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Abstract

:

To increase treatment efficiency for glioblastoma, we have developed a system to selectively deliver chemotherapeutic doxorubicin (Dox) to Glioblastoma (GBM) tumors. This carrier is based on elastin-like polypeptide (ELP), which is soluble at physiological temperatures but undergoes a phase transition and accumulates at tumor sites with externally applied, mild (40–41 °C) hyperthermia. The CPP-ELP-Dox conjugate consists of a cell penetrating peptide (CPP), which facilitates transcytosis through the blood brain barrier and cell entry, and a 6-maleimidocaproyl hydrazone derivative of doxorubicin at the C-terminus of ELP. The acid-sensitive hydrazone linker ensures release of Dox in the lysosomes/endosomes after cellular uptake of the drug conjugate. We have shown that CPP-ELP-Dox effectively inhibits cell proliferation in three GBM cell lines. Both the free drug and CPP-ELP-Dox conjugate exhibited similar in vitro cytotoxicity, although their subcellular localization was considerably different. The Dox conjugate was mainly dispersed in the cytoplasm, while free drug had partial nuclear accumulation in addition to cytoplasmic distribution. The intracellular Dox concentration was increased in the CPP-ELP-Dox cells compared to that in the cells treated with free Dox, which positively correlates with cytotoxic activity. In summary, our findings demonstrate that CPP-ELP-Dox effectively kills GBM cells. Development of such a drug carrier has the potential to greatly improve current therapeutic approaches for GBM by increasing the specificity and efficacy of treatment and reducing cytotoxicity in normal tissues.
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1. Introduction


Glioblastoma (GBM) ranks among the most common, aggressive, and least curable cancers due to a strong tendency for intracranial dissemination, high proliferation potential, and inherent tumor resistance to radiation or chemotherapy [1,2,3]. Standard of care for GBM patients is surgical removal of the tumor followed by chemotherapy with alkylating agent Temozolomide (TMZ) and radiation. The lack of favorable therapeutic outcomes can be ascribed to immense genetic instability resulting in a complex intra-and inter-individual heterogeneity [4], as well as adverse nonspecific treatment effects in normal brain tissue and other organs. Additionally, failure of GBM therapies is also attributed to poor or inadequate drug penetration through the blood brain barrier (BBB) or blood brain tumor barrier (BBTB). Despite the development of novel therapeutic approaches utilizing a wide variety of drug delivery systems in conjunction with other chemical and physical systems in tumor targeting or BBB disruption, the overall treatment efficacy and patient survival rates remain low. To address this problem, many drug delivery approaches for GBM treatment were developed. Two of these approaches include chemical disruption of the BBB by mannitol, which hyper-osmotically shrinks endothelial cells, providing space for large molecules to passively diffuse across the BBB, and focused ultrasound (FUS), used for a non-invasive physical approach to BBB disruption. Moreover, researchers have used receptor-mediated endocytosis, exploiting the natural receptor-ligand interactions that take place at the BBB, utilizing them for active transport of macromolecules. [5,6,7,8]. However, all of these treatments have limited effectiveness. New approaches for targeted deliveries are needed.



Anthracycline antibiotic Doxorubicin is one of the most common chemotherapeutics used in the treatment of various solid and blood cancers [9,10]. Although Doxorubicin efficiently kills glioblastoma cells in vitro, its use for the treatment of brain tumors is limited due to poor penetration of the drug through the BBB and severe side effects in normal tissue, including dose-limiting cardiotoxicity. Previously, researchers have developed various formulations such as liposomes, nanoparticles, and polymer conjugates to improve transport of Doxorubicin through the BBB and delivery to glioblastoma tumors [11,12]. Additionally, complementary approaches, which include ultrasound, pH difference, and application of heat, have been used to disrupt the BBB [13,14,15].



In addition to approaches focused on disrupting the BBB, targeted approaches, which are based on macromolecular properties of the carriers, have been developed. These macromolecular carriers are designed to increase the solubility of small molecule drugs and enhance passive drug accumulation in tumors due to a unique tumor vasculature and poor lymphatic clearance [16].



A passive targeting approach was used to deliver a Doxorubicin derivative prodrug, doxorubicin (6-maleimidocaproyl) hydrazone (DOXO-EMCH). DOXO-EMCH, which was specifically designed to selectively bind to the cysteine-34 position of circulating serum albumin [17,18,19] and therefore passively accumulate in the tumors because of enhanced retention and permeability effect [16]. Marrero et al. used DOXO-EMCH (also known as Aldoxo) in a preclinical study of in vivo efficacy in an orthotopic GBM xenograft model. In vivo experiments have shown that DOXO-EMCH reduces tumor size by 10-fold and 8-fold for control and free Dox-treated animals, respectively. These preclinical studies prompted initiation of clinical trials. Although Phase 2 clinical trials with DOXO-EMCH showed some promising results, clinical trials with DOXO-EMCH never reached Phase 3. To improve the targeting approach employed by DOXO-EMCH, we have developed a thermoresponsive drug delivery system, which, in addition to passive targeting, employs an active targeting approach. This drug delivery system is based on elastin-like polypeptide (ELP), which is soluble at physiological temperatures but undergoes a phase transition and accumulates at tumor sites with externally applied, mild (40–41 °C) hyperthermia. We have modified the ELP sequence by including three cysteine residues at the C-terminus, which allows selective conjugation of DOXO-EMCH to the ELP biopolymer. Since ELP is thermally responsive, doxorubicin drug delivery by ELP will be enhanced in the tumor site when tumors are exposed to hyperthermia generated by high-intensity focused ultrasound. Furthermore, the acid-sensitive hydrazone linker of DOXO-EMCH ensures the release of Dox in lysosomes/endosomes after cellular uptake of the drug conjugate.



Cell-penetrating peptides have attracted great interest for their ability to translocate across the cellular plasma membrane and overcome such drug delivery transport barriers as those of the tumor microvessel walls and BBB [20]. Therefore, to enhance intratumoral uptake and cell entry, the ELP-DOXO conjugate was modified with an additional moiety, a cell penetrating peptide (CPP) [21]. In this study, we have used SynB1, a CPP which is derived from antimicrobial peptides known as protegrins, that are recognized to mediate cellular uptake of cargo via endocytotic mechanisms [22,23]. Furthermore, we have previously shown that SynB1-ELP can efficiently penetrate the BBB in a rat glioma model [24].



The purpose of this study was to examine the potential of SynB1-ELP-DOXO (Figure 1) to effectively inhibit glioblastoma cells and to demonstrate its potential for future use in preclinical animal studies. We showed that SynB1-ELP-DOXO kills cells effectively when compared to free Dox in three GBM cell lines (D54, GBM6, and U251-MG). To investigate the mechanism of action of SynB1-ELP-DOXO, we conducted uptake assays, apoptosis assays and cell cycle distribution assays using flow cytometry. Data from the uptake assays were used to compare the cytotoxicity of SynB1-ELP-DOXO with the amount of cellular uptake and protein association within and between different GBM cell lines. A positive correlation between the uptake and cellular killing was observed in all three GBM cell lines. To examine the mechanism of action of SynB1-ELP-DOXO and compare it to that of free Dox, we performed cell cycle distribution and apoptosis experiments. There was a noticeable difference in the cell cycle arrest between the cell lines. Both D54 and GBM had 60% of cells arrested in G2/M phase; while U251-MG had 90% of total cell population arrested in G2/M phase. The most sensitive cell line to any of the treatments used in the study was U251-MG. This study demonstrates that SynB1-ELP can be used as a doxorubicin carrier, efficiently killing glioblastoma cells in vitro, and it provides initial proof of principle for the use of SynB1-ELP-DOXO in future preclinical studies.




2. Results


2.1. Cytotoxicity of SynB1-ELP-DOXO and Free Doxorubicin


SynB1-ELP-DOXO conjugates were compared to free doxorubicin for their ability to inhibit proliferation of glioblastoma cells. Cells were treated for 72 h with SynB1-ELP-DOXO or free doxorubicin, the number of viable cells was determined, and survival percentage was calculated with respect to untreated cells. The cell viability data were fitted to sigmoidal dose-response curves to determine IC50 values (Figure 2). All three glioblastoma cell lines have an IC50 within the nano-molar concentration range for both free Dox and SynB1-ELP-DOXO treatments (Table 1). U251-MG cell line was the most sensitive to the treatment, demonstrating 2.8 times higher sensitivity to SynB1-ELP-DOXO-EMCH treatment when compared to GBM6 and D54 cells lines. Similarly, U251-MG cell line was also most sensitive to free doxorubicin treatment which was 1.8 times more cytotoxic to U251-MG when compared to other cell lines.




2.2. Cellular Association/Uptake of SynB1-ELP-DOXO and Free Doxorubicin


To compare cellular association/uptake of SynB1-ELP-DOXO and free doxorubicin, GBM cell lines D54, GBM6, and U251-MG were incubated with 125 nM SynB1-ELP-DOXO or free Dox for 24 h. Representative flow cytometry histograms showing cell auto-fluorescence (gray), free doxorubicin (red) and uptake of SynB1-ELP-DOXO–EMCH (blue) are shown in Figure 3. Histograms represent total cell fluorescence, which include contribution from both extracellular and intracellular doxorubicin.




2.3. Cellular Localization of SynB1-ELP-DOXO and Free Doxorubicin


Cellular localization of doxorubicin delivered by SynB1-ELP-DOXO and with free doxorubicin was examined by confocal fluorescence microscopy. Cells were incubated with 25 µM Dox equivalent concentration of SynB1-ELP-DOXO or free Dox for 2 h. As shown in Figure 4, Free Dox was predominately localized in the nuclei in all of the three cell lines (Figure 4) while SynB1-ELP-DOXO had mainly cytoplasmic localization in the perinuclear region as well as presence in the nuclei.




2.4. Apoptosis Assay


Annexin assay was performed to evaluate the induction of apoptosis by SynB1-ELP-DOXO in GBM cell lines. Cells were gated based on double staining with PI and Annexin Alexa 488 nm. We have quantified the percent of apoptotic cells (Table 2) after incubating with free Doxorubicin and SynB1-ELP-DOXO for 24 h. The cell line with the highest percentage of apoptotic cells was GBM6 for both treatments, while U251-MG and D54 showed a reduced percentage of apoptotic cells with SynB1-ELP-DOXO and free Dox. Representative histograms of Annexin assay are shown in Figure 5.




2.5. Effect of SynB1 ELP DOXO and Free Doxorubicin on Cell Cycle


To compare cell cycle distribution, cells were treated with SynB1-ELP-DOXO or free Dox for 24 h at 37 °C at a concentration of 125 nM. As shown in Figure 6, SynB1-ELP-DOXO treatment exhibited a preferential block of G2/M phase of cell cycle in all three cell lines at the expense of S phase. The most significant increase in cell accumulation in G2/M (90% when compared to control 40%) was observed in U251-MG cell line, with respect to G0/G1 and S phase. D54 and GBM6 cells showed response toward SynB1-ELP-DOXO treatment similar to U251-MG, although the arrest toward G2/M phase was less significant. In D54 and GBM6, cells treated with free Dox showed an increase in percentage of cells in G1 and G2. SynbB1-ELP-DOXO treatment resulted in a similar response but with a more pronounced effect. GBM6 cells responded to free Dox with an increase in cell number in G0/G1 and G2/M phase.





3. Discussion


The prognosis for patients diagnosed with glioblastoma multiforme (GBM) is often dismal. Despite ongoing research efforts, therapeutic targeting, and identification of well-defined molecular markers, curative treatment options for GBM patients are still deficient [25]. The overall median survival rate of patients diagnosed with GBM is 15–23 months with less than 6% attaining five-year survival, which accounts for the lowest long-term survival of all brain tumor patients [26].



Doxorubicin is one of the potent drugs that has been successfully used for the treatment of many solid tumors, hematological malignancies, and cancers of the central nervous system. A study by Veringa et al. in 2013, an in vitro drug screen on primary glioma cells established from patient samples in pediatric high-grade gliomas (pHGG), reveals a high in vitro cytotoxicity of several commonly used chemotherapeutics including doxorubicin [27].



In vivo studies with doxorubicin derivative DOXO-EMCH, which binds to the Cys34 position of human serum albumin (Aldoxo-HSA), circumventing systemic toxicity (Kratz et al., 2000), demonstrated superior response against GBM tumors in mice when compared to free Dox treatment. While Aldoxo-HSA tumor targeting relies only on passive targeting due to EPR effect, the ELP-based thermally targeted drug delivery system can be actively targeted to the tumor site by application of hyperthermia (Raucher et al., 2018) while also benefiting from passive accumulation. This result was confirmed in our previous work where we have demonstrated that genetically modified ELP with a peptide inhibitor of c-Myc can be effectively delivered to and reduce brain tumors in a rat glioma model [24].



The purpose of this study was to extend this approach to small molecule drugs, such as doxorubicin, and evaluate if Dox delivered by SynB1-ELP is effective in the treatment of GBM cell lines.



Due to the large molecular weight of ~60 kDa, the ELP conjugate may not be able to pass the BBB and diffuse through the cell’s plasma membrane. To overcome this limitation, we added a cell penetrating peptide which enabled CPP-ELP drug carriers to accumulate in brain tumors in vivo (GBM in rats) [24] and enter the cells through adsorptive endocytosis [28]. Although adsorptive endocytosis uptake was less efficient in comparison to free diffusion of small and hydrophobic molecules, such as free Doxorubicin, SynB1-ELP-DOXO showed comparable cell killing of glioblastoma cells when compared to free doxorubicin.



In this study, we have shown that SynB1-ELP-DOXO effectively inhibits cell proliferation in three GBM cell lines; GBM6, D54, and U251-MG with IC50 values in the nanomolar range, specifically 40 nM for GBM6 and U251-MG, and 120 nM for D54. Both the free drug and SynB1-ELP-DOXO exhibited similar in vitro cytotoxicity, although their subcellular localization was considerably different. SynB1-ELP-DOXO showed slightly higher toxicity (IC50 = 27 nM) than free Dox (IC50 = 40 nM) in U251-MG cell line. In D54 and GBM6, free doxorubicin had marginally better efficiency in killing cells than SynB1-ELP-DOXO.



The difference in killing efficiency between the cell lines correlates directly to the difference in the level of cellular uptake of SynB1-ELP-DOXO. U251-MG had the highest uptake rate and the lowest IC50 values, while D54 and GBM6 had lower uptake rate, with higher IC50 when compared to U251-MG values under SynB1-ELP-DOXO treatment. However, the difference in toxicity between SynB1-ELP-DOXO and free Dox might not be the same in vivo, due to drug penetration and distribution in the tumor and more complex interactions of the drug within the unique GBM tumor microenvironment.



Although Dox delivered by SynB1-ELP has a similar toxicity as a free Dox, it is important to note that treatment with SynB1-ELP delivered Dox can be targeted specifically to the tumor site and therefore it will have significantly less nonspecific toxicity in normal tissue.



The cellular internalization of SynB1-ELP1-DOXO through adsorptive endocytosis, results in the acid-sensitive drug being exposed to the low pH environment of the endosomes/lysosomes, where it can be cleaved and released inside the cell. The cellular site of action of Dox is mainly in the nucleus, where it has been shown to intercalate into the DNA [29], while previous studies have shown that DOXO-EMCH-protein conjugates will localize in the cytoplasm and perinuclear areas. Our confocal localization experiments show that SynB1-ELP-DOXO has perinuclear localization, while free Dox was accumulated primarily in the nucleus. This suggests a different mechanism of action for killing the GBM cells other than just DNA intercalation, since the construct was mainly distributed in cytoplasm. GBM6 cell line showed a primarily cytoplasmic distribution of SynB1-ELP-DOXO, which was also accompanied by the lowest uptake of Doxorubicin, which may indicate higher drug resistance, compared to D54 and U251-MG cell lines.



To investigate the mechanism of action of doxorubicin delivered by SynB1-ELP and compare to that of free Doxorubicin, we analyzed cell cycle distribution. One of the established mechanisms of Doxorubicin cell killing is by intercalating into the DNA and inhibiting Topoisomerase II, resulting in cell cycle arrest [30]. Cell cycle analysis of GBM cells treated with free Dox showed enhanced arrest of the cells in G1 phase, while there was increased population of cells in G2/M phase in cells treated with SynB1-ELP-DOXO, when compared to free Dox, with some notable differences between cell lines. U251-MG showed the expected cell cycle arrest in G2/M phase with almost 90% of the cell population upon treatment with SynB1-ELP-DOXO, consistent with that free Dox. Cell lines D54 and GBM6 had only 60% arrest in G2/M phase. A difference in cell cycle distribution between D54 and U251-MG cells can be explained by the variable response to DNA damage due to a difference in DNA damage repair mechanisms [31].



The mechanism by which SynB1-ELP-DOXO induces apoptosis was examined by Annexin V binding, which is used to detect phosphatidylserine, a marker of apoptosis when it is localized on outer leaflet of the plasma membrane. After 24 h of incubation, the total apoptosis percentage of cells treated with free Dox was 1.5% in GBM6, 6% in D54, and 7% in U251-MG cells. However, the total apoptosis rates of SynB1-ELP-DOXO treated cells were 5%, 12% and 5% in GBM6, D54, and U251-MG cells, respectively. These data confirm that SynB1-ELP-DOXO induced apoptosis more effectively, in spite of its decreased toxicity, indicating that free doxorubicin and SynB1-ELP-delivered doxorubicin have a different mechanism of action.



One of the potential problems in glioblastoma treatment is the development of drug resistance. If Dox resistance is developed, the SynB1-ELP-DOXO construct could be adapted using a different linker between ELP and the doxorubicin derivative. Instead of joining the doxorubicin derivative molecule to ELP with a hydrazone linker, as used in this study, a peptide linker containing the amino acid sequence GFLG can be used (CPP-ELP-GFLG-Dox). This sequence is enzymatically cleaved by Cathepsin B proteases and would yield a doxorubicin derivative that is not a substrate for P-gylcoprotein. We have shown previously that [32] CPP-ELP-GFLG-Dox successfully and efficiently killed doxorubicin-resistant breast cancer cell lines. Therefore, a similar approach can be studied in the treatment of doxorubicin-resistant GBM cell lines, and this will be a subject of future investigation.




4. Materials and Methods


4.1. Polypeptide Expression and Purification


Previously designed and cloned SynB1 ELP1 [33] polypeptide was hyper- expressed in E. coli BLR (DE3) (Novagen, Madison, WI, USA) and purified by inverse thermal cycling [34].




4.2. Conjugation of DOXO-EMCH to Biopolymer


Doxorubicin derivative (DOXO-EMCH) with acid-cleavable (6-maleimidocaproyl) hydrazone linker was synthesized as previously described by Kratz et al. (DOXO-EMCH, generously provided by Dr. F. Kratz, CytRx Pharmaceuticals, Freiburg, Germany). The DOXO-EMCH was then covalently linked to three cysteine residues on ELP by thiol-maleimide coupling. To prevent spontaneous formation of disulfide bonds and maximize efficiency of the drug labeling process, protein conjugation with DOXO-EMCH was done under the following conditions: SynB1-ELP1-(GGC)3 protein at a concentration of 100 µM was solubilized in 50 mM sodium hydrogen phosphate (Na2HPO4) elution buffer, pH = 7, with the addition of 10 fold molar excess (1 mM) of tris (2-carboxyethyl) phosphine (TCEP) at room temperature for 30 min. Subsequently, freshly prepared 800 µM DOXO-EMCH was added to the protein solution and left to incubate for another 30 min at room temperature in the dark, followed by O/N incubation at 4 °C and protected from light. Unreacted DOXO-EMCH was removed by inverse thermal cycling. Protein concentration and labeling efficiency was estimated by measuring absorbance at 280 nm and 495 nm, respectively. The protein-drug concentration was calculated as described [35].


  P r o t e i n =      (  A b s   280   nm − A b s   350   nm  )       ε  p r o t e i n        



(1)






  D r u g   : P r o t e i n   c o n j u g a t e   =   A b  s  280 nm   −  (  0.713   ×   A b  s  495 nm    )    9250    M  − 1     cm   − 1      



(2)








4.3. Cell Lines


D54, GBM6, and U251-MG human glioblastoma cell lines were purchased from ATCC (American Type Culture Collection). Cells were maintained and grown in Dulbecco’s modified Eagle’s minimum essential medium (DMEM) (Corning, Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA, USA) and 1% Penicillin/Streptomycin antibiotics (HyClone, Thermo Fisher Scientific).




4.4. Cytotoxicity Assay


Cell proliferation was determined by CellTiter-Glo® luminescent cell viability assay. Briefly, cells were seeded in opaque-walled 96-well plate with a density of 1 × 103 cells per well in triplicates. After overnight incubation, cells were treated with two-fold increasing concentrations of free doxorubicin, SynB1-ELP-DOXO for 72 h.



The results of CellTiter-Glo®assay are based on cell lysis and generation of a luminescent signal proportional to the amount of ATP present. The treated cells were than assayed per manufacturer’s instructions and luminescent signal that is proportional to the amount of ATP present and number of cells present in the cell culture was quantified on the plate reader (Synergy H4 Hybrid Reader, BioTek® Instruments, Inc., Winooski, VT, USA). Cell survival was expressed as a percentage of the signal intensity normalized to that of untreated control cells. Cell survival data were analyzed using GraphPad Prism and dose response curves were analyzed and fitted to a sigmoidal four PL—sigmoidal function.




4.5. Apoptosis Assay


Apoptosis was measured by flow cytometry using Gallios Flow Cytometer (Beckman Coulter, Fullerton, CA, USA). Briefly, cells were seeded in transparent 6-well plates with density of 5 × 104 cells per well for D54, and 1 × 105 for GBM6 and U251-MG. After overnight incubation, cells were treated with either free Doxorubicin or SynB1-ELP-DOXO (62.5 nM). Etoposide at a final concentration of 500 µM was used as a positive control. After 24 h both floating and attached cells were harvested and stained with conjugated Alexa Annexin-V and Propidium iodide (PI). Forward versus side scatter gating was used to eliminate cell debris from the analysis, and a scatter plot of PI intensity versus Alexa Annexin V intensity was used to score live, apoptotic, and necrotic cells. The percentage of Annexin-V positive, apoptotic cells was expressed as an average of three experiments.




4.6. Cell Cycle Analysis


D54, GBM6, and U251-MG cells were plated in 6-well plates at density of 1 × 105 for D54 and 5 × 104 for GBM6 and U251-MG. The following day, cells were treated with SynB1-ELP-DOXO or free doxorubicin for 24 h at 37 °C. After the treatment, the cells were rinsed with PBS, fixed with 3 mL ice-cold 70% ethanol for 30 min, rinsed with PBS again and resuspended in 500 μL PBS. To eliminate signal from RNA, we added RNase A (Sigma Aldrich, Saint Louis, MO, USA) to a final concentration of 750 µg/mL to the cell suspension for 5 min. Cells were then treated with 200 μg/mL of Propidium iodide (PI) (Sigma, St. Louis, MO, USA) for 30 min at room temperature. To evaluate the intensity of PI fluorescence, as a measure of DNA content, we used Gallios flow cytometer and analyzed the results with Kaluza software (Beckman Coulter). A plot of forward scatter vs. PI intensity was gated to remove cell debris and cell aggregates from the analysis. Fluorescence was measured for a sample of 10,000 cells using FL3 (laser ex. 488 nm, filter 620/30 nm), and histograms of cell number versus PI intensity were used to determine the percentage of cells in each phase of the cell cycle.




4.7. Fluorescence Microscopy


In order to compare intracellular localization of SynB1-ELP-DOXO and free doxorubicin, glioblastoma cells were plated on 22 mm2 cover slips at approximately 50% confluence, and then incubated at 37 °C for 24 h. Cells were then treated with SynB1-ELP-DOXO and free doxorubicin (normalized to 25 uM concentration of doxorubicin) and incubated for 2 h, washed with PBS, fixed with ice-cold methanol, stained with DAPI, mounted on slides, and imaged with a Nikon confocal microscope (Nikon C2+,Nikon Instruments Inc., Melville, NY, USA).




4.8. Cellular Uptake Assay


D54 (1.0 × 105 cells/well), GBM6 and U251-MG (5.0 × 104 cells/well) were plated in 6-well tissue culture plates, and incubated for 24 h at 37 °C. After overnight incubation, cells were exposed to a range of concentrations of free Dox or SynB1-ELP-DOXO for 24 h. To harvest the cells after the treatment, we used a non-enzymatic cell dissociation buffer, which does not degrade polypeptide attached to the cells. Forward versus side scatter gating was used to remove cell debris from the analysis and Dox fluorescence intensity (n = 10,000 cells) was measured using a Gallios flow cytometer and Kaluza software (Beckman Coulter). Fluorescence intensity was normalized to cellular auto-fluorescence.





5. Conclusions


In summary, our findings demonstrate that SynB1-ELP-DOXO effectively kills GBM cells and has potential as a macromolecular drug carrier for the intracellular delivery of Doxorubicin. SynB1-ELP delivered Dox to the cell cytoplasm, arrested cell cycle in G2/M phase, and induced apoptosis resulting in inhibition of cell proliferation. This work provides initial proof of principle for the use of ELP, as a thermally targetable delivery system for doxorubicin in vitro, and these results encourage the future evaluation of the efficacy of ELP as a potential drug carrier in vivo for the treatment of glioblastoma. In addition, the ELP system is very versatile and can be utilized for delivery of other small molecule therapeutics, which are currently limited due to an inability to penetrate BBB or due to detrimental side effects. Further studies are necessary to evaluate efficiency of SynB1-ELP-DOXO delivery to the brain tumors, which could possibly be a successful strategy in the treatment of aggressive tumors, such as GBM, alone or in combination with current treatments. Continued development of this drug carrier has the potential to improve current therapy outcomes for GBM patients by increasing the specificity and efficacy of treatment and reducing cytotoxicity in normal tissues.







Author Contributions


Authors’ individual contributions: conceptualization, D.R. and S.D.; methodology and experiments we done by, S.D. and R.M.; formal analysis, S.D. and D.R.; S.D. and D.R.; writing—original draft preparation, S.D.; writing—review and editing, D.R. and S.D.




Funding


This research was funded by PFI: AIR-TT: Thermally Targeted Biopolymers for the Delivery of Anticancer Drugs, Award Number: #1640519; UMMC Mississippi Center of Excellence in Perinatal Research (MS-CEPR)-COBRE (P20GM121334).




Acknowledgments


We would like to thank Felix Kratz for providing DOXO-EMCH compound. We would also like to thank Bettye Sue Hennington and Lindsey Turner for manuscript editing.




Conflicts of Interest


D. Raucher is the CEO of Thermally Targeted Technology Inc. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed. The remaining 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.




References


	



Alifieris, C.; Trafalis, D.T. Glioblastoma multiforme: Pathogenesis and treatment. Pharmacol. Ther. 2015, 152, 63–82. [Google Scholar] [CrossRef] [PubMed]

	



Carlsson, S.K.; Brothers, S.P.; Wahlestedt, C. Emerging treatment strategies for glioblastoma multiforme. EMBO Mol. Med. 2014, 6, 1359–1370. [Google Scholar] [CrossRef] [PubMed]

	



Batash, R.; Asna, N.; Schaffer, P.; Francis, N.; Schaffer, M. Glioblastoma Multiforme, Diagnosis and Treatment; Recent Literature Review. Curr. Med. Chem. 2017, 24, 3002–3009. [Google Scholar] [CrossRef] [PubMed]

	



Pesenti, C.; Navone, S.E.; Guarnaccia, L.; Terrasi, A.; Costanza, J.; Silipigni, R.; Guarneri, S.; Fusco, N.; Fontana, L.; Locatelli, M.; et al. The Genetic Landscape of Human Glioblastoma and Matched Primary Cancer Stem Cells Reveals Intratumour Similarity and Intertumour Heterogeneity. Stem Cells Int. 2019, 2019, 2617030. [Google Scholar] [CrossRef]

	



Verreault, M.; Strutt, D.; Masin, D.; Anantha, M.; Yung, A.; Kozlowski, P.; Waterhouse, D.; Bally, M.B.; Yapp, D.T. Vascular normalization in orthotopic glioblastoma following intravenous treatment with lipid-based nanoparticulate formulations of irinotecan (Irinophore C™), doxorubicin (Caelyx®) or vincristine. BMC Cancer 2011, 11, 124. [Google Scholar] [CrossRef] [PubMed]

	



Tam, V.H.; Sosa, C.; Liu, R.; Yao, N.; Priestley, R.D. Nanomedicine as a non-invasive strategy for drug delivery across the blood brain barrier. Int. J. Pharm. 2016, 515, 331–342. [Google Scholar] [CrossRef]

	



Crawford, L.; Rosch, J.; Putnam, D. Concepts, technologies, and practices for drug delivery past the blood-brain barrier to the central nervous system. J. Control. Release 2016, 240, 251–266. [Google Scholar] [CrossRef]

	



Quader, S.; Liu, X.; Chen, Y.; Mi, P.; Chida, T.; Ishii, T.; Miura, Y.; Nishiyama, N.; Cabral, H.; Kataoka, K. cRGD peptide-installed epirubicin-loaded polymeric micelles for effective targeted therapy against brain tumors. J. Control. Release 2017, 258, 56–66. [Google Scholar] [CrossRef]

	



Nyrop, K.A.; Deal, A.M.; Reeder-Hayes, K.E.; Shachar, S.S.; Reeve, B.B.; Basch, E.; Choi, S.K.; Lee, J.T.; Wood, W.A.; Anders, C.K.; et al. Patient-reported and clinician-reported chemotherapy-induced peripheral neuropathy in patients with early breast cancer: Current clinical practice. Cancer 2019, 125, 2945–2954. [Google Scholar] [CrossRef]

	



Tempfer, C.B.; Kern, P.; Dogan, A.; Hilal, Z.; Rezniczek, G.A. Cytoreductive surgery with hyperthermic intraperitoneal chemotherapy for endometrial cancer-derived peritoneal metastases: A systematic review. Clin. Exp. Metastasis 2019, 36, 321–329. [Google Scholar] [CrossRef]

	



Kuo, Y.C.; Chang, Y.H.; Rajesh, R. Targeted delivery of etoposide, carmustine and doxorubicin to human glioblastoma cells using methoxy poly(ethylene glycol) poly(epsiloncaprolactone) nanoparticles conjugated with wheat germ agglutinin and folic acid. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 96, 114–128. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.L.; Wu, M.T.; Yang, F.Y. Pharmacokinetics of doxorubicin in glioblastoma multiforme following ultrasound-induced blood-brain barrier disruption as determined by microdialysis. J. Pharm. Biomed. Anal. 2018, 149, 482–487. [Google Scholar] [CrossRef] [PubMed]

	



Fan, C.H.; Cheng, Y.H.; Ting, C.Y.; Ho, Y.J.; Hsu, P.H.; Liu, H.L.; Yeh, C.K. Ultrasound/Magnetic Targeting with SPIO-DOX-Microbubble Complex for Image-Guided Drug Delivery in Brain Tumors. Theranostics 2016, 6, 1542–1556. [Google Scholar] [CrossRef]

	



Hu, J.; Xie, L.; Zhao, W.; Sun, M.; Liu, X.; Gao, W. Design of tumor-homing and pH-responsive polypeptide–doxorubicin nanoparticles with enhanced anticancer efficacy and reduced side effects. Chem. Commun. 2015, 51, 11405–11408. [Google Scholar] [CrossRef] [PubMed]

	



Raucher, D.; Dragojevic, S.; Ryu, J. Macromolecular Drug Carriers for Targeted Glioblastoma Therapy: Preclinical Studies, Challenges, and Future Perspectives. Front. Oncol. 2018, 8, 624. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, H. Polymer therapeutics and the EPR effect. J. Drug Target. 2017, 25, 781–785. [Google Scholar] [CrossRef]

	



Di Stefano, G.; Lanza, M.; Kratz, F.; Merina, L.; Fiume, L. A novel method for coupling doxorubicin to lactosaminated human albumin by an acid sensitive hydrazone bond: Synthesis, characterization and preliminary biological properties of the conjugate. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2004, 23, 393–397. [Google Scholar] [CrossRef] [PubMed]

	



Lebrecht, D.; Geist, A.; Ketelsen, U.P.; Haberstroh, J.; Setzer, B.; Kratz, F.; Walker, U.A. The 6-maleimidocaproyl hydrazone derivative of doxorubicin (DOXO-EMCH) is superior to free doxorubicin with respect to cardiotoxicity and mitochondrial damage. Int. J. Cancer 2007, 120, 927–934. [Google Scholar] [CrossRef] [PubMed]

	



Kratz, F.; Ehling, G.; Kauffmann, H.M.; Unger, C. Acute and repeat-dose toxicity studies of the (6-maleimidocaproyl) hydrazone derivative of doxorubicin (DOXO-EMCH), an albumin-binding prodrug of the anticancer agent doxorubicin. Hum. Exp. Toxicol. 2007, 26, 19–35. [Google Scholar] [CrossRef] [PubMed]

	



Zou, L.L.; Ma, J.L.; Wang, T.; Yang, T.B.; Liu, C.B. Cell-penetrating Peptide-mediated therapeutic molecule delivery into the central nervous system. Curr. Neuropharmacol. 2013, 11, 197–208. [Google Scholar] [CrossRef] [PubMed]

	



Bidwell, G.L., 3rd; Raucher, D. Cell penetrating elastin-like polypeptides for therapeutic peptide delivery. Adv. Drug Deliv. Rev. 2010, 62, 1486–1496. [Google Scholar] [CrossRef] [PubMed]

	



Aumelas, A.; Mangoni, M.; Roumestand, C.; Chiche, L.; Despaux, E.; Grassy, G.; Calas, B.; Chavanieu, A. Synthesis and Solution Structure of the Antimicrobial Peptide Protegrin-1. Eur. J. Biochem. 1996, 237, 575–583. [Google Scholar] [CrossRef] [PubMed]

	



Moktan, S.; Ryppa, C.; Kratz, F.; Raucher, D. A thermally responsive biopolymer conjugated to an acid-sensitive derivative of paclitaxel stabilizes microtubules, arrests cell cycle, and induces apoptosis. Investig. New Drugs 2012, 30, 236–248. [Google Scholar] [CrossRef] [PubMed]

	



Bidwell, G.L., 3rd; Perkins, E.; Hughes, J.; Khan, M.; James, J.R.; Raucher, D. Thermally targeted delivery of a c-Myc inhibitory polypeptide inhibits tumor progression and extends survival in a rat glioma model. PLoS ONE 2013, 8, e55104. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, D.; Nandi, S.; Bhattacharjee, S. Combination therapy to checkmate Glioblastoma: Clinical challenges and advances. Clin. Transl. Med. 2018, 7, 33. [Google Scholar] [CrossRef] [PubMed]

	



Ostrom, Q.T.; Gittleman, H.; Xu, J.; Kromer, C.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2009–2013. Neuro-Oncology 2016, 18 (Suppl. 5), v1–v75. [Google Scholar] [CrossRef]

	



Veringa, S.J.; Biesmans, D.; van Vuurden, D.G.; Jansen, M.H.; Wedekind, L.E.; Horsman, I.; Wesseling, P.; Vandertop, W.P.; Noske, D.P.; Kaspers, G.J.; et al. In vitro drug response and efflux transporters associated with drug resistance in pediatric high grade glioma and diffuse intrinsic pontine glioma. PLoS ONE 2013, 8, e61512. [Google Scholar] [CrossRef]

	



Massodi, I.; Bidwell, G.L., 3rd; Raucher, D. Evaluation of cell penetrating peptides fused to elastin-like polypeptide for drug delivery. J. Control. Release 2005, 108, 396–408. [Google Scholar] [CrossRef]

	



Zhang, X.; Poniewierski, A.; Sozański, K.; Zhou, Y.; Brzozowska-Elliott, A.; Holyst, R. Fluorescence correlation spectroscopy for multiple-site equilibrium binding: A case of doxorubicin–DNA interaction. Phys. Chem. Chem. Phys. 2019, 21, 1572–1577. [Google Scholar] [CrossRef]

	



Thorn, C.F.; Oshiro, C.; Marsh, S.; Hernandez-Boussard, T.; McLeod, H.; Klein, T.E.; Altman, R.B. Doxorubicin pathways: Pharmacodynamics and adverse effects. Pharmacogenet. Genom. 2011, 21, 440–446. [Google Scholar] [CrossRef]

	



Ostruszka, L.J.; Shewach, D.S. The role of cell cycle progression in radiosensitization by 2’,2’-difluoro-2’-deoxycytidine. Cancer Res. 2000, 60, 6080–6088. [Google Scholar] [PubMed]

	



Bidwell, G.L., 3rd; Davis, A.N.; Fokt, I.; Priebe, W.; Raucher, D. A thermally targeted elastin-like polypeptide-doxorubicin conjugate overcomes drug resistance. Investig. New Drugs 2007, 25, 313–326. [Google Scholar] [CrossRef]

	



Moktan, S.; Perkins, E.; Kratz, F.; Raucher, D. Thermal targeting of an acid-sensitive doxorubicin conjugate of elastin-like polypeptide enhances the therapeutic efficacy compared with the parent compound in vivo. Mol. Cancer Ther. 2012, 11, 1547–1556. [Google Scholar] [CrossRef] [PubMed]

	



Bidwell, G.L., 3rd; Raucher, D. Application of thermally responsive polypeptides directed against c-Myc transcriptional function for cancer therapy. Mol. Cancer Ther. 2005, 4, 1076–1085. [Google Scholar] [CrossRef] [PubMed]

	



Dreher, M.R.; Raucher, D.; Balu, N.; Michael Colvin, O.; Ludeman, S.M.; Chilkoti, A. Evaluation of an elastin-like polypeptide-doxorubicin conjugate for cancer therapy. J. Control. Release 2003, 91, 31–43. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds in the study are available from the authors.












[image: Molecules 24 03242 g001 550] 





Figure 1. Elastin like polypeptide: Conjugate structure is composed of the cell penetrating peptide (SynB1), elastin-like polypeptide (ELP), and DOXO-EMCH (Doxo). MW = 60 kDa. 
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Figure 2. Cytotoxicity effects of free Doxorubicin and SynB1-ELP1-DOXO. D54, GBM6, and U251-MG cells were exposed to varying concentrations of SynB1-ELP1-DOXO, or free Dox for 72 h at 37 °C, and the number of viable cells was estimated with CellTiter-Glo® assay. The data represent an average of at least three experiments (error bars represent S.E.M.). (a) Comparison of free Dox and SynB1-E1-DOXO cytotoxicity within cell lines. (b) Comparison of free Dox and SynB1-E1-DOXO cytotoxicity effect between cell lines. 






Figure 2. Cytotoxicity effects of free Doxorubicin and SynB1-ELP1-DOXO. D54, GBM6, and U251-MG cells were exposed to varying concentrations of SynB1-ELP1-DOXO, or free Dox for 72 h at 37 °C, and the number of viable cells was estimated with CellTiter-Glo® assay. The data represent an average of at least three experiments (error bars represent S.E.M.). (a) Comparison of free Dox and SynB1-E1-DOXO cytotoxicity within cell lines. (b) Comparison of free Dox and SynB1-E1-DOXO cytotoxicity effect between cell lines.



[image: Molecules 24 03242 g002a][image: Molecules 24 03242 g002b]







[image: Molecules 24 03242 g003 550] 





Figure 3. The upper panel shows representative cellular uptake histograms for D54, GBM6, and U251-MG cell lines. The lower panel represents average geometric mean of uptake for three independent experiments. Y-axis represents a relative fluorescence unit. Error bars are SEM. 
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Figure 4. Comparison of intracellular localization of free Doxorubicin, and SynB1-ELP-DOXO in D54, GBM6, and U251-MG. Representative images of Dox fluorescence (red); nuclei stained with DAPI (blue); the overlay (purple) represents regions where doxorubicin has entered the nucleus. Any difference in image intensity between cells treated with free Dox or SynB1-ELP-DOXO is qualitative only and does not represent the actual difference in Dox concentration in the cells. 
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Figure 5. Induction of apoptosis by SynB1-ELP-DOXO in GBM cell lines. Cells were treated with 125 nM SynB1-ELP-DOXO or free Dox and analyzed 24 h after the treatment. Raw data for a representative experiment is shown. 
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Figure 6. Cell cycle distribution. Cells were treated with 125 nM SynB1-ELP-DOXO or free Dox and analyzed 24 hours after the treatment. Raw data for a representative experiment is shown (a) and an average of three independent experiments is shown (b). Summary of results presented in B were determined by analysis of 10,000 cells per sample, and results represent the mean +/− SEM. 
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Table 1. IC50 values of human glioblastoma cell lines.
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	Cell Line
	IC50 µM (Free Dox)
	IC50 µM (SynB1-ELP-DOXO)





	D54
	0.12750 ± 0.04328
	0.09 ± 0.0012



	GBM6
	0.04309 ± 0.00962
	0.07854 ± 0.00821



	U251-MG
	0.04030 ± 0.02585
	0.02767 ± 0.01306
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Table 2. Percentage of Apoptotic Cells. The percentage of Apoptotic Cells is shown as an average of three independent experiments. Summary of results were determined by analysis of 10,000 cells per sample, and results represent the mean +/− SEM.
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	Cell Line
	% Apoptotic Cells Free Dox
	% Apoptotic Cells SynB1-ELP-DOXO





	D54
	11.85 ± 2.41
	2.90 ± 1.13



	GBM6
	14.11 ± 0.66
	9.34 ± 5.04



	U251-MG
	5.46 ± 0.9
	7.24 ± 1.83











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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