CFSE incorporation after stimulation for 3 days. Similar to the activation and maturation of B cells, HP06T07 and ODN 2395 increased the proliferation of B cells in a dose-dependent manner, whereas GC had no effect on B-cell proliferation (Figures 2E, F). All CpG ODNs had no direct effect on the proliferation of T cells (Figures 2G, H).




Figure 2 | Activation and proliferation of human B cells are enhanced by HP06T07. Human PBMCs (5 × 105) cultured with or without HP06T07 (red), ODN 2395 (green), and negative control GC (black) at different concentrations (0.01, 0.03, 0.1, 0.3, 1, and 3 μM) for 24 h. Cells were collected, and the dead cells were excluded using an aqua dead cell stain kit. Cells were then stained with CD3, CD19, CD80, and CD86. Representative plots and histograms of CD80 (A) and CD86 (C) expression analyzed using flow cytometry (gated on CD3- CD19+ B cells). (B, D) Expression of CD80 and CD86 on CD3− CD19+ B cells. (E–H) Human PBMCs (5 × 105) incorporated with CFSE and cultured with or without HP06T07, ODN 2395, and the negative control GC at different concentrations (0.01, 0.03, 0.1, 0.3, 1, and 3 μM) for 3 days. CD19+ B cell (E, F) and CD3+ T cell (G, H) proliferation was measured by decreasing the CFSE content. All data are presented as means ± SEM of three technical replicates from two donors per group. Statistical significance of differences between HP06T07 and ODN 2395 groups were determined (*P < 0.05, **P < 0.01, and ****P < 0.0001).



In addition, all CpG ODNs had no effect on IFN-α, IL-6, and TNF-α production (Figures S1C–E) and CD80 and CD86 expression (Figures S1F, G) in human monocyte-derived dendritic cells (MDDCs; Figures S1A, B) that did not express TLR9, suggesting that HP06T07 was specific to human TLR9.



Secretion of Cytokines and Functions of B Cells in Mouse Splenocytes Are Effectively Increased by HP06T07

HP06T07 markedly stimulated human PBMCs to secrete IFN-α, IL-6, and TNF-α, and enhanced B-cell activation and proliferation. To confirm the immune-enhancing function of HP06T07 in mice, similar studies were performed. In evaluating the production of cytokines, ELISA revealed that similar to the effect on human PBMCs, HP06T07 induced higher IFN-α, IL-6, and TNF-α secretion than ODN 2395, whereas GC did not induce the secretion of these cytokines (Figures 3A–C).




Figure 3 | Secretion of cytokines and functions of B cells in mouse splenocytes are effectively increased by HP06T07. (A) Mouse splenocytes (1 × 106) were cultured with or without HP06T07 (red), ODN 2395 (green), negative control GC (black), and ODN 2216, at different concentrations (0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 μM) for 16 h. Supernatants were harvested and assayed for IFN-α via ELISA. (B–C) Mouse splenocytes (5 × 105) were stimulated with or without HP06T07, ODN 2395 and negative control GC at different concentrations (0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 μM) for 16 h. Supernatants were harvested and assayed for IL-6 (B) and TNF-α (C) using ELISA. (D–G) Mouse splenocytes (5 ×105) were cultured with or without HP06T07, ODN 2395, and negative control GC at different concentrations (0.01, 0.03, 0.1, 0.3, 1, and 3 μM) for 24 h. Dead cells were excluded using the aqua dead stain kit and cells were stained with CD3, CD19, CD80, and CD86. Representative plots and histograms of CD80 (D) and CD86 (F) expression were analyzed using flow cytometry (gated on CD3− CD19+ B cells). (E, G) Expression of CD80 and CD86 on CD3− CD19+ B cells. (H–K) Mouse splenocytes (5 × 105) were incorporated with CFSE and cultured with or without HP06T07, ODN 2395, and negative control GC at different concentrations (0.01, 0.03, 0.1, 0.3, 1, and 3 μM) for 3 days. CD19+ B cell (H, I) and CD3+ T cell (J, K) proliferation was measured by decreasing CFSE content. All data are presented as means ± SEM of two to three technical replicates from two independent experiments per group. Statistical significance of differences between HP06T07 or ODN 2216 and ODN 2395 groups were determined (**P < 0.01, ***P < 0.001, and ****P < 0.0001).



We additionally detected the activation and proliferation of B cells in mouse splenocytes stimulated by CpG ODNs. Mouse splenocytes were stimulated with or without HP06T07, ODN 2395, and the negative control GC; all were triple diluted (0.01, 0.03, 0.11, 0.33, 1, and 3 μM). As observed with human B cells, ODN 2395 induced B cells to express CD80 and CD86 (Figures 3D–G), and promoted B-cell proliferation (Figures 3H, I). GC had no effect on B-cell activities. HP06T07 enhanced B-cell activation and proliferation with higher values observed than ODN 2395 (Figures 3D–I). Furthermore, all CpG ODNs did not affect the proliferation of T cells (Figures 3J, K).

We next investigated mouse TLR9 (mTLR9) activation by HP06T07 using HEK-Blue™-mTLR9 cells (Figure S1H) and the parental cell line HEK-Blue™ Null1 cells (Figure S1I). HP06T07 more markedly augmented the activation of mTLR9 at a low concentration than ODN2395 did, while GC had no effect in HEK-Blue™-mTLR9 cells (Figure S1H). All CpG ODNs had no effect in HEK-Blue™ Null1 cells that did not express mTLR9 (Figures S1I–K). These results suggested that the novel CpG-C ODN, HP06T07, was specific to mTLR9.



In Vivo Treatment With Different Doses and Administration Regimen of HP06T07 Restrains CT26 Tumor Growth

The above results showed that the HP06T07 designed as a CpG-C ODN clearly promoted B-cell functions and enhanced the secretion of cytokines including IFN-α, IL-6, and TNF-α. To further evaluate whether intratumoral treatment with HP06T07 suppresses tumor growth, and confirm the optimal dose, CT26 cells were implanted in both flanks of BALB/c mice. Firstly, the CT26 tumor-bearing mice were divided into six groups and intratumorally injected with PBS, the CpG-C negative control GC, and four doses of HP06T07 (0.3, 1, 2.5, and 5 mg/kg) in the right flank on day 8, 11, 14, 17, and 20 (Figure 4A). Tumor growth and mouse weights were then monitored (Figures 4B–E). HP06T07 significantly suppressed tumor growth in a dose-dependent manner on the right injected and left uninjected sites. In addition, HP06T07 (5 mg/kg) showed the most obvious immunotherapeutic effect (Figures 4B, C). The survival study illustrated that HP06T07 improved the survival of mice bearing CT26 tumors (Figure 4D). HP06T07 did not reduce the weight of the mice, suggesting that HP06T07 does not induce major side effects (Figure 4E). Furthermore, HP06T07 (5 mg/kg) significantly suppressed tumor growth more than ODN 2395 (5 mg/kg) treatment did (Figure 4F).




Figure 4 | In vivo treatment with different doses of HP06T07 exhibits diverse immunotherapeutic effect on CT26 tumors. (A) Experimental protocol for HP06T07 treatment with different doses or ODN 2395 treatment. CT26 (2 × 105) cells were implanted subcutaneously into right flanks of 6- to 8-week-old BALB/c mice on day 0, and the CT26 (1 × 105) cells injected into the left side on day 4. When tumor sizes reached a maximum of 0.6–0.8 cm in diameter (day 8), different doses of HP06T07 (0.3, 1, 2.5, and 5 mg/kg; yellow, green, blue, and red, respectively) or GC (2.5 mg/kg; purple) were intratumorally injected into the right side of tumors on day 8, 11, 14, 17, and 20. Tumor sizes on both sides of mice were monitored using a digital caliper, every 3 days. (B) Tumor volumes of injected right site of tumors over time. (C) Tumor volumes of uninjected left site of tumors over time. (D) Overall survival over time. (E) Mouse weights over time. (F) Tumor volumes of injected right site of tumors in mouse treated with or without 5 mg/kg HP06T07 (red) or ODN2395 (green). All data are means ± SEM (n = 6/group). Statistical significance of differences was determined (*P < 0.05, *P < 0.01, ***P < 0.001, and ****P < 0.0001).



In addition, bilateral CT26 tumor models were treated with 3 mg/kg HP06T07 at different administration intervals and times (Figure 5A), which repressed tumor progression to some extent. The consecutive administration of HP06T07 nine times at 2-day intervals (I2), had the best antitumor effect in delaying CT26 tumor growth at both primary and distant sites (Figures 5B, C). HP06T07 administered four times at 5-day intervals (I5) also exhibited antitumor effect. HP06T07 administered six times at 3-day intervals (I3), and five times at 6-day intervals (I4) displayed similar antitumor effect, but weaker than those of I2 and I5 (Figures 5B, C). Overall, HP06T07 did not decrease mouse weights (Figure 5D).




Figure 5 | In vivo treatment with different administration regimens of HP06T07 suppresses tumor growth. (A) Experimental protocol of HP06T07 treatment with different administration regimens. CT26 (2 × 105) cells were implanted subcutaneously into the right flank of 6- to 8-week-old BALB/c mice on day 0, and on day 4 in left flank using the CT26 (1 × 105) cells. When tumor sizes reached a maximum of 0.6–0.8 cm in diameter (day 10), 3 mg/kg HP06T07 was intratumorally injected into right side of tumors at 50 μl, and was administered consecutively four times at 5-day intervals (days 10, 15, 20, and 25; I5; yellow), five times at 4-day intervals (day 10, 14, 18, 22, and 26; I4; green), six times at 3-day intervals (day 10, 13, 16, 19, 22, and 25; I3; blue) or nine times at 2-day intervals (day 10, 12, 14, 16, 18, 20, 22, 24, and 26; I2; red). Tumor sizes on both sides of mice were monitored using digital calipers, every 2 days. Tumor growth on injected right (B) and uninjected left (C) sites was monitored. (D) Mouse weights over time. All data are means ± SEM (n = 8/group). Statistical significance of differences was determined (*P < 0.05, **P < 0.001, and ****P < 0.0001).





Treatment With HP06T07 Induces Accumulation of T Cells, NK Cells, and pDCs

To characterize the antitumor effects of HP06T07 on tumor-infiltrating immune cells, tumors of mice treated with HP06T07 or PBS administered six times at 3-day intervals (I3) were harvested 2 days after the last treatment. Immunohistochemistry of tumor sections from right side of HP06T07-treated mice showed CD3+ cells (Figure 6A), whereas the control mice showed few CD3+ cells. In addition, HP06T07 promoted the infiltration of NCR1+ (Figure 6B) and PDCA-1+ (Figure 6C) cells, compared to the PBS-treated group. No significant changes in CD19+, a B-cell specific surface antigen, were observed in tumors between the HP06T07- and PBS-treated groups (Figure 6D). These results demonstrated that HP06T07 increased the infiltration of T cells, NK cells, and pDCs.




Figure 6 | Treatment with HP06T07 induces accumulation of T cells, NK cells, and pDCs. Three mg/kg HP06T07 or PBS was intratumorally injected into right sides of tumors at 50 μl and was administered consecutively six times at 3-day intervals (day 10, 13, 16, 19, 22, and 25; I3). Two days after last treatment, tumors on the right sides of mice were harvested, embedded with paraffin, and stained with anti-mouse CD3ϵ (A), NK cell marker NCR1 (B), pDCs marker PDCA-1 (C), and CD19 (D). Positive cells were detected with alkaline phosphatase-conjugated goat anti-rat/rabbit IgG according to the manufacturer’s instructions. Representative images from one of three HP06T07- or PBS-treated mice are shown. Arrows indicate infiltration of immune cells. Original magnification, 200× and 400×. Histogram results were expressed as mean ± SEM of positive cells/field evaluated at 400× images (n = 4–6/group). Statistical significance of differences was determined (*P < 0.05 and ***P < 0.001).






Discussion

In this study, we aimed to screen novel CpG-C ODNs developed with proprietary intellectual property rights. To this end, in vitro and in vivo experimental studies were performed to evaluate the immunostimulatory properties of the novel CpG-C ODN that is specific for humans and mice, from the 20 potential ODNs designed based on the nucleotide sequence characteristics of CpG-C ODNs.

The data clearly indicate that HP06T07 is an effective CpG-C ODN. CpG-C ODNs markedly induce IFN-α, IL-6, and TNF-α secretion and stimulate B cells (Marshall et al., 2003). Firstly, the designed HP06T07 significantly induced IFN-α secretion from human PBMCs and mouse splenocytes compared to the control formulation (Figures 1A, B and 3A). Secondly, HP06T07 enhanced IL-6 and TNF-α production in human and mouse cells in vitro (Figures 1C, D and 3B, C). HP06T07 also markedly increased CD80 and CD86 expression in human and murine B cells (Figures 2A–D and 3D–G), and promoted B cell proliferation (Figures 2E, F and 3H, I). Thus, the data obtained clearly demonstrated that HP06T07 is an effective immunostimulatory human and murine CpG-C ODN.

The detection of cytokine production is a conventional method for the screening of CpG ODNs. In this study, IFN-α production was first checked to screen 20 potential CpG-C ODNs except CpG-B ODNs. We found that ODN 9, ODN 10, and HP06T07 significantly induced IFN-α secretion in human PBMCs. IFN-α has many biological functions including promoting the proliferation of Th1 (Belardelli, 1995), increasing the tumor-specific cytolytic T cell activity (von Hoegen et al., 1990), and suppressing tumor growth and tumor angiogenesis (Okada et al., 2001). Therefore, these three most promising ODNs were selected for a further study to detect IL-6 and TNF-α production. We found that HP06T07 markedly promoted IL-6 and TNF-α production. Thus, HP06T07 was deemed the most promising CpG-C ODN. In addition, HP06T07 enhanced the functions of B cells in human and mouse, and increased cytokine production in mouse. Thus, HP06T07 is an effective CpG-C ODN specific for humans and mice.

HP06T07, a 29-nucleotide phosphorothioate oligodeoxynucleotide, significantly induced the secretion of cytokines in human PBMCs and mouse splenocytes in vitro. However, certain cytokines could be produced by several immune cells. For example, IFN-α is predominantly secreted by pDCs (Liu, 2005); however, other immune cells such as macrophages and T cells also produce IFN-α. TNF-α is produced by pDCs, B cells, and monocytes/macrophages, among other cells (Campbell et al., 2009). In the present study, we determined the concentration of the cytokines stimulated by HP06T07 in human PBMCs and mouse splenocytes; however, we were unable to identify the cells induced by CpG ODNs. Thus, flow cytometry or sorted pDCs and B cells should be used as more precise methods to further determine the cell-specific activation of HP06T07 in future studies.

In our in vivo experiments, tumor growth in CT26 subcutaneous model treated with different concentrations of HP06T07 delivered to the tumor was notably suppressed in a dose-dependent manner (Figure 4). These results indicated that HP06T07 owing to its powerful immunostimulatory effect, has efficient antitumor activity and is expected to be one of the most potent monotherapies for cancers. The effects of the intratumoral injection aligns with previous reports that in situ vaccination with CpG-C ODN significantly inhibited the occurrence and development of tumors (Sato-Kaneko et al., 2017; Sagiv-Barfi et al., 2018). We also investigated the antitumor effect of different administration regimens (intervals and times) of HP06T07 (Figure 5). We demonstrated that HP06T07 administered at I2 and I5 had the best antitumor effect by delaying CT26 tumor growth on both right and left sites (Figure 5). Therefore, intensive monotherapy with HP06T07 either continuously or at regular intervals achieved superior therapeutic effects.

In vivo treatment with different doses and administration regimen of HP06T07 did not decrease mouse weights. However, the HP06T07-treated groups appeared to experience slightly less weight gain than the PBS-treated group. The reason might be that HP06T07 significantly suppressed tumor growth to keep tumors at small volumes, while the tumor in the PBS-treated group could not be controlled and thus, kept increasing. Consequently, the overall mouse weights (pure mouse weights and tumor weights) in the PBS-treated group were obviously increased especially when tumor volumes exceeded 1,000 mm3.

Intratumoral injection of HP06T07 enhanced the infiltration of CD3+ T cells, NCR1+ NK cells, and PDCA-1+ pDCs as shown by immunohistochemistry (Figure 6). CD3 is commonly used as a T-cell-specific marker. NKp46, a major killer receptor, is expressed exclusively by NK and NK-like cells for which an orthologous protein, NCR1, has been found in mice (Gur et al., 2010). Thus, NCR1 is considered as the most specific mouse NK cell marker (Gur et al., 2011). B220 (CD45R) and PDCA-1 (BST2) are important specific phenotype markers of pDCs (Narendra et al., 2014; Kostarnoy et al., 2017). However, B220 was expressed not only on pDCs, but also on B cells and activated T cells (Simon et al., 2018). Therefore, PDCA-1 was considered the more accurate and specific marker. CD19 is usually used as a B-cell marker. In our studies, CD19+ cells were few and scattered, and no significant difference occurred between HP06T07-treated and PBS-treated groups. In our in vitro experiments, however, HP06T07 significantly promoted B-cell proliferation. A possible reason to explain this contradiction might be that the B cells were only a small population of immune cells in the subcutaneous tumor tissues, making them difficult to detect using immunohistochemistry. Flow cytometry analysis to detect the infiltrations and functions of immune cells might solve this problem in the future.

HP06T07 significantly suppressed tumor growth on the right injected and left uninjected sites, suggesting that intratumoral injection of HP06T07 triggered systemic antitumor immune responses. This is consistent with previous reports in which CpG ODNs inhibited growth of tumors on both sides in CT26, MCA38, TSA, and A20 mouse models (Wang S. et al., 2016; Sagiv-Barfi et al., 2018). HP06T07 promoted the accumulation of T cells, B cells, NK cells, and pDCs. However, the exact and in-depth mechanism of the antitumor effect of HP06T07 was not identified in the present study. Thus, immune system responses and other mechanisms that might be involved in the treatment with HP06T07 still require elucidation by further investigations.



Conclusions

We have demonstrated that the novel CpG-C ODN, HP06T07, significantly induces B-cell functions, and IFN-α, IL-6, and TNF-α secretion in human and mouse in vitro. In addition, intratumoral injection of HP06T07 suppressed tumor growth at both primary and distant sites of CT26 tumors. In the future, with more studies, HP06T07 may be an excellent candidate for cancer therapy when used as a monotherapy or co-therapy.
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Glioblastoma (GB) is the most common and devastating form of brain cancer. Despite conventional treatments, progression or recurrences are systematic. In recent years, immunotherapies have emerged as an effective treatment in a number of cancers, leaving the question of their usefulness also faced with the particular case of brain tumors. The challenge here is major not only because the brain is the seat of our consciousness but also because of its isolation by the blood-brain barrier and the presence of a unique microenvironment that constitutes the central nervous system (CNS) with very specific constituent or patrolling cells. Much of the microenvironment is made up of immune cells or inflammation. Among these, tumor-associated macrophages (TAMs) are of significant interest as they are often involved in facilitating tumor progression as well as the development of resistance to standard therapies. In this review, the ubiquity of TAMs in GB will be discussed while the specific case of microglia resident in the brain will be also emphasized. In addition, the roles of TAMs as accomplices in the progression of GB and resistance to treatment will be presented. Finally, clinical trials targeting TAMs as a means of treating cancer will be discussed.
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Introduction

Glioblastoma (GB) is the most frequent and malignant form of brain tumors. It is associated with a poor prognosis and the median overall survival of GB patients is about 15 months after standard of care (Stupp et al., 2009). Conventional treatments consist of maximal safe resection followed by external radiotherapy and concomitant chemotherapy based on the use of the alkylating agent temozolomide (TMZ) (Stupp et al., 2005). However, recurrence inevitably occurs. Currently, no therapy can completely cure GB; current treatments can only marginally improve the overall survival of patients. The current strategy focuses mostly on targeting the tumor cells, failing to account for other cellular constituents present in the tumor. Hence, to cure and achieve a complete resection of GB tumors, new therapeutic strategies are in great demand.

GB is a highly heterogeneous tumor, with diverse co-existing cell types that include tumor cells, endothelial cells, fibroblasts and different cell types from the immune system (Charles et al., 2011; Quail and Joyce, 2017). A particular emphasis has been placed on the immune system and especially on tumor-associated macrophages (TAMs) as they are the dominant infiltrating immune cell population in GB. These cells interact with tumor cells to promote tumor growth and progression (Feng et al., 2015). The host defense is composed of both innate and adaptative immune cells and they are both involved in cancer immune surveillance in early stages of the disease. However, the tumor is able to escape this immune surveillance during its development. At that point, the tumor can recruit immune cells and change their original function to be one of its accomplices (Brown et al., 2018; Finn, 2018). Tumor cells can inhibit the cytotoxic function of the immune system by secreting immunosuppressive factors or recruiting immunosuppressive inflammatory cells. In relation to this, macrophages appear to be a promising target to improve the effectiveness of actual therapy as more and more information on their physiological and pathological roles in the brain is being uncovered.

Macrophages are the most abundant infiltrating immune cells in GB. Their function is different from their homolog in healthy tissues (Nishie et al., 1999; Hussain et al., 2006). They are able to discriminate the components of the self from the non-self (microbes) but also the altered components of the self. When recognizing the non-self or altered self-components, they can begin their process of elimination. Macrophages located in the tumor microenvironment are called tumor-associated macrophages. Under normal physiological conditions, macrophages are implicated in different processes such as organ development, tissue homeostasis, host defense against infections. These cells can also participate in metabolic disorders, immune diseases and cancer development (Sica et al., 2015). Normally, the myeloid population is the major player of the innate immune system and represents up to 30% of the tumor mass (Rossi et al., 1987; Graeber et al., 2002). Both the activation status and the number of TAMs present in the tumor microenvironment seem to influence GB prognosis (Komohara et al., 2008; Lu-Emerson et al., 2013; Pyonteck et al., 2013).

Macrophages are characterized by their plasticity and heterogeneity. They can be activated by different types of stimuli (growth factors, cytokines, microbial products, nucleotides) which in turn will affect macrophages differently (Poh and Ernst, 2018). In vitro, the stimulation of macrophages by interferon-γ (IFN–γ) and/or lipopolysaccharides (LPS) induces the classical (M1) macrophage polarization (Nielsen and Schmid, 2017). M1 macrophages favor the generation of T helper Type 1 (Th1) lymphocytes. Classically activated macrophages are good effectors to fight malignant tumors and are associated with chronic inflammation (Atri et al., 2018). Those macrophages are characterized by a high expression of IL-12, IL-23, and a low expression of IL-10. They can also produce high levels of pro-inflammatory cytokines IL-1β, tumor necrosis factor α (TNF-α), and IL-6, and increase the expression of inducible nitric oxide synthase (iNOS, NOSII) and reactive oxygen species (ROS). Another known stimulus for M1 macrophages is GM-CSF (Granulocyte Macrophage Colony-Stimulating Factor). It activates STAT5, which leads to the activation of the PI3K-AKT pathway (Jeannin et al., 2018).

On the contrary, macrophages stimulated in vitro by IL-4 and/or IL-13 are called alternatively activated (M2) macrophages (Murray et al., 2014). They are known effectors for promoting Th2 lymphocytes. They are involved in angiogenesis and tumor progression (Martinez and Gordon, 2014). This phenotype is associated with a low expression of IL-12, IL-23, and a high expression of IL-10 and TGF-β. Furthermore, M2 macrophages also have high levels of arginase 1 (Arg1), mannose receptors and scavenger receptors. M-CSF (Macrophage Colony-Stimulating Factor) and IL-34 also induce a M2 phenotype. M-CSF and IL-34 express the same receptor named CD115 and activate the MAP kinases signaling pathway (Jeannin et al., 2018).

Although the traditional M1/M2 dichotomy is useful for understanding the functionality of TAMs, recent analyzes, in particular of single-cell, revealed a spectrum of activation states much more complex than these traditional polarizations (Locati et al., 2020). Hence, macrophages in cancer are double-edged swords exerting pro- and antitumor functions. More than a real opposition, the M1/M2 signature crystallize a continuum of two extremes capable of specific adaptations (eg., chromatin remodeling, epigenetic marks, trained immunity, metabolic reprogramming,…) to various loco-regional cues (eg., cytokines, chemokines, miRNA, or immune checkpoints). In addition, proliferating monocytes could persist in a state of self-renewal within tumor tissues, rather than immediately differentiate into macrophages indicating a much higher complexity (Lin et al., 2019). It should again be emphasized that the M1 and M2 markers are distinct across species and in particular between humans and mice (eg., in human NOSII and Arg1 do not account for M1 and M2 macrophages, respectively) (Thomas and Mattila, 2014). In this regard, there are no specific surface markers in humans except a privileged panel of produced cytokines.

TAMs that are described in the tumor have in most cases pro-tumorigenic functions that promote tumor growth, invasion, angiogenesis, and tumor metastasis. In the GB microenvironment, both TAMs derive from blood monocytes; some originate from resident macrophages called microglia. Hence, macrophages appear to be an attractive target for new therapeutic strategies (Noy and Pollard, 2014).

The goal of this review is to discuss whether macrophages are worth considering as therapeutic targets in GB and to summarize the existing drugs targeting macrophages. In the second part of this review, the presence of microglia in brain tumor will be discussed. Then, the roles of TAMs in regulating the tumor development, progression, and the response to conventional therapy will be reviewed. Finally, a survey of clinical trials testing drugs against macrophages in cancer will be presented.



The Presence of TAMs in GB: Reality or Not?

The World Health Organization (WHO) classification of Central Nervous System (CNS) tumors was restructured in 2016. Diagnoses are based on both molecular alterations and histopathologic features (integrated diagnosis) in contrast to the 2007 WHO classification that only included histopathologic features (Louis et al., 2007; Louis et al., 2016). The tumor is essentially defined by the characteristics of the tumor cells that compose it, independently of the ecosystem in which they evolve and which they could themselves modify. GB also consists of many different noncancerous cells. The following cells are known to define the tumor microenvironment: endothelial cells, pericytes, fibroblasts, and immune cells in addition to cancer cells (Quail and Joyce, 2013).

The tumor microenvironment is now emerging as an important regulator of cancer progression (Quail and Joyce, 2017). Data from the literature seem to suggest that distinct molecular profiles in GB are correlated with differences in their microenvironment (Zhernakova et al., 2018). Even if the WHO classification now includes molecular data, no information on the tumor microenvironment has been integrated so far. Despite the fact that a solid tumor has never been seen without infiltrating immune cells, current diagnostic guidelines often forget voluntarily to take this into account. Although this does not necessarily modify the diagnosis as it is perceived today, it could be useful as regards the consideration of patient management and escape or not to new well identified therapies. The presence of TAMs has already been well described in GB (Saha et al., 2017; Séhédic et al., 2017; Roesch et al., 2018). In a mouse model, TAMs were observed in perivascular areas in the tumor and seem to be implicated in gliomagenesis Feng et al., 2015. Interestingly, their localization in the tumor appears to depend on their phenotypes Schiffer et al., 2018. In 2012, a meta-analysis showed that a high density of TAMs appeared to be associated with a poor prognosis in head and neck, ovarian and breast cancer and with a better prognosis in colorectal cancer (Zhang et al., 2012; Yuan et al., 2017; Zhao et al., 2017). Further evidence revealed that human GB display a mixed population of M1/M2 macrophages, and the ratio M1:M2 correlated with survival in IDH1 R132H wild type GB (Zeiner et al., 2018). In high-grade gliomas, M2 macrophages were correlated with an unfavorable prognostic (Sørensen et al., 2018). Caponegro et al. also described a correlation between the presence of TAMs and a poorest prognosis in GB (Caponegro et al., 2018). Furthermore, a study based on magnetic resonance imaging in GB showed that highly aggressive tumors were also correlated with the presence of TAMs (Zhou et al., 2018). Taking into account these findings, the presence of TAMs in GB has been well proven. Macrophages are important for the progression of GB and assessing them may give more information on the prognosis.



Microglia: The Resident Macrophages of the CNS

Microglia are the resident macrophages of the CNS and a healthy CNS macrophage population consists only of resident microglia. The blood brain barrier is impaired in neuropathological diseases, thus allowing an infiltration of monocytes form peripheral blood. In GB, both resident microglia and peripheral macrophages can be detected (Lisi et al., 2017). It is crucial to understand their molecular differences and their specific roles in the tumor. Resident microglia and newly recruited macrophages, hereafter referred to as peripheral macrophages have a distinct origin, as microglia arise from the yolk sac primitive macrophages (Ginhoux et al., 2013; Ginhoux and Guilliams, 2016). Although their origin differs, they share common histologic characteristics. Differentiating between microglia and peripheral macrophages is a difficult task, since they share common surface markers. The name TAM may very well include both resident microglia and monocyte-derived macrophages (Szulzewsky et al., 2015; Kloepper et al., 2016). In order to separate macrophages of hematopoietic origin from resident microglia, CD45 was used in flow cytometry analysis (Badie et al., 2000). However, resident microglia can upregulate their CD45 expression, making them indistinguishable from peripheral macrophages (Müller et al., 2015). Using a genetically engineered mouse, it was demonstrated that peripheral macrophages represent the majority of TAMs in the tumor, and resident microglia form a minor TAM population (Chen et al., 2017). Moreover, resident microglia and peripheral macrophages have different preferential localizations. Peripheral macrophages mostly appear in perivascular areas while resident macrophages are usually located in the peritumoral zone. A recent study showed that only a small batch of common genes toward species (rat, mice, human) differentiates GB-induced polarization of resident microglia (Walentynowicz et al., 2018). Although many studies tried to decipher the origin of TAMs in the tumor, no clear answer has yet been obtained.

Resident microglia are described to be involved in many processes including tumor growth and progression (Bryukhovetskiy et al., 2016; Matias et al., 2018). Microglia were shown to contribute to the invasiveness of GB by upregulating serpin family A member 3 (SERPINA3) expression in GB stem cells (GSCs), that is implicated in the remodeling of the extracellular matrix (Li et al., 2018). Resident microglia were also shown to mediate GB progression and stemness through the activation of interferon regulatory factor 7 (IRF7) that generates an inflammatory environment (Li Z. et al., 2017). Resident microglia are also involved in antitumor immunity processes through the expression of toll-like receptor 2 (TLR2) that down regulates their major histocompatibility complex class II (MHCII) expression (Qian et al., 2018). In a murine model, enhancer of zeste homolog 2 (EZH2) expression in GB was shown to be involved in the polarization of TAMs toward the M2 phenotype, creating an immune deficient environment (Yin et al., 2017). A 6 cytokine-related gene signature in resident microglia was shown to be sufficient to predict survival and identify M2 cells in GB (Cai et al., 2015). Both resident and peripheral macrophages are uniquely involved in supporting GB growth and progression. Hence, if we wish to target TAMs as a mean to treat GB, we must first characterize this population as peripheral macrophages and/or resident microglia and counter their exact roles in GB initiation and maintenance.



Tumor-Associated Macrophages: A Partner in Crime for Tumor Cells

A tumor can influence its microenvironment, and inversely. Thus, the interactions between the tumor cells and the nearby non-tumor cells are crucial to promote tumor angiogenesis, peripheral immune tolerance, and tumor growth. As previously said, TAMs are highly represented inside the tumor microenvironment. They are known for their heterogeneous phenotype, which by simplification can be with either anti-tumor (M1-like) or pro-tumor functions (M2-like). As TAMs are highly plastic cells, they can program themselves into both subpopulations. This gives them the ability to have different functions in different tumor areas and at different times during the tumor development.


Biology of the Tumor


Tumor Cells

The effect of TAMs on tumor cells is dependent on their type of activation. The reprogrammed M1 TAMs suppress the growth of GB cells (Li T. et al., 2017) meanwhile the M2 macrophages are described to favor tumor growth and resistance to therapy (Xue et al., 2017).

A macrophage with pro-tumor function in the tumor microenvironment is a macrophage that enhances tumor initiation and growth. TAMs and tumor cells actively communicate with each other leading to tumor progression. Their communication is mediated by interleukins IL-6 and IL-10 and transforming growth factor-β1 (TGF-β1) (Wagner et al., 1999; Ye et al., 2012). These cytokines activate signaling pathways in the tumor cells that boost processes such as proliferation, invasion and vascularization (Figure 1). TGF-β1 secretion by TAMs is responsible for the recruitment of cancer stem-like cells (CSCs) expressing CD133. Another consequence of TGF-β1 secretion is the production of metalloproteinase 9 (MMP-9) by CSCs rendering them highly invasive (Ye et al., 2012). TAMs are able to secrete pleiotrophin (PTN); CSCs express the PTN receptor PTPRZ1 on their cell surface. Once PTN is recognized by its receptor, it stimulates CSCs maintenance and tumorigenic potential, and therefore promotes GB growth (Shi et al., 2017). PTN- expressing TAMs also express CD163 which is an M2 lineage marker. Wang et al. showed that macrophages support GB invasiveness through the CCL4-CCR5 axis that enhances MMP-9 expression (Wang et al., 2016). Hypoxia was also shown to positively contribute to this mechanism by enhancing CCL4 and CCR5 expression. An increase of TAMs in a mouse model was shown to decrease the survival of the mice associated with a reduction of CD8+ T cells (Chae et al., 2015). On top of that, EGFR activation level correlates with TAM infiltration. Consequently, EGF can induce an upregulation of vascular cell adhesion molecule-1 (VCAM-1) that favors the interaction between TAMs and tumor cells, which in turn promoted tumor cell invasion (Zheng et al., 2013). MerTK (Myeloid-Epithelial-Reproductive Tyrosine Kinase) is a tyrosine kinase expressed by macrophages that suppresses the innate immune response. Its expression was shown to be higher in tumor recurrences. TAMs that express MerTK are also associated with tumor growth and resistance to treatment, making MerTK a potential therapeutic target (Wu et al., 2018). The molecular crosstalk between tumor cells and macrophages appears to be important for tumor growth and malignant progression. Therefore, modulating the exchange between those two cell populations may be therapeutically relevant.




Figure 1 | Tumor-associated macrophage activities in glioblastoma progression. This figure shows the pro-tumoral (angiogenesis, invasion, proliferation and immunosuppressive properties) and anti-tumor (Tumor cell killing, Th1 response and anti-tumor activity) activities of tumor-associated macrophages (TAMs) in brain tumors. (1) Monocytes are recruited to the tumor where they differentiate into macrophages. The tumor is involved in their programming as it sends different signals to induce a specific phenotype in favor of the tumor. (2) TAMs that are recruited can either polarize into a continuum of macrophage states that are described with two extremes: an M1 (2a) or an M2 (2b) phenotype depending on the signal they receive (IFNγ/LPS/GM-CSF for M1 and IL-4/IL-13/M-CSF for M2) Pyonteck et al., 2013; Kast et al., 2017; Roesch et al., 2018. (3) M1-like TAMs are macrophages with anti-tumor properties such as tumor cell kill abilities mediated by the production of NO, ROS, IFNγ Kennedy et al., 2013; Leblond et al., 2017. They also mediate the Th1 response in the tumor through the activation of Th helper cells by secreting CXCL9, CXCL10, IL-12 Poon et al., 2017. Finally, they also display an anti-tumor activity by activating cytotoxic T cells via TNFα and IL1β. (4) M2-like TAMs have pro tumoral properties such as enhancing the invasive and proliferative ability of GB cells by secreting CSF-1, MMPs, Pyk2, TGFβIIR, TGFβ, IL-6, IL-10, and EGF. They can also mediate the immunosuppressive environment through the expression of IL-6, MIC-1, MIF, STAT3, and TGFβ. Finally, TAMs also regulate angiogenesis through the following factors: IL-6, MIC-1, MIF, STAT3, and TGFβ. (5) The tumor controls the polarization of TAMs through the production of soluble factors (CCL2/CCL7/SDF-1/CX3CL1/VEGF/POSTN/Ecrg4) Feng et al., 2015; Hambardzumyan et al., 2015; Lee et al., 2015; Zhou et al., 2015; Chang et al., 2016; Chen and Hambardzumyan, 2018; Turkowski et al., 2018 and microvesicle factors (EGFRvIII, miR451, miR21) Van Der Vos et al., 2016; Manda et al., 2018. (6) The tumor is also able to send signals to recruit new peripherical macrophages. (7) Environmental cues including radiotherapy, chemotherapy, O2 level, pH are involved in the programing and functions of macrophages Hardee et al., 2012. (8) Healthy brain cells and TAMs probably interact and are involved in the programming of TAMs. Their interaction has yet to be studied. CCL2, C-C motif chemokine ligand 2; CCL7, C-C motif chemokine ligand 7; CSF-1, colony stimulating factor 1; CXCL2, C-X3-C motif chemokine ligand 2; CX3CL1, C-X3- C motif chemokine ligand 1; Ecrg4, esophageal cancer-related gene 4; EGF, endothelial growth fact; IGFBP1, insulin-like growth factor-binding protein 1; IL-1β, interleukin-1 beta; IL-10, interleukin-10; IL-6, interleukin-6; MIC-1, macrophage inhibitory cytokine 1; MIF, macrophage migration inhibitory factor; MMPs, matrix metalloproteinases; POSTN, periostin; Pyk2, proline rich tyrosine kinase 2; SDF-1, stromal cell-derived factor 1; STAT3, signal transducer and activator of transcription3; TGF-β, transforming growth factor-beta; TGFβIIR, TGF-beta type II receptor; VEGF, vascular endothelial growth factor; βFGF, basic fibroblast growth factor.





Angiogenesis

GB is a highly hypoxic tumor with prominent necrotic regions due to the rapid proliferation of GB cells. The cell composition of the tumor core is quite different from that of the peritumoral area. The tumor core is more hypoxic, contains more CD163+ TAMs and has a higher expression of VEGF-A (Tamura et al., 2018) (a major factor for vascularization). A downstream effect of hypoxia and necrosis is an increase in vascular proliferation. In the tumor microenvironment, TAMs are located near blood vessels. In mice, endothelial cells produce IL-6 that induces the expression of Arg1 and thus the alternative phenotype in TAMs (Wang et al., 2018). This alternative activation is mediated by the hypoxia-inducible factor-2α (HIF-2α). Wang et al. targeted IL-6 expression in a mouse model and improved the survival of GB-bearing mice. VEGF was shown to be implicated in promoting pro-angiogenic functions of TAMs in a GB rodent model (Turkowski et al., 2018). Gliomas overexpressing VEGF were correlated with an increase in the expression of MHCI and MHCII on macrophages. Endothelial cells and TAMs interaction leads to angiogenesis through the expression of TGF-β1 and integrin αvβ3, which induces the activation of the SRC-PI3K-YAP signaling (Cui et al., 2018) (Figure 1). The pro-angiogenic properties of TAMs are mediated by the protein CRCR1. This protein activates the PDGFB–PDGFRβ pathways and promotes pericytes recruitment, migration, and tumor angiogenesis (Zhu C. et al., 2017). In sum, TAMs have a proangiogenic function in GB. Thus, targeting macrophages may improve the response to anti-angiogenic therapies (Deng et al., 2017; Gagner et al., 2017). Indeed, blocking the macrophages recruitment by combining the chemokine SDF-1 and VEGF inhibitors was more effective and decreased tumor invasiveness and vascular density.



Immune Environment

Each tumor is characterized by an immune suppressive environment that forms one hallmark of cancer (Hanahan et al., 2011). This is in part due to the presence of TAMs in tumors but also to a complex regulation of the expression of immune and inflammatory genes by the global tumor ecosystem. It was found that IKKβ levels were reduced in GB; consequently, the NF-κB expression was decreased leading to defective immune and inflammatory gene expression in macrophages (Mieczkowski et al., 2015). NF-κB signaling is required for macrophage polarization and immune suppression in GB, making NF-κB a suitable target to improve overall survival in GB (Achyut et al., 2017). TAMs strongly inhibit the proliferation of antitumor T cells in the tumor microenvironment (Kumar et al., 2017). It was shown that an inhibition of transcription factors such as NF-κB, a mediator of M2 macrophages polarization, led to slower tumor growth and prolonged survival in a mouse model. It also decreased T cell induction which made the tumor less immunosuppressive (Barberi et al., 2018). Targeting NF-κB may improve the effectiveness of the current standard therapies.

TAMs express IL-4Rα that promotes immunosuppression. In mice, they also express Arg1 that is critical for T cell inhibition (Kohanbash et al., 2013). Chemokine ligand 22 (CCL22) is produced by TAMs and its expression is associated with a low survival rate and CD4+ T cell activation (Zhou et al., 2015). One of the key regulators of the immunosuppressive environment in GB is fibrinogen-like protein 2 (FGL2). Its expression was correlated with a higher number of CD4+ T cells and M2 macrophages (Latha et al., 2018). The colony stimulating factor receptor (CSF1R) is required for the recruitment of TAMs in the tumor microenvironment. It is also involved in promoting the polarization of macrophages toward the M2 phenotype. Inhibition of CSF1R attenuates the recruitment of TAMs and also increases the CD8+ T cell infiltration (Strachan et al., 2013) (Figure 1). Another regulator of the immune microenvironment is the receptor tyrosine kinase AXL that is expressed in TAMs (Sadahiro et al., 2018). Its inhibition in a GB mouse model was associated with prolonged survival. Furthermore, myeloid derived suppressor cells (MDSC) such as TAMs have been described to be activated by GB CSCs through MIF expression, having then an immunosuppressive activity on CD8+ T cells, notably through the Arg1 expression in mice models (Flavahan et al., 2016). Overall, targeting TAMs may disturb the immunosuppressive environment of the tumor, allowing the immune cells to function more effectively.



Loco-Regional Cues for Metabolic Reprogramming

A peculiarity of GB is that it affects the seat of our consciousness, the CNS, whose immune status remains privileged due notably to the presence of the blood-brain barrier (BBB) and of unique resident cells (microglia, astrocytes, endothelial cells) (cf. Box 1). Although a precise control of the inflammatory or immune infiltrate is realized, the physiological and anatomical characteristics of the CNS is fed by the field of new recent knowledge, such as the identification of direct vascular channels connecting skull bone marrow to the brain surface enabling myeloid cell migration (Herisson et al., 2018), and make evolve our representation of its immune status. It should be stressed, however, that depending on the therapeutic strategy envisaged, the drug used can have a distinct impact when used according to a peripheral or loco-regional mode of administration (cf. Tables 1–3). Hence, if TAMs influence immune and adaptive signaling, reciprocally, loco-regional metabolic signals produced in tumor environments (glucose, glutamine, cystéine, lactate, IDO, adenosine, itaconic acid, acidic pH) impacted the polarization fate and immunosuppressive functions of TAMs, thus possibly resulting in immune tolerance and treatment resistance in GB (for review, see Won et al., 2019). Hence, tolerance can be reversed at both the promoters and enhancers of tolerized genes involved in metabolism and lipid biosynthesis, leading to transcriptional programs that rewired the intracellular signaling of innate immune cells thus increasing the capability of macrophages to respond to stimulation (for review see, Locati et al., 2020). In line with this, it has been observed that inhibition of fatty acid synthase (FAS), which catalyzes the synthesis of long-chain fatty acids, prevents the pro-inflammatory response in macrophages (Carroll et al., 2018). Interestingly, using metabolic profiling, it was found that exposure to β-amyloid triggers acute reactive microglial inflammation accompanied by metabolic reprogramming from oxidative phosphorylation to glycolysis while metabolic boosting with recombinant interferon-γ treatment reversed the defective glycolytic metabolism and inflammatory functions of microglia (Baik et al., 2019). Such microglial metabolic switch may also have a strong impact on GB development.


Table 1 | Clinical trials targeting the recruitment of macrophages.




Table 2 | Clinical trials with toll-like receptor (TLR) agonists for macrophages reprogramming.




Table 3 | Clinical trials using drugs to deplete macrophages from the tumor’s microenvironment.




Box 1 | Non-cancerous brain cells alter macrophages polarization and functions.

Tumor cells cooperate with its surroundings such as the tumor microenvironment. The brain is also the home of specific cell types with their own characteristics and functions; although those cells are not part of the tumor, they can also interact with it. The interaction between cells residing in the brain and TAMs are very poorly understood in cancer but has been studied in depth in other pathologies, which will be quickly reviewed in this box. Both neurons and astrocytes can produce CX3CL1R, the receptor for CX3CL1 found on microglia Matias et al., 2018. CX3CL1 promotes TAM recruitment and increases the expression of MMPs and thus invasive properties. When an ischaemic stroke happens, ischaemic neurons are able to prime microglia toward an M1 phenotype during an injury Hu et al., 2012. Another cell type is oligodendrocyte which accounts for the formation of the myelin sheath in the CNS. It was found that macrophages and oligodendrocyte progenitor cells colocalized near the tumor border. At this site of colocalization, those cells induced stemness and resistance to therapy in GB cells Hide et al., 2018. In the peripheral nervous system, Schwann cells are the cells responsible for myelin sheath formation. Schwann cells were shown to promote cancer invasion by direct contact with tumor cells Deborde et al., 2016. The mechanism involved in this process remains unclear. In neurofibromas (peripheral nerve sheath tumors due to NF1 loss in Schwann cells), macrophages were shown to be abundant Stratton et al., 2018. In this case, Schwann cells and macrophages communicate with each other and are involved in the regulation of inflammatory gene expression. As Schwann cells and oligodendrocytes share a common function in normal tissue, it may be interesting to further study the involvement of oligodendrocytes in GB. Non-cancerous cells of the CNS and peripheral nervous system interact with macrophages and lead them to polarize toward a specific phenotype.






TAMs and Therapeutics


TAMs and Surgical Resection

Surgical resection is the current standard treatment for GB. However, limited data on the biological consequences of surgical resection have been published so far. It was reported that surgical resection increases proliferation and angiogenesis (Kong et al., 2010). After surgical resection, TAMs were shown to express higher levels of CD163, a M2 macrophage marker, and their localization was close to the site of recurrence (Zhu H. et al., 2017). Both TAMs and oligodendrocyte progenitor cells are localized near the tumor periphery. They enhance the stemness and chemo-radioresistance in GB cells (Hide et al., 2018). It was shown that tumor phenotypes associated with telomerase overexpression and TAMs infiltration were more complicated to resect, probably due to improvement of GB cell migratory capabilities (Hung et al., 2016). The inability to surgically remove the whole tumor contributes to the poor prognosis and recurrence of GB.



TAMs and Radiotherapy

Macrophages inside the tumor mass are involved in multiple phenomena that include radiation resistance. Radiation therapy itself induces changes in the tumor microenvironment and renders the tumor more aggressive. In fact, recurrence mostly appears near the irradiated area (Gupta and Burns, 2018). Radiotherapy induces a rapid inflammatory response leading to TAMs recruitment. This inflammatory response is correlated with a short survival time (Tabatabaei et al., 2017). TAMs participate in the induction of GB cell differentiation to a mesenchymal state through NF-κB production, an event that correlated with radiation resistance (Bhat et al., 2013). Recently, Leblond et al. showed that M1 macrophages are more sensitive to radiation than M2 macrophages (Leblond et al., 2017). The proportion of M2 macrophages in irradiated tissues is thus increased. Moreover, M2 macrophages were described to contribute to relapses in oral cancer by promoting vascularization after radiation treatment (Okubo et al., 2016). In a radioresistant GB model, the total RNA was sequenced and it was found that there was a positive regulation of macrophage chemotaxis following radiation (Doan et al., 2018). Also, in a murine glioma model, an increase in SDF-1α at the tumor invasion front after radiotherapy was correlated with the recruitment of TAMs and radioresistance (Wang et al., 2013). Irradiation of the tumor leads to the alteration of multiple pathways. In particular, it modifies the macrophage activation type, rendering them more supportive of tumor growth.



TAMs and Chemotherapy

The standard treatment of GB affects the molecular profiles of the tumor. Temozolomide (TMZ) is commonly used to treat GB. TAMs that express CD74 were described to be involved in TMZ resistance by inducing AKT and Erk1/2 activation in tumor cells (Kitange et al., 2010). Gene expression profiling showed that the tumor that recurred after treatment did not match the primary treatment-naïve tumor. After treatment, the polarization toward the M2 phenotype was upregulated (Hudson et al., 2018). Tumor protein 53 (p53) is involved in promoting the development of the tumor. GB with the p53 isoform Δ133p53β had increased CD163+ macrophages (Kazantseva et al., 2018). Moreover, Δ133p53β supports cancer stemness (Arsic et al., 2015). In addition, it is correlated with resistance to TMZ (Kazantseva et al., 2018). GB is able to evade the toxic effects of chemotherapy, but it can equally evade the action of the immune system. Hence, a cocktail of multiple drugs targeting different pathways may provide the most effective therapy for GB and improve overall survival.





Current Therapies Targeting Tumor-Associated Macrophages in Cancer


Targeting the Recruitment of TAMs

One strategy to target TAMs is to block their recruitment to the tumor site. It can be achieved by targeting the chemokine ligand 2 (CCL2) - chemokine receptor 2 (CCR2) axis. CCL2 is an inflammatory chemokine that can recruit macrophages and Treg lymphocytes leading to an immunosuppressive environment (Chang et al., 2016). To achieve this, a human IgG1k mAb called Carlumab was developed. A survey of clinical trials involving the CCL2-CCR2 axis is provided in Table 1.

A phase 2 study showed that this antibody was well-tolerated. However, it did not block the CCL2-CCR2 axis or have any antitumor activity as a single agent in metastatic prostate cancer (Pienta et al., 2013) (NCT00992186). When Carlumab was combined with four other chemotherapies, the treatment was still well tolerated but the suppression of CCL2-CCR2 axis remained elusive (Brana et al., 2015) (NCT01204996). In other studies, Carlumab was shown to transiently suppress CCL2 and had a preliminary antitumor activity (Sandhu et al., 2013) (NCT00537368, 2007). PF-04136309 combined with chemotherapy was also shown to be well-tolerated and led to a tumor response (Nywening et al., 2016).



Reprogramming of TAMs Toward an Antitumoral Phenotype

As mentioned previously, TAMs can exist in different functional states between the M1 and M2 phenotypes, making them highly heterogeneous and plastic cells (Biswas and Mantovani, 2010). Thus, they can be either pro- or anti-tumoral (Wynn et al., 2013). Reprogramming the TAMs toward a tumoricidal or a tumor-inhibition state may be a plausible therapeutic strategy. Different strategies are being studied in the clinic. These are reported in Table 2 (please refer also to Box 2).


Inhibition of CD47

Inhibition of CD47 is a strategy that can facilitate phagocytosis of tumor cells by macrophages. Indeed, CD47 expressed by cancer cells inhibits phagocytosis through its interaction with signal regulatory protein-α (SIRPα) expressed by macrophages thus sending out a “do not eat me” signal. Alternatively, CD47 can serve as a receptor for thrombospondin 1 (TSP1) to trigger specific signaling. Many tumors are described to overexpress CD47 (Zhang et al., 2015; Zhao et al., 2016). Inhibition of CD47 in a preclinical model showed a modification of microglia phenotypes in GB that was correlated with better survival (Hutter et al., 2019). Furthermore, in vivo, the anti-CD47 treatment is able to shift the macrophage phenotype toward an M1 type (Zhang et al., 2016) and induces anti-tumor effects (Li F. et al., 2017). The preclinical study of Hu5F9-G4 in pediatric malignant primary brain model demonstrated that this CD47 inhibitor is a safe and effective therapeutic agent (Gholamin et al., 2017). Hu5F9-G4 was also shown to be well tolerated in a clinical trial (Sikic et al., 2018) (NCT02216409, Table 2). TTI-621, a small molecule inhibiting CD47, is being investigated in an ongoing clinical trial. Interestingly, however, it has recently been observed that CD47 inhibition may result in cancer cell resistance to chemotherapy through escape to senescence (Guillon et al., 2019).



Activation of CD40

CD40 is expressed on monocytes, macrophages, dendritic cells, and B cells. It is a receptor that belongs to the TNF receptor superfamily. Many clinical trials targeting CD40 notably through agonistic or activating antibodies are ongoing (Table 3). In a mouse model, targeting CD40 was useful in producing antitumor effects that greatly improved the overall survival (Shoji et al., 2016). Targeting CD40 modulated the immune cell number and led to an antitumor response (Vonderheide et al., 2013; Nowak et al., 2015). In a mouse model, the combination of CSF1R inhibition and CD40 activation induced the reprogramming of TAMs (Hoves et al., 2018), thus allowing the protective response of T cells (Perry et al., 2018).



TLR Agonist

Toll-like receptors (TLRs) are normally activated by microbial moieties (including nucleic acids) allowing macrophages to acquire a M1 phenotype. Using a TLR agonist to reprogram macrophages was thus of interest in cancer treatment (Feng et al., 2019). Numerous TLR7 ligands, TLR9 ligands, and one TLR8 ligand have been tested for their antitumoral properties in clinical trials (Table 2). For example, the TLR7 agonist Imiquimod has been tested. It was well tolerated and associated to tumor regression and increased lymphocytic infiltrate (Adams et al., 2013) (NCT00899574). The TLR7 agonist 852A was also well tolerated with reversible side effects (Dudek et al., 2007). IMO-2055, a TLR9 agonist, demonstrated a possible antitumor activity when combined with erlotinib and bevacizumab (Smith et al., 2014) (NCT00633529).


Box 2 | The content of exosomes as a therapeutic target to control TAMs phenotype.

Exosomes are microvesicles (30-120µm) that are secreted through exocytosis by various cells. They exert a variety of biological effects. GB cells can secrete exosomes that carry proteins such as EGFR variant III (EGFRvIII) Manda et al., 2018. The content of exosomes was shown to be different depending on partial pressure in O2 as cancer cells can adapt to their surroundings Zhang et al., 2017. Exosomes can mediate immunosuppressive properties in GB through their internalization in monocytes. Once they are internalized, they cause a rearrangement of the monocyte cytoskeleton and induce an M2 phenotype Gabrusiewicz et al., 2018. Vos et al. visualized the effect of GB-derived exosomes on TAMs and observed a shift of their cytokine profile to an immune-suppressive profile Van Der Vos et al., 2016. They also observed an elevation of miR-21 expression in TAMs associated with a decrease in c-Myc mRNA levels. GB-derived exosomes were shown to modify the expression of cell surface proteins and cytokines (IL-6 and VEGF), and to increase phagocytic activity in macrophages De Vrij et al., 2015. Also, blood samples from patients with GB were analyzed and shown to harbor GB-derived exosomes containing immunoglobulin (Ig) G2 and IgG4 antibody isotypes Harshyne et al., 2016. Those exosomes were able to induce the expression of CD163, associated with the M2 phenotype. Exosomes appear to be important for the communication between tumor cells and TAMs in GB. As key players from the tumor ecosystem, targeting them may impair the regulatory effects of GB cells on TAM immunosuppressive properties.






Depletion of TAMs

The activation of TAMs is dependent on the CSF1R signaling pathway. Therefore, CSF1R may be a way to target macrophages specifically. Many small molecules and antibodies were developed against CSF1R, and numerous clinical trials have been completed or are ongoing (Table 3). PLX3397 is a small molecule targeting CSF1R, it reduced the number of TAMs in a preclinical GB model and showed an antitumor activity (Coniglio and Segall, 2013; Yan et al., 2017). In clinical studies, PLX3397 was also well tolerated and showed anti-tumor responses after treatment (Tap et al., 2015) (NCT01004861). PLX3397 was also well tolerated but showed no efficacy in GB (Butowski et al., 2016) (NCT01349036). BLZ945, another small molecule inhibitor of CSF1R, can alter the polarization of TAMs in glioma (Pyonteck et al., 2013). It is currently being assessed in a clinical trial.

Another way to deplete the number of TAMs in the tumor is to use bisphosphonates. They are described for both direct and indirect anti-tumor effects such as induction of tumor apoptosis and inhibition of cell adhesion. More importantly, they alter the behavior of TAMs (Van Acker et al., 2016). Bisphosphonates are divided in two classes depending on their structure and mechanism of action. Clodronate belongs to the first group while zoledronate belongs to the second group. Both zoledronate and clodronate are still being assessed in clinical trials (Table 3).




Conclusion

In GB microenvironment, both resident and peripheral macrophages are present and there is an urgent need to understand their specific roles in tumor progression and resistance to treatment. It is obvious that macrophages may be a useful target to improve the outcome of cancer. Currently, many drugs targeting macrophages are being tested in the clinic. However, only a few are tested specifically in GB. The immune landscape in GB, and in cancer in general, has to be investigated further as there is a lack of efficacy in the clinic when only TAMs are targeted. The targeting of TAMs must be implemented hand in hand with the standard treatment to potentially improve the overall effect. In summary, TAMs seem to be a promising target to overcome resistance that arises in GB.
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Sponsor N

Sponsor 1(QL) 25
Sponsor2(HR) 25
Sponsor 3(ZDTQ) 24
P

Gender (male/
female)

1/24

2/23

1723
>0.05

ECOG, Eastern Cooperative Oncology Group.

Age [years,
mean (SD)]

51.4(8.16)
48:8(9.17)
52(7.47)
>005

Ethnicity (han/

other)

23/2

24/1

23/1
>0.06

Body surface area
[m2, mean (SD)]

1.63 0.15)

1.68 (0.16)

1.68 (0.16)
5005

Body weight
[kg, mean (SD)]

63.52 (9.504)
60.0(10.1)
60.28(10.58)
>005

ECOG score 0/1

3/22

3/22

2/22
>0.05
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Sponsor 1 (QL, light food condition)

PK parameter T(N=25
UNBOUND PACLITAXEL

Tmax () 0.50(0.25, 0.51)
Crmax (ng/ml.) 444.47 (26.37)
AUCo_t (h*ng/mL) 40238 (29.11)
AUCo_olhng/mL) 41835 (29.62)
t2 ) 21.60 (43.63)
CUF (Un) 1105.90 (33.37)
VArF (1) 34241.78 (50.70)
TOTAL PACLITAXEL

Trax () 0.500(0.25, 0.52)
Crmax (ng/mL) 12294.80 (19.28)

AUCq_y (h*ng/ml)
AUCo_oo (Wng/mL)

12196.61 (23.30)
12587.13 (23.29)

t1y2 (h) 24.48(18.27)
OLF (Uh) 35.53 (26.50)
VA/F (1) 1253.78 (32.84)

R (Abraxane®,
N=24)

050 (0.25,0.52)
476,68 (26.26)
440,00 (32.51)
456.42 (31.84)
26.74 (47.09)
102030 (33.82)

38522.03 (51.48)

050 (0.25,0.52)
12771.25 (16.17)
12619.40 (21.89)
13077.56 (22.02)
27.31(36.96)
34.09 (24.82)
1314.46 (37.19)

>0.05
>0.05
>0.05
>0.06
>0.05
>0.05
>0.06

>0.05
>0.05
>0.05
>0.05
>0.06
>0.05
>0.05

Sponsor2(HR, fasting condition)

T(N=24) R (Abraxane®,
N=24)
05(0.25,05) 05(0.25,05)
2345 (35.69) 254.5(36.8)
252.9 (25.66) 261.8(25.79)
259.1(24.92) 260.2 (25.57)
20.8(54.27) 20.3(38.88)
1670.63(32.17)  1637.55 (28.14)
5010605 (66.99)  48635.48 (55.23)
05(0.25,05) 05 (0.25,05)
11301 (19.05) 12030 (17.50)
12025 (19.55) 12730 (16.04)
12451 (19.59) 13132 (16.09)
26.9(25.20) 24.7(24.22)
3439 (25.92) 32,62 (25.17)
1304.86(33.25)  1145.11 (28.43)

=

>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

Sponsor3(ZDTQ, light food condition)

T(N=24) R (Abraxane®,

N=24)

0.500(0.25,0.50)  0.500 (0.25, 0.50)

650.05(17.64)  621.95(18:30)
456,54 (21.09) 451.48 (19.54)
486.66(20.88)  482.00 (20.47)
2.53 (23.99) 3.00(69.21)
93025(26.19)  953.03(20.43)
3308.71(19.74) 879199 (51.62)
0500(0.25,0.50) 0,500 (0.25, 0.50)
11827.50 (15.60) 119056.41 (18.31)
11989.89 (25.41)  11978.56 (25.05)
12476.88 (24.90) 12405.71 (24.66)
2187 (48.22) 2061(34.10)
37.12 (28.28) 3730 (28.25)
113192(5209)  1065.89 (31.90)

*paired t test between test (QL and HR) and reference (Abraxane) formation at each sponsor; #, ANOVA test between QL and HR. label: TAXOL® (paciitaxel) Injection.

P

>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

Literature[label] p#

>0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

1284 (41.5)
1159 (29.1)

19556 (36.2)
20824 (19.5)

>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

20(213)
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Sponsor

Sponsor 1(QL)
Sponsor 2 (HR)
Sponsor 3 ZDTQ)

Predicted value of bioavailability

0.95-1.05
0.95-1.05
0.95-1.05

0.06
0.05
0.06

18

0.8
08
08

Intra-subject variability

20.00%
21.30%
20.00%

Sample size of estimation

21
21
21

Sample size in the study

24
24
24
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MN1Z02
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S 813160

SOG4

ezt

Axtas.
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Inhibitor

3§€§§ 5??

éiig? %?

Glinical trial

NCT00992188 (2009 (complted,
pas resuts)

NCTO1204996 (2010) Complted)
NCT00537368 (2007) (Complted)
NCT02732938 (2016) (Temninated)

NCTO1015560 (2009) (Competed
withresuts)

NCT03778579 (2018) Mot yet
recniting)

NCT03496662 (2018) (Recnuing)

NCT02953509 (2016) (Recruting)
NCT03248479 (2017) (Recruiting)
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onting)

INCT02676338 (2016) (Recruiting)
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NCT03013218 (2017 (Recnuiing)

NCT03512340 (2016) Recnuing)
NCT02367196 (2015) (Recnuing)
NCTOR763149 (2018) Mot yet
focniting)

NGTO717103 (2018) (ecnuing)

Tumor type

Metastatic Castrate-Resistant Prostate

Sold Tumors
Sold Tumors
Melastatic Pancreatic Cancer

Bono Motastases.
Pancreatc Adenocarcnoma

Pancreatc Ducta Adenocarchnoma
0A)

-col Non-Hodgkin's Lymphoma
Hosmatologcal Masgnances
Hosmatologeal Masgnances

Hasmatologial Masgnancies
Colorecal Cancar

Refractory Lympnoma, Mygoma
Hematologic Maignancies and Seected
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S0k Tumors and Lymphoma.

S0l and Hematologic Cancers.
ol and Hematologic Cancers.
MaSgnant Tumors and Lymphomas.
‘Advanced Malgnances

Benefit
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progresson

Unknonn
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Inhibitor
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o

%?525

Smal

i

Smat

i

Smat

Smat

smal

Glinical trial Tumor type

NGT03602300 (2018) Fecnting)  Norvsmal Cll Lung Cancer, Renal Cal Carcnoma
NCT02482168 (2015) hctve, not Sl tumors

recnitng) Norvsmal Gell Lung Gnces or Metastatic Melanoma
NCTO3123763 (2017) Recnting)  Pediatric ONS Tumors.

NCT089802 (2018) Recnsting)  Resectable Esophageal and Gastrossophageal unction Cancers
NCT03165994 (2017) Recnstng)

NCT02604393 (2014) Recning)  Localy Advanoed anclor Metastatic Soid Tumors
NCTO1561911 (2012) Completed)  Non-Hodgkin Lymptoma

NCT00607048 (Compieted) NorvHodgkn Lymphoma

NGT03329950 (Recnuiting) Advaned Masgnancies

NCTO3301895 (2017) Recnsting)  Advanced Maignandies

NCTO1421017 (2011) Completoc)  Breast Gances With Ski Metastases,
'NCT0089957: (2009) Completod with ~ Chst Wall Recurtonce or Sk Metastases.
resuts)

NGT03435640 (2018) Fecning)  Localy Advanced or Metastatc Sold Turmor Maignances

NGT02252146, Completod with Difuss Large 8 Cell ymphoma DLECL)

rosuts)

NGTO0821652 (2009 Completed)  Surgcalyresectod Stage 18, IC, Stage o Stage N (AKCC citera)
Melanoma

NCTO3416305 (2016) Recning)  Advanced Sold Tumors

NCT02431550 (2015) Completec)  Platinum-Resistant Ovaran Cancer
NGT01204293, Completed) ‘Ovarian Epitheal, Falopian Tube, o Pertoneal Caity Cancor
NGTO1334177, Completod) ‘Ovarian Epithaal, Falopian Tube, o Pertoneal Gty Cancor
NCTO2452607 (2015) Recning)  Mysoid and Lymphoid Maignancies

NGTO1040832 (2009) Competed with  Recurtentor Metastatc Sauamous Oal Carcnoma of the Head and
resits) Neckc

NCTO2452697 (2015) Flecning)  Mysloid and Lymphoid Malgnances

NCT00719199 (2008) Completoc)  Colorectal Cancer
NCTO0S3529 (2008) Completed)  NSCLC
NCTO3518641 (2018) Fecning)  Stage IIB/G/D Melanoma Patients With Cinicaly Apparent Lymph

Nodo Disease.
NCTO3507699 (2016) Flecnsting)  Metastatc Colorectal Cancer

NGT03007732 (2017) Feonsting)  Hommono:Navo Olgometastat Prostato Cancer
NCT03410901 (Recruting) Low-Grade BColl Non-Hodgkn Lymphoma
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NCT02254772 (2014) Compieted with  Recurtent Low-Grad B.Call Lymphoma
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CSFIR Posdariod  Smal moleouie  NCTO2777710 (2016) (Recruting) - Metasatic/Advanced Pancreaic o Colorectal Cancers. Unknonm
DOC3014  Smal molecule  NCT03069469 (2017) (Recnuiting)  Advanced Malgnances Unknonn
022855 mab NCTO3153410 (2017) (Recruting) Pancreas Adenocarcnoma Unknown

NCTO2718911 (2016) Adanced Sokd Tumors
(Completed) Melanoma.
NCTO3101254 (2017) (Recruting)
PLXG0G7  Smalmoecue  NOTOI004S51 (2009) Sold Tumors Unknonn
(Complated) Melanoma and Other Sod Tumors
NCT02452424 (2015) Recurrent Gicblastoma.
(Compieted) Pgmented Vionodular Synovtis PUNS) o Gant Cal
NCTO1349005 (2011) Tumor of the Teron Sheath (GCT-TS)
(Completed)
NGT02371369 (2015) Aetve, ot
recntng)
MOS0 Smalmoecue  NOTOG894977 018) Notyet  Gastic Cancer Unknonn
recnting)
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SNoXeas2  mAb NCT03235027 (2017) Recruting) - Soid Tumors Unknonn
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NCTO1316822 201 1) Adance or Metastatc Cancers
(Completec)
BLZO5  Smalmolecue  NCT02829723 (2016 (Recrting)  Adanced Sokd Tumors Unknown
ROSS00554  Smalmolecule  NOTO1494688 2011) Advanced Sokd Tumors Unknown
(Completec)
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(Completed)
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Sample Lattice Unitcell  Crystallinity Crystal size

parameters (A) volume (A2 Xo) (Dooz) nm
a c
HAp 94482  6.883 532.10 1.612 2978
Se-HAp 93804 6.8547 502.33 1.43 25.45
CC/Se-HApT 9.3546  6.8499 519.18 022 2158
CO/Se-HAp2  9.3215  6.8676 516.76 0.20 18.91

CC/Se-HAp3 9.2089 6.8442 512.51 0.13 15.89
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Source

Laske

Laske

Wersall

Rand

Voges

Weber

Lidar

Patel

Kunwar (103)

Vogelbaum
©1

Sampson

Carpentier

Kunwar (88)

Bruce

Desjardins

Vogelbaum
©6)

Drug (concentration)

T-CRM107 (0.1->1 ug/ml)

Ti-CRM107 (0.67 ug/ml)

mADb 425

IL-4 pseudomonas exotoxin
(0:2pg/ml up to 6 pg/m)

HSV-1-tk

IL-4 pseudomonas exotoxin
(6pg/ml for 40ml, O ug/ml
for 40ml, 15 pg/ml for
40ml, or 9ug/ml for 100m))
Paciitaxel (3 patients 7.2
mg/6mL, all others 3.6
mg/6.6mL)

Cotara (0.5-3 mCi/em3)

IL-13-PE3BQQR
(0.25-2 pg/mlfor
intratumoral and
0.25-1 pg/mL for
intraparenchymal)

IL-13-PE3BQQR (0.25 or
0.5 pg/ml)

TP-38 (25, 50, or
100ng/ml)

CpG-ODN

IL-13-PE3BQQR (0.5 pg/mi)
vs. Gliadel wafers

Topotecan (0.02, 0.04,
0.0667, 0.1, 0r 0.133
mg/mL)
Polio-rhinovirus chimera

Topotecan (0.067 mg/mL)

Flow rate

0.5 ul/min increasing over 4h to
max of 4-10 ul/min for a total of
5mL Infusion volumes increased
up to 180 mL Infusions every 4-6
weeks until change seen

Up t0 0.20 mU/h per catheter for
4-5 days until 40mL delivered
Second treatment 10 weeks
after initial infusion

4mbhfor 1h

0.3-0.6 mL/h over a 4-8 day
period (total infusion volume
30-185ml)

0.025, 0.05, 0.1,0.2, 0.4 mUh,
each at 2h infusion time followed
by 0.6 mUh until final volume
reached (30 or 60mL)

6.94 pUmin for 40mL groups
and 17.36 l/min for 100mL
group. Delivered over 96 h.

0.3 mlsh or § days in 24h
periods 20 cycles

0.18 mUh through each catheter
over 1or 2 days (total volume
4.5-18mL). After infusion,
0.5mL diluent flush infused at
0.18 mi/h. 39 received first
infusion, 16 received a second
infusion

Intratumoral—0.4 or 0.54 mL/h
for 48-96h total
Intraparenchymal—0.75 mL/h for
96h to 6 days total

0.750 mU/h divided by # of
catheters for 96h

0.4 mU/h for 50h in each
catheter (40 mL total)

0333 mUsh for 6h (2 mL infused
total)

0.75 mU/h over 96h
200 l/h in each catheter for
100h (40 mL total)

500 p/h over 6.5 (3.25mL.
total)

0.396 mL/h over 96 h total
(38 mLtotal)

Complications.

Reactive changes and edema (1
patient)

8/44 cerebral edema
3/44 seizure

6/18 headache

2/9 hydrocephalus
3/9 cerebral edema

26/31 seizures 10/31 (32%)
cerebral edema (of those 10, 5
(50%) were serious)

2/15 edema
1/15 hydrocephalus

10/51 brain edema (20%)

27 headache (53%)—catheter
placmt

6 aphasia (12%)—catheter
placmt

21 headache (41%)—CED of
drug 10 aphasia (20%)—CED of
drug

5 deep vein thrombosis (23%)
3 peripheral edema (14%)

3 aphasia (14%)

3 convulsion (14%)

Reflux and ineffective delivery in
majority of patients (7/16 leak
into subarachnoid space, 2/16
lead into ventricle, 4/16 pooling
in necrotic area resection cavity,
3/16 successful infusion)

Seizure (5/31)

10/183 brain edema
39/183 aphasia

5/18 headache
5/18 seizure

Success/failure rate

9/15 patients >= 50% decrease in tumor
volume

Median survivial time 37 wks and mean
survival time 45 weeks

Total median survival from diagnosis 39
week and from the start of mAb 18.5 week
Expected median survival 24 week from
start of therapy

6/9 showed decreased enhancement after
infusions but only one survived—the other
tumors recurred

Median survival time after infusion 28.1
weeks and median time to progression 8
weeks

Overall median survival 8.2 months with
median sunvival of 5.8 months for GBM
(highest 6-month survival for 6pg/ml x
40l and 15 pg/mi x 40m)

Median survival of 7.5 months

Overall median survival after therapy 28
weeks (201 for patients with residual
disease and 33 for patients without
residual disease)

Median progression free survival 9.1
weeks and median overall survival 28
weeks

Median survival 36.4 weeks compared to
35.4 weeks for gliadel wafers (for GBM
confirmed group)

Median progression free survival 23 weeks
and median overall survival 60 weeks

Median overall sunvival 125 mths
compared to 11.3 mths historical and 6.6
mths NOVO-TTF-100A treatment group

Catheter placement

1 to 3 catheters at selected sites in the tumor

2 catheters at selected sites in the tumor

3 to 4 catheters in the tumor-bed tissue

1 to 3 catheters at selected sites in the tumor
based on shortest possible route. When three
were used, middle inserted into center of tumor
and other two placed on opposing side
adjacent to largest volume of white matter

Intracerebral

1 to 3 catheters placed intratumorally

1 catheter placed intratumorally

1102 catheters near or at center of enhancing
tumor

1-2 for intratumoral and 1-3 catheters for
intraparenchymal. One cohort with intratumoral
placement followed by resection and then
intraparenchymal administration. One cohort
with intraparenchymal placement after tumor
resection

2t 4 catheters placed intraparenchymally

2 catheters placed to target residual tumor or
deep white matter adjacent to areas of
previously resected tumor

2 catheters placed intracerebrally

24 catheters placed intraparenchymally

2 catheters placed into enhancing tumor or
adjacent brain

1 catheter placed intratumorally
2 catheters each with 4 microcatheters; 1

placed intratumorally and 1 placed
intraparenchymally
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