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Editorial on the Research Topic
Lipid Nanoparticles as a Novel Strategy to Deliver Bioactive Molecules


Lipid nanoparticles are so far among the most successful nanodelivery systems, considering the significant proportion of marketed nanocarriers that correspond to this category. High loading capacity, biocompatibility, and environmentally friendly obtention techniques can be mentioned among their most prominent specific advantages. The current research topic on Lipid Nanoparticles as a Novel Strategy to Deliver Bioactive Molecules encompasses original and review articles on a wide range of lipid nanoparticle-related topics, from encapsulation of gene therapies to novel characterization approaches. The collection of articles also expresses the increasing versatility of these nanosystems, owing to the use of hybrid and functionalized carriers.
The review article “Solid lipid nanoparticles for drug delivery: pharmacological and biopharmaceutical aspects” provides a literature survey on original publications from the last 7 years, considering only those articles where pharmacodynamic and/or pharmacokinetic studies have been performed. The article focuses on biopharmaceutical aspects of nanosystems administered through different routes, from oral absorption to enhanced brain penetration, including a critical view on current uncertainties and future directions.
The article “Surface Plasmon Resonance as a Characterization Tool for Lipid Nanoparticles used in Drug Delivery” describes recent work on the use of surface plasmon resonance to predict the potential interactions of lipid nanoparticles with biological proteins, including constituents of the protein corona that may trigger elimination by the mononuclear phagocyte system, thus conditioning their bioavailability.
For their part, Muraca et al. reviewed the use of lipid nanosystems for the delivery of therapeutics against a group of three trypanosomatid-caused neglected diseases: African trypanosomiasis, Chagas disease, and leishmaniasis. The article “Trypanosomatid-caused conditions: State of the art of therapeutics and potential applications of lipid-based nanocarriers” concludes that lipid nanocarriers could improve the efficacy–safety balance of known treatments, diminishing cytotoxicity and organ toxicity, especially in the case of leishmaniasis. However, it also underlines that last generation systems are still to be widely explored in the field of neglected conditions.
In the work entitled “Functional hybrid nanoemulsions for sumatriptan intranasal delivery,” Ribeiro et al. developed nanostructures composed of biopolymers and copaiba essential oil for the delivery of sumatriptan for intranasal administration. The work tried to solve bioavailability issues of that antimigraine active pharmaceutical ingredient. From the biopolymers screened, alginate was selected to produce a nanoemulsion of sumatriptan with the oil. The nanoemulsions displayed high entrapment efficiency in the range of 69 to 41%, high stability during at least for one year, and improved kinetic release compared to free drug. Also, tests on zebrafish larvae did not show changes in behavior either in their morphology.
An interesting work entitled “Optimizing the intracellular delivery of therapeutic anti-inflammatory TNF-α siRNA to activated macrophages using lipidoid-polymer hybrid nanoparticles” presented by Lokras et al. applied quality by design methodology to optimize RNA interference as strategy to silence the overexpression of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) induced by macrophages during lung pathologies like chronic obstructive pulmonary disease (COPD). A hybrid platform used for the intracellular delivery of TNF-α siRNA was the lipid-like transfection agent lipidoid L5 and poly(D,L-lactide-co-glycolide) successfully assayed in lipopolysaccharide-activated murine macrophage cell line RAW 264.7. Importantly, kinetic release of fluorescent siRNA from LPNs in vitro and in vivo demonstrated not only sustained release of siRNA from the nanoparticles but also a correlation between cell uptake and in vivo distribution. In a related review (“Advances in Lipid Nanoparticles for mRNA-Based Cancer Immunotherapy”), Guevara et al. summarize recent advances in the development of lipid particles for the delivery of mRNA-based immunotherapies, with a focus on cancer treatment. They also highlight a diversity of immunotherapeutic approaches through mRNA delivery and discuss the main factors affecting in vivo transfection efficiency and tropism of mRNA-loaded lipid nanoparticles.
In another relevant work called “Rapamycin-loaded lipid nanocapsules induce selective inhibition of the mTORC1-signaling pathway in glioblastoma cells,” Garcion et al. developed lipid nanocapsules containing rapamycin, a poorly water-soluble inhibitor of mTOR phosphorylation at Ser(2448), for potential application in cancer, particularly in glioblastomas combined with radiotherapy. Inhibition of mTOR phosphorylation down regulates a serine protein kinase (Akt) involved in the regulation of the progression of cancer cells. The work suggests that the new developed nanocarrier for rapamycin could be used as radiosensitizer and could be used for local–regional or peripherical administration for the treatment of glioblastomas.
In the work entitled “In silico and in vitro evaluation of mimetic peptides as potential antigen candidates for prophylaxis of leishmaniasis,” Guedes et al. performed the liposomal encapsulation of synthetic peptides with antigenic activity against Leishmania spp. Six peptides obtained from Leishmania spp. membranes and histones were synthetized by the phage display technique. The entrapped peptide was administered to New Zealand rabbits and used to determine humoral immunogenic protection against L. braziliensis or L. infantum. The peptide mixture triggered IFN-γ, IL-12, IL-4, and TGF-β, which induced Th1 and Th2 cellular immune response by polarization of T CD4+ cells and high expression of iNOS in infected rabbits. These promissory results will be extended for the treatment of other pathologies and imply a new approach for the development of novel type of vaccines.
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In recent years, advanced nanohybrid materials processed as pharmaceuticals have proved to be very advantageous. Triptans, such as the commercially available intranasal sumatriptan (SMT), are drugs employed in the treatment of painful migraine symptoms. However, SMT effectiveness by the intranasal route is limited by its high hydrophilicity and poor mucoadhesion. Therefore, we designed hybrid nanoemulsions (NE) composed of copaiba oil as the organic component plus biopolymers (xanthan, pectin, alginate) solubilized in the continuous aqueous phase, aiming at the intranasal release of SMT (2% w/v). Firstly, drug-biopolymer complexes were optimized in order to decrease the hydrophilicity of SMT. The resultant complexes were further encapsulated in copaiba oil-based nanoparticles, forming NE formulations. Characterization by FTIR-ATR, DSC, and TEM techniques exposed details of the molecular arrangement of the hybrid systems. Long-term stability of the hybrid NE at 25°C was confirmed over a year, regarding size (~ 120 nm), polydispersity (~ 0.2), zeta potential (~ −25 mV), and nanoparticle concentration (~ 2.1014 particles/mL). SMT encapsulation efficiency in the formulations ranged between 41–69%, extending the in vitro release time of SMT from 5 h (free drug) to more than 24 h. The alginate-based NE was selected as the most desirable system and its in vivo nanotoxicity was evaluated in a zebrafish model. Hybrid NE treatment did not affect spontaneous movement or induce morphological changes in zebrafish larvae, and there was no evidence of mortality or cardiotoxicity after 48 h of treatment. With these results, we propose alginate-based nanoemulsions as a potential treatment for migraine pain.

Keywords: sumatriptan, hybrid nanoemulsions, vegetable oil, intranasal administration, biopolymers, nanotoxicity


INTRODUCTION

Migraines are one of the top 10 causes of work disability in the world (Natoli et al., 2010; Vos et al., 2015). It is a painful and limiting disease with a prevalence above 20% (Yeh et al., 2018), characterized by periodic headache outbreaks, often associated with gastric problems and photo/phonophobia.

Although the disease mechanism is not fully understood, serotonin (5-hydroxytryptamine) is the probable trigger of migraine crises (Deen et al., 2019). In the late 1980s, some serotonin agonists, known as triptans, were developed for the treatment of migraine. Intranasal sumatriptan (SMT) is the gold standard treatment for severe migraines (Muzzi et al., 2020). However, SMT is a hydrophilic molecule, which limits its permeation through the nasal mucosa and makes it difficult to cross the blood-brain barrier (BBB), despite SMT action on the central nervous system (Pascual and Muñoz, 2005; Tfelt-Hansen, 2010). So far, there are no effective drugs available for treating migraines.

Nanoemulsions (NE) are drug delivery systems (DDS) in which at least 2 immiscible liquids are kinetically stabilized. They are mainly composed of aqueous and oily phases, with a huge loading capacity for hydrophobic molecules (Singh et al., 2017). They are able to prolong the drug release profile of several classes of drugs, improving their bioavailability (Rai et al., 2018). Moreover, NE with particle sizes smaller than 200 nm are especially promising to overcome the BBB. Indeed, NE have proved to be excellent DDS for the sustained release of drugs with neurological action (Islam et al., 2020; Nirale et al., 2020).

Additionally, NE composed of vegetable oils can take advantage of several therapeutic properties of these natural compounds (Badea et al., 2015; Ribeiro et al., 2017b). Copaiba oil is found in Central and Western Amazonia. It is composed of a mixture of triglycerides and fat acids (Ribeiro et al., 2017b), among which copalic acid is the major compound (Souza et al., 2020). The literature shows many reports on functional copaiba oil-based NE with remarkable anti-Leishmania (Dhorm Pimentel de Moraes et al., 2018), larvicidal (Rodrigues et al., 2014), anti-inflammatory (Lucca et al., 2018) and antimicrobial (Vaucher et al., 2015) activities. Moreover, the in vivo biocompatibility of copaiba oil was already reported in mice and rats (Alvarenga et al., 2020; Souza et al., 2020).

Biopolymers are natural materials that have been used in biomedical applications as DDS and biosensors, and in tissue engineering and diagnoses for at least 75 years (George et al., 2020; Qureshi et al., 2020). Due to their available carboxyl groups, hydrophilic biopolymers such as dextran, pectin (PCT), alginate (ALG), pullulan and xanthan (XAN) provide systems with mucoadhesive properties, favoring the permeation of drugs across the mucous tissue (Ribeiro et al., 2018b, 2020). Polymer-lipid DDS is one of the best combinations of pharmaceutical excipients, resulting in several optimized properties (Siepmann et al., 2019). In addition, biopolymers can be added to oily phases (Shinde et al., 2011) or complexed with hydrophilic molecules (Neupane et al., 2013), improving drug upload and in vivo efficacy, as noticed for other alginate-based lipid nanoformulations (Severino et al., 2015; Rodrigues da Silva et al., 2020).

In this work, we prepared different functional NE composed of copaiba oil and biopolymers complexed with SMT (2%) for intranasal administration. The long-term stability of NE was monitored for a year at room temperature. The most suitable formulation was structurally characterized and tested through in vivo nanotoxicity assays in a zebrafish model. The promising results evinced the potential of the hybrid alginate-nanoemulsion system for future clinical applications in the treatment of acute migraine crises.



MATERIALS AND METHODS


Materials

Copaiba oil (Copaifera langsdorfii), Tween 20® (T-20), Tween 80® (T-80), xanthan gum from Xanthomonas campestris (XAN), alginate from brown algae (ALG), pectin from apple (PCT), and sumatriptan succinate (SMT) were purchased from Sigma-Aldrich (St Louis, MO, USA). Deionized water (18 mΩ) was obtained from an Elga ultrapure water purifier (Merck KGaA, Darmstadt, Germany). All other reagents were of analytical or pharmaceutical grade.



Preparation of Biopolymer-SMT Complexes

Different biopolymer-SMT (1:4; w/w) complexes were obtained by homogenization of the excipients under magnetic stirring, at 25°C for 2 h. Then, such complexes were lyophilized, resulting in XAN-SMT, ALG-SMT, and PCT-SMT powder complexes, that were subsequently used as the active molecules in the hybrid nanoemulsion preparation.



Preparation of Hybrid Nanoemulsions

Control NE were prepared as follows: the aqueous phase was obtained by adding 0.4 g T-80 plus, in which 0.05 g biopolymer (XAN, ALG or PCT) was solubilized in 10 mL of deionized water, under magnetic stirring (500 rpm), at 70°C for 10 min. The organic phase was simultaneously prepared, mixing 0.4 g T-20 and 1 g of copaiba oil, also under magnetic stirring at 70°C for 10 min. Then, the organic phase was dropped into the aqueous phase under constant agitation at the same temperature, for 10 min. The resultant copaiba oil-based emulsion was homogenized at 10,000 rpm for 3 min, using an Ultra-turrax machine (IKA® T18 basic). Finally, the microemulsion was ultrasonicated with a titanium micro-tip in a Vibracell machine (Sonics & Mat. Inc Danbury, USA) in cycles of 30 s (on/off) for 25 min (Dhorm Pimentel de Moraes et al., 2018). Finally, to prepare hybrid nanoemulsions with SMT (2%, w/v), the previously prepared, freeze-dried biopolymer-SMT complexes were added to the aqueous phase of NE, resulting in the NE/XAN-SMT, NE/ALG-SMT, and NE/PCT-SMT formulations.



Long-Term Stability Study

The long-term stability of NE formulations with and without drug was monitored by following the parameters: particle size (nm), polydispersity index (PDI), Zeta potential (mV)—measured by Dynamic Light Scattering in a ZetaSizer Nano ZS 90 (Malvern Instruments, Malvern, Worcestershire, UK), and number of nanoparticles/mL—by Nanoparticle Tracking Analysis in a NanoSight NS300 instrument (Malvern Instruments, Malvern, Worcestershire, UK). The samples were diluted 1:2,000 and 1:250,000 for DLS and NTA measurements, respectively, and analyzed at predetermined time intervals for 1 year at 25°C (n = 3).



Sumatriptan Encapsulation Efficiency (%EE)

SMT encapsulation efficiency (%EE) in the NE formulations was determined by the ultrafiltration-centrifugation method, followed by UV-vis quantification at λ = 227 nm (Agrawal et al., 2010). The concentration of SMT in the NE was determined by the difference between the non-encapsulated SMT quantified in the ultrafiltrate (free SMT) and the total amount of added sumatriptan (SMT initial concentration). The %EE was calculated according to the following equation:

[image: image]

where: A is the amount of encapsulated SMT, and B is the SMT initial concentration; A = B – (free SMT).



Sumatriptan in vitro Release Kinetics

The in vitro release of SMT (2%) was performed using Franz-type diffusion cells. The polycarbonate membrane was horizontally placed between the donor and acceptor compartments (area 1.77 cm2). The donor compartment was filled with 400 μL of each sample (free SMT, NE/ALG-SMT, and NE/PCT-SMT). The acceptor compartment (4 mL) was filled with 10 mM PBS solution to ensure the sink condition and kept at 37°C, under magnetic stirring (350 rpm). At predefined time intervals and up to 24 h, aliquots of 200 μL were removed from the acceptor compartment and immediately replaced with PBS. The concentration of SMT released during the experiment was photometrically determined at 227 nm (n = 5) and expressed as percent SMT released.

Modeling of the kinetic curves was carried out using KinetDS 3.0 software (Mendyk and Jachowicz, 2007). Among all the tested models (zero order, first order, Higuchi, Korsmeyer-Peppas, and Weibull), the Weibull model (Equation 2) showed the highest coefficient of determination (R2) values, for all the NE-based formulations:

[image: image]

where: m is the concentration of SMT released at the time t, b is the release exponent, and a is the time scale of release.



Structural Characterization

FTIR-ATR, DSC, and TEM techniques were employed in the structural characterization of the excipients in nature, and the lyophilized ALG-SMT complex, NE, and NE-ALG/SMT samples.

FTIR-ATR spectra were collected by an infrared spectrometer equipped with ATR (Bruker IFS, Bruker, Billerica, MA, USA). The analyses were performed in transmittance mode, in the range of 4500–500 cm−1 with 2 cm−1 resolution. DSC thermal profiles were obtained with a TA Q20 calorimeter (TA Instruments, New Castle, DE, USA) equipped with a cooling system. Calibration was carried out using indium. The samples (5 mg) were added in aluminum pans and the spectra were detected from 0 to 200°C, at a 10°C/min heating rate, under nitrogen flow. The morphology of hybrid nanoemulsions, with and without drug, by TEM analyses was performed in a Leo 906 (Carl Zeiss, Oberkochen, Germany) transmission electron microscope, operating at 60 kV. Briefly, the samples were previously diluted (50 x) and a drop of the sample was added to the grid; after 1 min the excess was removed and a 2% uranyl solution (w/v) was added, providing contrast to the images. After 1 min the excess volume was removed, and a drop of deionized water was added to the sample that was dried at ambient temperature. Then, micrographs of the samples were obtained at different magnifications and the ImageJ software (US Nat. Institute of Health, Bethesda, USA) was employed to calculate the nanoparticle size from the micrographs.



In vivo Zebrafish Tests
 
Maintenance and Spawning

Wild-type zebrafish (Danio rerio) were kept in tanks at a temperature of 28°C, with 14/10 light/dark cycles (Prieto et al., 2012). All embryos were collected by natural spawning and kept in Petri dishes with an E3 solution (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4 at pH 7.0) (Kimmel et al., 1995). After 1-day post-fertilization (dpf ), they were transferred to a 96-well-plate with an E3 medium, three eggs per well, and maintained at 28 ± 0.5°C in a 14/10 h light/dark cycle, until 5 dpf . The procedures performed were approved by the ethics committees of the National University of Quilmes (CE-UNQ 2/2014, CICUAL-UNQ 013-15 e 014-15).



Viability and Determination of the Lethal Dose (LD50)

Five dpf larvae were exposed to SMT, NE/ALG-SMT, and NE/ALG, all diluted in an E3 medium. As a negative control, larvae were kept only in E3. The concentrations of SMT, free or encapsulated in NE/ALG-SMT, ranged from 2 × 10−6 to 2 × 104 μg/mL. Controls prepared without SMT (NE/ALG) were used in the same particle concentrations of the NE/ALG-SMT formulation. For each assay, eight technical replicates and three biological replicates were used for each condition (n = 24). At 24 h post-incubation (hpi), larvae viability was observed in the stereomicroscope. Larvae were considered dead when they had no heartbeat and viability was expressed as the percentage of live larvae in relation to the control (larvae in the E3 medium). LD50 was determined as the drug concentration capable of causing the death of 50% of larvae (Martinez et al., 2019).



Heart Rate and Spontaneous Movement

For these tests, larvae were incubated at a sublethal concentration of 0.02 μg/mL SMT (SMT, NE/ALG-SMT) and NE/ALG for 24 h. Heart rate was determined by visually counting the larvae's heartbeats. The animals were immobilized on slides, placed under a stereomicroscope, and recorded in parasagittal orientation. The counting results were expressed as the percentage of beats per minute in relation to the control (larvae in the E3 medium). Spontaneous movement was analyzed in a multichannel ADC system (WMicrotracker, Designplus SRL) with infrared rays that are interrupted by the larvae's swimming activity (n = 24) (Igartúa et al., 2020). Spontaneous movement was expressed as the percentage of locomotor activity in relation to the control. Statistical analyses were performed with GraphPad Prism v.6.



Toxicity Analysis: Morphological Changes

For the study of morphological changes, after 24 hpi with the samples containing 2 × 10−6-2 × 10−2 μg/mL μg/mL SMT, the larvae were photographed in parasagittal orientation, with 60× magnification. The photomicrographs were analyzed for the following morphological changes: curvature of the body, malformation of the jaw, opacity of the head, opaque liver, opacity in the yolk sac, non-depletion of the yolk sac, uninflated swimming bladder, edema, and malformation of the tail. A score was assigned to each larva based on the degree of morphological anomalies: 0 = no anomalies; 1 = one to two morphological anomalies; 2 = three to four anomalies; 3 = more than four anomalies; and 4 = dead (Martinez et al., 2019). The average toxicity score for each treatment was determined by the score of the individual larvae.




Statistical Analyses

One-way ANOVA followed by Tukey post-hoc multiple comparison tests were used to analyze significant differences over time of NE samples, in terms of nanoparticle size, PDI, Zeta potential and nanoparticle concentration, performed with R (version 4.0.1) analytical software. In addition, the same tests were employed to determine statistically significant differences between free sumatriptan and hybrid nanoemulsion, in the in vivo zebrafish model, regarding different parameters: viability, heart rate, spontaneous movement, and morphological changes. The significance level was defined as 5% (p < 0.05).




RESULTS

As a first approach, different complexes of biopolymer-SMT (1:4 w/w) were prepared in order to improve drug loading in copaiba oil-based nanoparticles. Then, copaiba oil-based NE formulations, containing or not the biopolymer-SMT complexes, were successfully prepared and stored for a year at room temperature.


Long-Term Stability Study

Hybrid NE formulations either containing or not containing SMT (2%) were monitored in the long-term stability study. The parameters analyzed for a year (25°C) were: size (nm), PDI, Zeta potential (mV), and nanoparticle concentration/mL (Figure 1). In general, initial particle size ranged from 76 to 148 nm (Figure 1A), with PDI values around 0.25 (Figure 1B), zeta potential from −26 to −35 mV (Figure 1C), and number of particles of 1.6–2.9 1014/mL (Figure 1D), for all NE.


[image: Figure 1]
FIGURE 1. Long-term stability study of hybrid nanoemulsions—with or without SMT (2%)—in terms of size (A), PDI (B), Zeta potential (C), and nanoparticle concentration (D), during 365 days of storage at 25°C. Values are given as mean ± S.D. (n = 3) and ANOVA/Tukey post-hoc tests were used to differentiate intragroup statistically significant differences: *p < 0.05.


NE/XAN-SMT exhibited statistically significant differences (p < 0.05) in all parameters tested after a year. NE/ALG-SMT was the only system that did not show any statistically significant difference (p > 0.05) after 365 days of storage, in any of the analyzed parameters. NE/PCT-SMT showed a significant increase in particle size (p < 0.05) at the end of the experiment. Taking into account such results, NE-XAN/SMT was excluded from subsequent (kinetic release and in vivo) experiments.



Encapsulation Efficiency Test

SMT encapsulation efficiency (%EE) in the formulations is listed in Table 1. The hybrid NE formulations showed %EE values in the range of 41–69%, while NE/SMT encapsulated only ca. 10% of the drug.


Table 1. Sumatriptan (2%) encapsulation efficiency (%EE) in NE (without biopolymer in the composition) and in the hybrid biopolymer-NE formulations.
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Figure 2 shows the in vitro release profiles of SMT, free (control) or encapsulated in NE/ALG-SMT or NE/PCT-SMT. In the second hour of testing, SMT and NE samples discharged around 98 and 60%, respectively. After 5 h, SMT reached 100% of release in the acceptor compartment, while both hybrid NE released around 80% only after 24 h.


[image: Figure 2]
FIGURE 2. In vitro release kinetics of SMT, in solution or encapsulated in hybrid NE formulations, at 37°C, for 24 h. Data expressed as mean ± S.D. (n = 5).


Mathematical modeling of NE kinetics was carried out using KinetDS 3.0 software. The best model was selected based on the highest coefficient of determination (R2). For SMT in solution, Higuchi was the best-fitted model, while the release kinetics of SMT in NE/ALG-SMT and NE/PCT-SMT was better described by the Weibull model (Table 2). The shape of the release curve (b-values) in the Weibull equation describes the mechanism of drug release. Here, the b < 1 values revealed a biphasic SMT release profile for both hybrid NE formulations (Papadopoulou et al., 2006).


Table 2. Mathematical modeling of release kinetic curves by the Weibull model.
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Taking into account the long-term stability study, %EE and in vitro SMT release results, NE/ALG-SMT was selected as the most desirable formulation. Therefore, the structural characterization and in vivo nanotoxicity assays (zebrafish larvae model) were performed for NE/ALG-SMT, NE/ALG, and free SMT samples.



Structural Characterization

The hybrid alginate-based NE containing or not SMT (NE/ALG-SMT and NE/ALG, respectively) were characterized using FTIR-ATR, DSC, and TEM techniques.

Figure 3A shows the spectroscopic profile of the pure ALG, SMT, and ALG-SMT complex. Typical SMT bands were observed at 3371, 3088, 1298, 1207, and 1134 cm−1, ascribed to the stretching of -NH, C-H, sulfonamide, tertiary amine, and O-H (Galgatte et al., 2014), respectively, in the SMT spectrum. The spectrum of pure ALG displayed bands centered at 3243, 1587, 1407, and 1030 cm−1 assigned to O-H, -COO, -COO, and C-O-C stretching, respectively (Ribeiro et al., 2014). The ALG-SMT complex exhibited a spectroscopic profile similar to that of the SMT spectrum, where the SMT amine band (3371 cm−1) was shifted to 3367 cm−1. In addition, the broad band stretching band of -OH (3243 cm−1) from alginate was not detected in the complexed ALG-SMT spectrum.


[image: Figure 3]
FIGURE 3. Characterization of the hybrid NE formulation and its excipients by the FTIR-ATR (top) and DSC (down) techniques. The structural profiles of the alginate-sumatriptan complex (A,C) and nanoemulsions (B,D) were provided.


Figure 3B features the FTIR-ATR spectra of the excipients, NE and NE/ALG-SMT formulations. NE (with and without SMT) spectra revealed bands in the regions of 2920–2929, 2855–2857, and 1132–1134 cm−1, corresponding to the stretching of CH, O-CH2, and C=O (Ribeiro et al., 2014), respectively. The spectrum of copaiba oil revealed bands centered at 2920, 2853, 1735, and 1160 cm −1, corresponding to CH, O-CH2, C=O, and C=O stretching, respectively (Ribeiro et al., 2017b). In addition, the bands observed between 3365 and 3371 cm−1 in both NE and NE/ALG-SMT spectra are attributed to the interaction of copaiba oil with the hydroxyl groups of surfactants and biopolymer (Yu et al., 2012; Norcino et al., 2020).

Figure 3C features the thermodynamic transitions of the ALG-SMT complex, ALG, and SMT. It can be observed that the ALG-SMT complex showed an endothermic peak centered at 166°C, slightly lower than the melting point of pure SMT (172°C) (Galgatte et al., 2014) (Figure 3C). The melting point of the alginate (117°C) (Rodrigues da Silva et al., 2020) was not detected in the DSC analysis of the biopolymer-drug complex. Figure 3D shows the thermal profile of the excipients, NE, and NE/ALG, with or without SMT. All excipients (T-80, T-20, copaiba oil) were liquid at room temperature, and therefore did not show any thermodynamic transition in the analysis. Furthermore, there is no evidence of any peak of sample degradation up to 200°C.

The micrographs of Figure 4 confirmed the spherical morphology of the nanoparticles and their narrow size distribution, as expected for this system (Kelmann et al., 2007). The incorporation of the ALG-SMT complex in NE did not interfere with the integrity and morphology of the nanoparticles. The particle sizes (around 94 and 123 nm for NE/ALG and NE/ALG-SMT, respectively) calculated from the micrographies using the ImageJ software were also in agreement with DLS data (Figure 1A).


[image: Figure 4]
FIGURE 4. Micrographs of the NE/ALG (top) and NE/ALG-SMT (down) formulations, with magnifications at 10,000 x (left) and 100,000 x (right).




In vivo Zebrafish Tests

The first test performed on a zebrafish model was the determination of the dose capable of causing the death of 50% of larvae (LD50). The results found after 24 h post-incubation are given in Figure 5A. While free SMT showed LD50 = 3288 μg/mL, the NE-ALG/SMT formulation decreased this concentration to 0.2 μg/mL. A sublethal dose was then chosen in order to evaluate the action of the formulations on the target tissues (cardiac and neuronal). It is important to consider that the hybrid system without SMT (NE-ALG) also showed LD50 at a concentration equivalent to 0.6 μg/mL of SMT in the NE-ALG/SMT, or 3 × 10−4 mg/mL of copaiba oil or 6 × 108 particles/mL.


[image: Figure 5]
FIGURE 5. (A) Viability of zebrafish larvae after 24 h of exposure (hpi) to: sumatriptan in an aqueous solution (SMT), sumatriptan incorporated in the hybrid system (NE/ALG-SMT); control nanoemulsion without sumatriptan (NE/ALG). (B) Percentual variation of heart rate, in relation to control. (C) Percentual variation of spontaneous movement, compared to control. (D) Toxicological test: score of morphological changes after 24 hpi. (E) Representative images of the analyzed larvae after 24 hpi. Score: 0 = no changes; 1 = one to two morphological anomalies; 2 = three to four anomalies; 3 = more than four anomalies; and 4 = dead. Anova post-hoc Tukey test: *p < 0.05; **p < 0.01.


Thus, heart rate (Figure 5B) and spontaneous movement (Figure 5C) were determined. Heart rate did not change in relation to the control when the larvae were incubated with free SMT. However, NE-ALG and NE-ALG/SMT decreased heart rate by 10 and 20%, respectively. Regarding the spontaneous movement of zebrafish larvae, a slight increase of 8% and >20% was observed for NE-ALG and NE-ALG/SMT, respectively, in relation to free SMT. In addition, to identify any possible systemic toxicity in larvae, several morphological parameters (as described in methods) were analyzed, and the mean score of each formulation is shown in Figure 5D, with representative images of the analyzed larvae in Figure 5E. The results show that in the tested concentrations, none of the formulations showed significant toxic effects, not reaching the score of 1. That is, <1 change was registered per larva, indicating systemic non-toxicity of the formulations.




DISCUSSION

The development of innovative nanostructured formulations aiming at the sustained release of active molecules requires satisfactory physicochemical properties, long-term stability, and biocompatibility (de Araújo et al., 2019; de Paula et al., 2020). Therefore, such features were pursued here.

It is essential to monitor some structural parameters of nanoparticles, such as particle size homogeneity and Zeta potential values to ensure quality control of pharmaceutical products (Attama et al., 2012). Nanoparticle disruption, coalescence, or degradation in colloids directly affect their potential as DDS. Thus, a novel in vitro biophysical method, called Nanoparticle Tracking Analysis (NTA), has been useful as an analytical method for nanoparticles (Filipe et al., 2010). In addition to the easy, fast, and reliable determination of particle size and polydispersity (Span index) of samples, this technique provides a unique piece of information, the number of nanoparticles in a known volume, without being affected by sample polydispersity or particle morphology (Ribeiro et al., 2018a).

NE-based XAN loading SMT was stable for only 6 months. After this period, average particle size (measured by DLS) increased significantly, followed by an abrupt decrease in the number of particles (measured by NTA). The strong negative correlation between these two parameters over time and measured by distinct techniques was already proposed by us as an instability indicator of colloids (Ribeiro et al., 2018a). NE/ALG-SMT was the only formulation that did not show significant changes in any of the analyzed parameters during long-term (365 days) storage. In addition, considering that the zeta potential is a parameter related with the non-colloidal stability, the highly negative values observed in here (−36 mV) confirmed the shelf-time of hybrid nanoemulsion (Honary and Zahir, 2013). In fact, ALG is the most successful biopolymer used as a carrier, absorption enhancer or adjuvant for DDS (Guo et al., 2020; Kuznetsova et al., 2020), as well as the polymer counterpart of organic-organic DDS (Ribeiro et al., 2017a; Siepmann et al., 2019).

The complexation of SMT with different biopolymers prior to NE preparation aimed to improve loading in copaiba oil nanoparticles. Such strategy has been previously described for modulating the hydrophilicity of other drugs encapsulated in lipid nanoparticles (Olbrich et al., 2004; Severino et al., 2015). In fact, all drug-biopolymer complexes were satisfactorily solubilized in the organic (nanoemulsion) phase, resulting in a DDS of higher SMT upload capacity than oily nanoparticles. Synergistically, such biopolymers impart an additional property to the system: mucoadhesion (Ribeiro et al., 2018b, 2020; Rodrigues da Silva et al., 2020), which is highly desirable for intranasal formulations.

Moreover, prolonged in vitro SMT release was observed for both NE/ALG-SMT and NE/PCT-SMT in comparison to free SMT. In addition, a burst release effect was observed for both NE in the first 2 h of analysis, which is desirable for pain management drugs (Franz-Montan et al., 2017a). The non-encapsulated fraction of SMT ensured the immediate onset of analgesia, followed by a sustained release of SMT loaded by copaiba oil nanoparticles. This biphasic release profile of NE is a consequence of its complex composition and unique supramolecular organization.

In this sense, the structural characterization of pharmaceutical products provided information of their molecular arrangement, as well as the possible interactions between the carriers and the drugs (Muniz et al., 2018). Here, FTIR-ATR, DSC, and TEM analyses evidenced the compatibility among all the components of the hybrid system. As expected, the ALG-SMT complex exhibited a similar spectroscopic profile to pure SMT, since there was 4 times more SMT than the biopolymer in the complex. In addition, the absence of the broad hydroxyl band from alginate and the shift of the SMT amine band to smaller wavenumbers in the ALG-SMT spectrum is indicative of electrostatic interactions taking place between the free amine of SMT and alginate carboxylic groups. Evidence of such interactions was also observed by DSC analyses, from the slight decrease of the SMT melting point in the ALG-SMT complex.

On the other hand, all NE spectra showed the typical spectroscopic profile of the lipid nanocarrier, reflecting the major contribution of copaiba oil to the NE structure (Ribeiro et al., 2017b). Thermal analyses also confirmed the compatibility of the excipients in NE/ALG-SMT. There was no evidence of a degradation peak in the NE/ALG-SMT thermal profile, suggesting interaction between the complex and NE with thermal stability to at least 200°C. Considering the physiological temperature range, around 35–37°C, these results indicated that NE can be applied as DDS without unexpected calorimetric transitions (Franz-Montan et al., 2017b).

The zebrafish model has emerged as an important preclinical tool to evaluate drugs and DDS (Berghmans et al., 2008; Fako and Furgeson, 2009; Haque and Ward, 2018; Jia et al., 2019). Practicality, low cost, quick testing of various parameters and good predictability with humans (>75%) are some of the factors that evidenced the importance of this model for nanotoxicity tests (Parng et al., 2002). Moreover, zebrafish larvae are transparent, which allows in vivo temporal imaging. In addition, the cardiovascular, nervous, and digestive systems are physiologically similar to mammals (Martinez et al., 2017). Specifically regarding the nervous system, it has been reported that the physiology of serotonergic neurotransmitters in zebrafish is similar to that of humans (Nowicki et al., 2014), with the development of BBB after 3 dpf (Eliceiri et al., 2011), thus being a coherent model for testing SMT (5HT1B and 5HT1D serotonin receptor agonist).

A particularity of the zebrafish model in relation to other models is the route of administration. In zebrafish, the larvae are exposed directly to the formulations in the bath solution. Thus, different pathways (gastrointestinal, dermal, etc.) can occur simultaneously in the larvae (van Pomeren et al., 2017). The viability results obtained revealed that high doses of free SMT are required to induce any effect on the larvae, as expected from its limited bioavailability. Conversely, NE/ALG-SMT showed the highest effect on larvae, which can be explained by the improvement of SMT bioavailability, as proposed in a recent review (Jia et al., 2019). This review showed that use of the zebrafish model to evaluate nanomaterials resulted in improved effectiveness of the encapsulated drug. Thus, the decrease in LD50 values of NE/ALG-SMT compared to free SMT is a strong indication of enhanced SMT delivery from NE/ALG-SMT. Moreover, it was no surprise that NE/ALG, composed of copaiba oil, had an effect on the larvae. Copaiba oil has exhibited several intrinsic therapeutic properties, such as analgesia (Gomes et al., 2007). However, when SMT is loaded in NE (despite only %EE 40%), the effect on viability is enhanced, indicating that encapsulated SMT had a higher impact on larval physiology.

In order to validate such a hypothesis, heart rate and spontaneous movement (reflecting the effects on the cardiac and nervous system, respectively) were analyzed. In both tests, SMT encapsulation potentiated the decrease of heart rate or the increase of spontaneous movement. These results confirmed the efficient delivery of SMT from NE/ALG-SMT, reaching these targets more efficiently. The changes in heart rate observed after treatment with free SMT should be correlated with its action in blood vessels (Caekebeke et al., 1992; Hack, 2004). In addition, copaiba oil was responsible for a decrease in larval heartbeat in NE/ALG by acting on opioid receptors (Leandro et al., 2012). Similar to the spontaneous movement results, the increase in larval movement when treated with encapsulated SMT should be a result of somatosensory discomfort, as already reported, e.g., discomfort to touch (Krämer et al., 2007).

Although these results indicated higher SMT bioavailability and synergy with copaiba oil effects in NE/ALG-SMT, no other systemic change was noticed in the tested doses, confirming the low toxicity of NE/ALG-SMT. Even though the zebrafish model does not reproduce the intended administration route (intranasal), it provided relevant insights into the bioavailability of SMT loading in NE, confirming the promising strategy to improve antimigraine triptan delivery.



CONCLUSIONS

This work aimed at the development of hybrid nanoemulsions composed of copaiba oil and biopolymers for the loading of sumatriptan (2%) for intranasal administration. Firstly, the drug was complexed with different biopolymers to decrease its hydrophilicity and increase its upload by the copaiba oil-based nanoparticles. Then, those complexes were used as active molecules in NE. The NE/ALG-SMT formulation was stable for a year and prolonged in vitro SMT release for more than 24 h. Structural characterization revealed the singular supramolecular arrangement of NE, with electrostatic interactions detected between the biopolymer and SMT, plus hydrogen bonds between the complex and copaiba oil-nanoparticles. Finally, the in vivo nanotoxicity assays showed that NE/ALG-SMT was not toxic to zebrafish larvae in any of the analyzed parameters. Therefore, the nanoemulsion composed of copaiba oil plus alginate (0.5%) and sumatriptan (2%) is ready to be tested for in vivo efficacy in humans and subsequent clinical trials, aiming at migraine pain management.
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In the golden age of pharmaceutical nanocarriers, we are witnessing a maturation stage of the original concepts and ideas. There is no doubt that nanoformulations are extremely valuable tools for drug delivery applications; the current challenge is how to optimize them to ensure that they are safe, effective and scalable, so that they can be manufactured at an industrial level and advance to clinical use. In this context, lipid nanoparticles have gained ground, since they are generally regarded as non-toxic, biocompatible and easy-to-produce formulations. Pharmaceutical applications of lipid nanocarriers are a burgeoning field for the transport and delivery of a diversity of therapeutic agents, from biotechnological products to small drug molecules. This review starts with a brief overview of the characteristics of solid lipid nanoparticles and discusses the relevancy of performing systematic preformulation studies. The main applications, as well as the advantages that this type of nanovehicles offers in certain therapeutic scenarios are discussed. Next, pharmacokinetic aspects are described, such as routes of administration, absorption after oral administration, distribution in the organism (including brain penetration) and elimination processes. Safety and toxicity issues are also addressed. Our work presents an original point of view, addressing the biopharmaceutical aspects of these nanovehicles by means of descriptive statistics of the state-of-the-art of solid lipid nanoparticles research. All the presented results, trends, graphs and discussions are based in a systematic (and reproducible) bibliographic search that considered only original papers in the subject, covering a 7 years range (2013-today), a period that accounts for more than 60% of the total number of publications in the topic in the main bibliographic databases and search engines. Focus was placed on the therapeutic fields of application, absorption and distribution processes and current efforts for the translation into the clinical practice of lipid-based nanoparticles. For this, the currently active clinical trials on lipid nanoparticles were reviewed, with a brief discussion on what achievements or milestones are still to be reached, as a way of understanding the reasons for the scarce number of solid lipid nanoparticles undergoing clinical trials.
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INTRODUCTION

For many years, lipid materials that are solid at room temperature have been used in the pharmaceutical industry for the preparation of different types of formulations such as emulsions, lotions, ointments and suppositories, among others (de Blaey and Polderman, 1980). Due to the high affinity of the lipid-rich intercellular space of the stratum corneum for this kind of materials, they have been most commonly used as inert ingredients in topical medications, but lipids (both solid or liquid at room temperature) are also regular constituents of other enteral and parenteral formulations, like soft/hard capsules or parenteral emulsions (Feeney et al., 2016).

Nanoscience, on the other hand, arose initially from the field of physics and electronic engineering, to rapidly impact other scientific areas, such as biology, biochemistry, and medicine, where the size range of nanoparticles (NPs) has historically been associated with the so-called colloids (Hauser, 1955). Colloidal systems are dispersion of particles (very large molecules or molecule aggregates) of intermediate size between molecules in solution and particles in coarse suspension, and it has been almost 100 years since a colloidal size range of 1–1000 nm was proposed (le Chatelier, 1919), which is still accepted today (McNaught and Wilkinson, 1997).

Hence, the novelty that NPs brought to the biomedical and therapeutic fields was not their size, but a radical change in the prevailing therapeutic paradigm: a designed, tailored, functional or at least protective system, usually carrying a drug, that could reach the systemic circulation of the patient along with the drug. In other words, due to their size, nanovehicles brought down the classical concept that only drugs dissolved in biological fluids can be absorbed and/or distributed through the body.

When back in the 90s Müller et al. (2002) proposed the term solid lipid nanoparticles (SLN ®), as well as nanostructured lipid carriers (NLC®), it seemed like a natural idea: to combine the advantageous characteristics of NPs (mostly metallic and polymeric at that time) with those of lipid-based parenteral emulsions, based on non-toxic and biodegradable lipid components (Schwarz et al., 1994). These lipid NPs were promoted as a safer option compared to other nanosystems; they are constituted of a solid matrix that would allow the controlled release of the drug, but being more stable (and certainly cheaper) than phospholipid-based liposomes developed so far (Martins et al., 2007).

If lipid NPs were up to the expectations, is what remains to be determined. With that in mind, this review presents an overview of the investigations regarding SLN and NLC for drug delivery applications, and a descriptive statistical analysis of the field from 2013 until today. No size restrictions have been imposed on the systems considered, and the nano-classification proposed by the authors is maintained. Consequently, despite that all the reviewed nanovehicles belong to the colloidal size range mentioned before, those closer to the upper limit could be better addressed as microparticles, which have been in the pharmaceutical market for several years now (Siepmann and Siepmann, 2006).

Our work presents an original point of view, by addressing the biopharmaceutical aspects of these nanovehicles by means of trends and descriptive statistics covering the last 7 years of research in the field. In gathering and presenting the information, focus was placed on the therapeutic fields of application, pharmacokinetic aspects, safety issues, toxicological concerns and current efforts for the translation into the clinical practice of lipid-based NPs. We believe it will be a valuable read for all those researchers interested in knowing what therapeutic challenges are being addressed through the use of SLN, and what remains to be done.


Our Bibliographic Search

At present, we are witnessing a huge expansion of scientific knowledge, with countless work groups researching common themes, collaboratively or individually, throughout all countries all over the world. This makes it virtually impossible to review topics in a comprehensive manner, that is, covering everything published to date with respect to a given topic. Limiting the information reviewed is thus imperative, with the inevitable risk of falling into involuntary biases regarding the information sampling.

Therefore, in order to perform a search as objective as possible, the following criteria were set:

• Original publications in English dating from the last 7 years: this meant excluding from the systematic search the review articles and limiting the search to original works published since 2013, inclusive. Although it is true that there is a lot of information prior to that date, the analysis of year-by-year statistics of academic databases and search engines reveals that, of the total number of publications retrieved when searching for the phrase “solid lipid nanoparticles” in the title, more than 60% correspond to the period 2013-2020. In particular, publications from 2013 to date were 1600 out of 2630 in Google Scholar (60.8%), 944 out of 1264 in PubMed (74.7%), and 1300 out of 2111 in Scopus (61.6%), which is remarkable considering that the total SLN/NLC publication period is 25 years [the first references date from Maaßen et al. (1993); Muller et al. (1993)].

• R&D publications focused on the application of lipid nanosystems for the delivery of drugs, excluding merely technological developments without any biological or biorelevant assay. For this, the following keywords were included in the search (with the “OR” connector): drug delivery, in vivo, cell, cells, pharmacokinetic, pharmacokinetics.

Despite Google Scholar retrieved the largest number of publications, Scopus was selected to perform the final search due to its more versatile advanced search interface, and the possibility to download the search results. At the time of the writing of this work, this search yielded 371 scientific articles, which constitute the database on which the descriptive statistics and trends presented in the following sections are based.



The Tiny Big Universe of Lipid Nanoparticles

When firstly developed, SLN were presented as tiny and spherical particles, made of solid lipids at room temperature, that may be thought as perfect crystal lipid matrices, able to accommodate a drug or other molecules between fatty acid chains (Puri et al., 2009). Nowadays, however, it is known that this is not necessarily true in all cases, since disc-like shape or flat ellipsoidal geometry have also been described (Mazuryk et al., 2016; Shah et al., 2019). Moreover, the loaded drug may be attached mostly to the carrier matrix surface instead of being embedded into the solid core (Pink et al., 2019; Shah et al., 2019).

Almost 10 years after SLN introduction, a second generation of lipid NPs, the nanostructured lipid carriers (NLC) appeared (Muller et al., 2002). Considered as an advanced version of SLN, NLC incorporate into their structure small amounts of liquid lipids at room temperature (oils), to produce structural rearrangements of the matrix. By that time, it was observed that the maturation of the crystalline structure that SLN exhibit along the time often results in the expulsion of the incorporated drug to the surrounding medium (Mehnert and Mäder, 2001). The oils in NLC act by reducing the crystalline degree of the lipid core of SLN, thus avoiding the expulsion of the drug from the matrix and increasing the drug loading capacity and physical and chemical long-term stability (Müller et al., 2002). The highly-ordered crystalline structure of the lipids in a SLN has been recently studied by Pink et al. (2019) whose work provides a detailed description of the internal and external structure of SLN.

A detailed description of the materials and methods used for the synthesis of SLN / NLC is beyond the scope of this review, and can be found elsewhere (see, for example, Geszke-Moritz and Moritz, 2016; Gordillo-Galeano and Mora-Huertas, 2018; Jain and Thareja, 2020). However, it is worth highlighting that, being strongly hydrophobic, lipidic NPs in aqueous environments are very low hydrated or no hydrated at all, and thus they are not able to be spontaneously dissolved or dispersed in water. Therefore, the preparation of these dispersions necessarily implies transferring energy to the system, in order to generate very small particles, with very high specific surface area (Troy, 2000). Regardless the details of each synthesis method, they all share the common feature of an energy-providing step, under the form of ultrasonic waves [probe-type sonication (Haque et al., 2018; Pandya et al., 2018; Scioli Montoto et al., 2018) or ultrasonic bath (Rajpoot and Jain, 2018; Rosière et al., 2018; Chirio et al., 2019), high pressures (de Jesus et al., 2013; Küçüktürkmen and Bozkır, 2018; Wang et al., 2018), high speed homogenization (Nakhlband et al., 2018; Sathya et al., 2018; Youssef et al., 2018), or even microwaves (Shah et al., 2016a)]. The comparative performance of the two most commonly applied methods for lipid NPs preparation, hot homogenization and high pressure homogenization, was evaluated in the first studies within the field (Schwarz et al., 1994).

On the other hand, besides the energy that must be transferred to the system to create the particles, it is also necessary to implement other technological strategies in order to maintain the large surface area exposed by the dispersed NPs. Suspended in aqueous media, lipid NPs constitute a lyophobic dispersion (i.e., NPs have no affinity for the dispersing medium), and thus intrinsically unstable. The most stable state of the lyophobic colloids contains the dispersed phase aggregated in large crystals or droplets, to minimize the specific surface area and, hence, the interfacial free energy (Leite and Ribeiro, 2012). To prevent this aggregation process (coalescence), the particles must be electrostatically and/or sterically stabilized (Keck et al., 2014; Kovačević et al., 2014). Figure 1 shows a schematic representation of a SLN and a NLC sterically stabilized with a neutral surfactant.
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FIGURE 1. Schematic representation of a SLN and a NLC sterically stabilized with a neutral surfactant (gray). The oxygen atoms in the liquid and solid lipids are shown in orange. Drug molecules are not depicted since they may be located inside the lipid core and/or attached to the outer shell.


The superficial charge of lipid NPs is mostly determined by the materials used for their synthesis, and the pH of the surrounding medium. The Z potential (ζ) is the electric potential at the slipping (or shear) plane, i.e., the potential difference between the stationary double layer of fluid that surrounds a colloidal particle in suspension and any point in the surrounding liquid medium. It is a measure of the surface charge of the particle, and thus it is directly related to the charge exhibited by the lipid or surfactant of the nanosystem, at the pH value of the formulation (Cheng and Lee, 2016).

The ζ required to stabilize the lipid NPs dispersion only by electrostatic repulsion is usually accepted to be ±30 mV or higher, to assure enough repulsion of nearby NPs in the suspension (Kovačević et al., 2014). Negative values of ζ are achieved when particles are formulated with negatively charged components at the pH of the formulation, like stearic acid (Liu et al., 2017), sodium taurocholate (Rosière et al., 2018) or 1-Oleoyl-glycero-3-phosphate sodium salt (Abd-Rabou et al., 2018), among others. On the contrary, positively charged starting materials are needed to produce lipid NPs with ζ values greater than zero, such as stearylamine (Costa et al., 2018), quaternary ammonium lipids (Doktorovova et al., 2018; Küçüktürkmen and Bozkır, 2018; Wu et al., 2018) or chitosan coatings (Liu et al., 2017; Vijayakumar et al., 2017). Nevertheless, the majority of lipid components (as well as surfactants) currently used to formulate SLN/NLC are neutral, with the two most common being ester (e.g., glycerides) and ether (e.g., Tween, Poloxamer, Brij) functions. Lipid NPs based on these materials tend to present ζ values slightly or moderately negative (between -30 and -3 mV).

The small absolute values of ζ are not enough to prevent the coalescence of the NPs, which need to be further stabilized by steric repulsion. To do so, hydrophilic polymers and/or surfactants are included in the formulation. These compounds tend to adsorb onto the particles surface and project their polar residues to the surrounding aqueous medium, thus preventing the NPs to get too close so that the attractive forces predominate (Luo et al., 2015).

It is not easy, however, predicting the effect that the NPs composition and preparation method will have on the ζ, particle size (PS) and entrapment efficiency (%EE). Systematic approaches like the quality by design (QbD) concepts, strongly related to the pharmaceutical industry, are very useful to comprehensively study and characterize the design space of the formulation. From the 371 articles reviewed, only 48 (nearly 13%) applied this type of analysis.

In terms of the product, QbD tools arise from the recognition that in order to guarantee the quality, it is not enough (nor economically efficient) to verify it in the finished product but has to be incorporated from its design. In the nanotechnology area, and more precisely, the development and preparation of SLN/NLC, this idea means to replace the old development empirical approach (i.e., in an artisanal way) by a more systematic one, based on the experimental design and the statistical analysis of the results (ICH, 2009).

To do so, it is usually convenient to start with fractional factorial designs, which allow to study multiple variables at the same time with the smallest number of runs: while a full factorial design requires 2k experiments or runs to study the effect of k factor at 2 levels (without replicates), the [image: image] fraction of this design allows estimating main effects with 2k–2 runs. The decrease in the number of runs (i.e., in degrees of freedom), inevitably implies a loss of information, but fractional designs are ideal preliminary designs, to study several factors at a time with focus on their main effects, as generally happens during the design of products and processes (Montgomery, 2017).

Once the more relevant factors are identified, a minor number of them are studied with more details [i.e., more levels, so that the “curvature” in the response function can be addressed) in the optimization stage. For this, response surface methodologies (RSM) are usually employed (although other statistical techniques may apply, see for example (Amasya et al., 2019)]. RSM are generated from designs where factors are studied in more than two level (n levels), such as full factorial (nk) designs or more efficient ones like the central composite or Box-Behnken designs. This type of designs allows to find functional relationships among studied responses (quality attributes, such as particle size or ζ) and factors, like the amount of lipid, the synthesis time or temperature, among others.

The above mentioned is particularly relevant in SLN/NLC area, since even with the experience accumulated in these years, very few trends are predictable. Perhaps the only example is the positive relationship between the amount of lipid and the particle size, which is verified in almost all the cases and independently of the drug and preparation method: all the review articles that include the study of particle size as a function of the lipid amount found a direct relationship between them, at least in part of the studied range, if not in all. However, these results must be interpreted carefully since the existence of interactions among factors can cause this relationship to be modified according to the levels of the other factors. It is not unusual that at higher surfactant concentrations, the effect of the amount of lipid over the particle size is minor or null (Cacicedo et al., 2019; Rajpoot and Jain, 2019). The presence of interactions among factors and their magnitude can only be studied by means of designs of several crossed factors, such as those mentioned before, being insufficient the individual or univariate optimization of the responses in function of each process attribute or parameter (Montgomery, 2017).

Systematization of the preformulation stage through the aforementioned statistical tools allow not only to gain insights in a more efficient manner but also to study several response variables at once. As said before, decreasing the amount of lipid incorporated into the formulation frequently helps to reduce particle size, but has a negative effect on the entrapment efficiency (Kurakula et al., 2016; Talluri et al., 2017; Ahmad et al., 2019). Simultaneous optimization of both responses as a function of the formulation components and/or process operational variables allows to find the optimum compromise solution as well as other possible approaches, such as increasing the energy (frequency, speed) during the synthesis to decrease the particle size without sacrificing entrapment efficiency (Nooli et al., 2017; Dara et al., 2019; Khatri et al., 2019; Patel et al., 2019a), or decreasing the surfactant/lipid ratio (Bhalekar et al., 2017; Pandya et al., 2018; Ahmad et al., 2019).



A DESCRIPTIVE ANALYSIS OF THERAPEUTIC APPLICATION FIELDS OF SLN

Figure 2 shows the distribution of publications on SLN/NLC of the last 7 years, grouped by therapeutic fields. It can be seen that, as for other nanosystems, cancer treatment represents the most relevant field of application (Hare et al., 2017). Of the 371 publications surveyed, 41.8% (155) corresponded to anticancer therapies, 14.3% (53) to antimicrobials, 12.4% (46) to the treatment of central nervous system (CNS) diseases and/or disorders (excluding cancer and infection), 7.3% (27) to site-specific treatments, 7.5% (28) to nanovehicles not intended for any specific therapeutic area (i.e., with no indication, including SLN for diagnostic purposes) and the remaining 16.7% (62) comprises drugs for various conditions or diseases (in gray in Figure 2).
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FIGURE 2. Distribution of the 2013–2020 reviewed publications on SLN/NLC, by therapeutic field: anticancer therapies (41.8%, light blue); antimicrobials (14.3%, pink); CNS diseases, excluding cancer and infection (12.4%, green); site-specific treatments (7.3%, dark blue); various indications (16.7%, gray) and; nanovehicles not intended for any specific therapeutic area (7.5%, yellow).


In general, the treatment of any disease can be enhanced by the formulation of drugs loaded into lipid-based NPs, mainly due to physicochemical and/or biopharmaceutical aspects, like an improved pharmacokinetic profile, as we will discuss in the next section. However, the distribution displayed in Figure 2 suggests that lipid-based NPs may possess additional advantages in certain specific therapeutic fields.

The large efforts in nanotechnologies focusing on cancer treatment is not surprising. Cancer is one of the major public health concerns and is among the leading causes of death worldwide. According to the National Cancer Institute (NCI, NIH), while in 2012 there were 14.1 million new cases (and 8.2 million cancer-related deaths worldwide), it is expected that the number of new cancer cases per year will reach 23.6 million by 20301.

The analysis of the database entries corresponding to SLN/NLC for cancer treatment reveals a great variety of encapsulated drugs, from large lipophilic molecules such as taxanes, to small molecules of higher polarity such as 5-fluorouracil. Even Pt-based chemotherapeutic agents (like the water-soluble drugs cisplatin and oxaliplatin) have been efficiently loaded into SLN, highlighting the versatility of these nanocarriers to encapsulate almost the whole range of chemotherapeutic agents available today.

In addition to the strong reasons for seeking new strategies for cancer therapies, cancerous tissues possess unique characteristics that make the choice of nano-based drug delivery especially interesting. The high rate of tumor growth leads to abnormal angiogenesis, with abundant fenestrations and large gaps between endothelial cells, as well as deficient lymphatic drainage in the area (von Roemeling et al., 2017). Combined, these characteristics lead to the accumulation, only based on the size (i.e., passive targeting), of NPs in the tumor vicinity, a phenomenon known as the Enhanced Permeability and Retention (EPR) effect. Although there is still controversy regarding the lack of uniformity in the observed EPR effect between species, at least in some human tumors the passive targeting of macromolecules and NPs has been demonstrated (Bjö et al., 2017).

On the other hand, a large number of genes (including many cell surface and nuclear receptors genes) are amplified or overexpressed in cancer cells. With the right surface ligands, NPs may be directed (i.e., actively targeted) to specifically bound those receptors (Shi et al., 2017). Among the 155 articles of SLN applicable to cancer, 23 of them involved some active targeting strategy. In contrast to the wide variety of payloads mentioned above, the targeting moieties belong, in the majority of cases, to one of two main classes: peptides and proteins (including antibodies, 70%) or folate residues (26%).

The α-isoform of the folate receptor, which is normally expressed at the apical surface of epithelial tissues and overexpressed in tumor cells of epithelial origin. Hence, it could be used to promote drug uptake by cancer cells via receptor-mediated endocytosis, by attaching folate residues to a nanoparticle surface (Holm and Hansen, 2020). Indeed, this strategy was successfully applied to the design and preparation of folate-grafted SLN loaded with irinotecan (Rajpoot and Jain, 2020) and a combination of resveratrol and ferulic acid (Senthil Kumar et al., 2020) for the treatment of colorectal cancer. Another example is found in integrin αvβ3, an adhesion molecule presented in all cells but overexpressed in several types of tumors. It has been demonstrated that its interaction with the RGD tripeptide (arginine-glycine-aspartic) leads to a number of cell functions that ultimately contributes to angiogenesis and metastasis (Martínez-Jothar et al., 2020). Conjugation of SLN with RGD increased in vitro antitumor efficacy and in vivo cytotoxicity in comparison with non-targeted SLN (Zheng et al., 2019).

On the other hand, targeting ligands may be intended to promote the passage through physiological barriers like the blood brain barrier (BBB), to reach a site of action at CNS. This approach was applied in the formulation of docetaxel-loaded SLN functionalized with angiopep-2 (A-SLN), that specially binds to the low-density lipoprotein receptor related protein 1 (LRP1) overexpressed at the BBB. Higher in vitro cytotoxicity and BBB permeability were found for A-SLN, attributable to receptor-mediated endocytic processes (Kadari et al., 2018). Moreover, dual-approaches or combinations are also possible: Kuo and Lee (2016) achieved an increased toxicity on tumor cells by incorporating two antibodies for a two-stage targeting: first to BBB cells (83-14 MAb), and then to glioblastoma cells (AEGFR).

It is worth highlighting that, in order to efficiently conjugate the targeting moiety to the SLN, much more complicated synthesis methods are required. The systems are no longer made of the simple mix lipid/s - surfactant/s - drug/s. Instead, other reagents, solvents and reaction steps must be incorporated to the preparation protocol.

There are several options for attaching a targeting ligand to an SLN, such as linking a fatty acid of the NP with an amino group of the ligand (Siddhartha et al., 2018), an amino group of a phospholipid to an acid group of the ligand (Rajpoot and Jain, 2020), or an amino group of the chitosan coating with an acid group of the ligand (Senthil Kumar et al., 2020), among others. Regardless of the particulars, these examples end in the formation of an amide, which is by far the most widely used bond to attach ligands to the surface of lipid nanoparticles. In order to efficiently form an amide bond, activating reagents are required (carbodiimide, H-hydroxysuccinimide, etc.), and several steps must be performed in potentially toxic organic solvents. Therefore, the improvement in efficacy and/or biodistribution aimed by means of active targeting strategies is achieved by sacrificing what is (possibly) the main advantage of SLN/NLC: their green synthesis and safety profile.

Perhaps a better option is to use other types of chemical bonds instead of covalent bonds. Souto et al. (2019) synthesized extremely positive SLNs (ca. +70 mV, by choosing cetyltrimethylammonium bromide as surfactant) able to electrostatically interact with negatively charged streptavidin (pI = 5). The objective was to bind a biotinylated antibody (CAB51, against human epithelial growth receptor 2, HER2), taking advantage of the strong interaction between streptavidin and biotin. The goal was somehow accomplished, since in vitro assays revealed an improved internalization of the targeted NPs on a HER2 positive cell line (BT-474) compared to a HER2 negative cell line (MCF-7). But further optimization will be necessary to reduce the cytotoxicity exhibited by the nanoparticles themselves, which according to the authors was probably due to the cationic surfactant and/or their positive charge (Souto et al., 2019).

Last, but not least, the economic aspect must be mentioned. The costs of taking a novel nanomedicine into the clinic can be a significant obstacle for the introduction of new nanomedicines in the pharmaceutical market (Hare et al., 2017). Histories of success like Abraxane, with sales of nearly $1 billion by 2015 (van der Meel et al., 2017), and efforts like the Cancer Moonshot Task Force recommendation to enhance public–private partnerships (Jaffee et al., 2017) are expected to encourage drug developers to invest time and resources for cancer R&D.

Another area that could take much advantage from pharmaceutical nanovehicles is the one related to antibacterials, antivirals, antiparasitic and antifungals, grouped as antimicrobials in Figure 2.

All the reviewed articles corresponding to SLN/NLC applications to antiviral therapies present as main advantage the optimization of the distribution / accumulation of the drug in the site of action, as well as an improved biodistribution and diminished cytotoxicity.

As we will discuss later, drugs whose site of action is at the CNS level always represent a challenge in terms of biodistribution in order to achieve effective concentrations in the brain. Lipid NPs of zidovudine and saquinavir intended for the CNS showed promising results in cell cultures in vitro (Kuo and Wang, 2014; Joshy et al., 2016), and SLN-based formulations of efavirez (Gupta et al., 2017) and nevirapine (Lahkar and Kumar Das, 2018) exhibited an improved central in vivo bioavailability (BA). In the case of efavirenz, the strategy was to circumvent the BBB by means of the nasal administration of the nanoparticles, while in the nevirapine case the administration was by intravenous (IV) route and the improved biodistribution was attributed to the coating (polysorbate 80), able to enrich the protein crown in ApoE, resulting in a higher passage through the BBB due to the contribution of receptor-mediated transcytosis (Li et al., 2018; Krishna et al., 2019).

Regarding antiviral formulations intended for systemic effect after oral administration (Gaur et al., 2014; Shi et al., 2015; Ravindra Babu et al., 2019), an interesting work by Ravi et al. (2014) evaluated the comparative performance of the protease inhibitor lopinavir (LPV)-SLN with respect to LPV alone and the combination of LPV-Ritonavir (RTV). LPV is co-formulated with subtherapeutic doses of Ritonavir to overcome its poor oral BA due to CYP3A4 metabolism and P-glycoprotein (P-gp) efflux, both inhibited by RTV. The LPV-SLN presented greater oral BA than the LPV-RTV combination, and in vitro metabolic stability and rat everted gut sac studies allowed the authors to conclude that the observed results were due to a combination of a metabolic protection and increased intestinal permeability of the drug encapsulated into the SLN (Ravi et al., 2014).

A very promising aspect, although not still fully addressed, of the use of lipid-based NP to the delivery of antibiotics is the possibility to overcome some of the drug resistance mechanisms acquired by bacteria. Multiple-drug resistance (MDR) may be acquired by either a mutation or the acquisition of new genetic material from an exogenous source, that results in a mutated version of a drug target, membrane protein, transporters or enzymes, as beta-lactamases. In the same manner as NPs may help to optimize the pharmacokinetic (PK) profile of a drug by reducing its metabolism and/or efflux by ABC transporters in humans, it is feasible to apply the same concept to overcome the resistance produced by similar mechanisms in bacteria (Christaki et al., 2020). The possibility to deliver biotechnological drugs encapsulated into SLN/NLC may also help to overcome MDR by exploring new therapeutic strategies, like interfering with the bacterial transcription process through the delivery of DNA molecules complexed with lipid NP (González-Paredes et al., 2019).

Moreover, lipid-based nanosystems offer several indirect-ways to address drug-resistance issues, by one or more of the following strategies:

• Achieving a sustained release profile of the drug, to maintain steady concentrations within its therapeutic concentration, and thus avoiding suboptimal levels which can promote resistant microbes selection (Nafee et al., 2014; Chetoni et al., 2016).

• Lowering the drug toxicity by encapsulation, allowing higher doses and/or treatment periods (Severino et al., 2015; Chaves et al., 2018).

• Increasing systemic BA (Chetoni et al., 2016; Banerjee et al., 2020) and CNS levels (Abdel Hady et al., 2020).

• Allowing pulmonary administration, with less unspecific distribution (Nafee et al., 2014; Gaspar et al., 2016, 2017; Maretti et al., 2017; Vieira et al., 2018).

• Promoting accumulation in target cells by means of active targeting (Maretti et al., 2017; Costa et al., 2018; Vieira et al., 2018; Hosseini et al., 2019; Banerjee et al., 2020).

• Increasing inhibitory effect (i.e., decreasing MIC) over bacterial strains (Severino et al., 2015; Pignatello et al., 2017; Ghaderkhani et al., 2019; Rodenak-Kladniew et al., 2019).

On the other hand, the very lipophilic groups of antiparasitic and azole antifungal agents highlight another advantageous aspect of lipid-based NPs. Due to its lipid components, SLN/NLC are able to solubilize highly lipophilic (i.e., aqueous insoluble) drugs, and keep them in a stable suspension, avoiding the use of large amounts of surface-active compounds and improving the biopharmaceutical performance after oral (Souza et al., 2014; Aljaeid and Hosny, 2016; Omwoyo et al., 2016; Rehman et al., 2018), ocular (Mohanty et al., 2015; Kumar and Sinha, 2016), and/or parenteral administration (Ahmadnia et al., 2013; Permana et al., 2019).

The hydrophobic constituents of lipid-based nanosystems provide a suitable environment for the entrapment of hydrophobic drugs, positioning SLN/NLC as a promising tool, particularly relevant in the current context where there is a growing trend toward more lipophilic drug candidates. In silico drug discovery strategies, high throughput screening methodologies and the more classical lead-optimization programs tend to favor compounds with higher pharmacological potency, in detriment of other properties that may be desirable from a physicochemical or pharmacokinetic point of view. On the contrary, it is a known fact that when the biopharmaceutical characteristics of drug candidates are addressed in early stages of discovery programs the consequence is an increase in failures due to lack of efficacy and, to a lesser extent, for toxicity concerns (Kola and Landis, 2004). Therefore, pharmaceutical chemists will always have to deal with the PK/PD & toxicity balance, and the aqueous solubility will remain to be a critical factor in drug discovery. Proof of this is that, to date, approximately 39% of the marketed drugs (Benet, 2013) and 60% of the new chemical entities (Kovačević, 2020) belong to the biopharmaceutical categories that group low solubility drugs (i.e., BCS classes 2 and 4).



ROUTES OF ADMINISTRATION PROPOSED FOR SLN /NLC

As can be seen in Figure 3, the most commonly proposed administration route for lipid-based nanosystems is the parenteral route, closely followed by the oral route. Both administration routes seek to achieve systemic effects of the encapsulated drugs, but the trend described is opposite to the current distribution of pharmaceutical products in the market, where the oral route of administration is the preferred and most widely used route for drug administration.
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FIGURE 3. Distribution of the 2013–2020 reviewed publications on SLN/NLC, by the proposed route of administration. Only publications with a PD and/or PK studies were considered (211 of 371).


Parenteral routes, on the other hand, allow the delivery of drugs directly to the systemic circulation with no absorptive barriers to overcome or with minimal restrictions, as in the case of the intramuscular and/or subcutaneous route. More than 50% of the lipid nanosystems assayed by parenteral routes (46 out of 81) corresponds to anticancer drugs, a therapeutic field where IV route remains predominant, in spite of its non-negligible negative aspects, such as invasiveness, associated risks, inability to self-manage and higher technological requirements to be manufactured with suitable microbiological quality (Ruiz and Scioli Montoto, 2018).


Oral Route

The oral route, being a natural route of entry of substances to the organism, enjoys the greatest acceptability, as well as some technological advantages, since oral pharmaceuticals mostly comprise non-sterile solids dosage forms. For a successful therapy by the oral route, though, a drug must generally fall within certain ranges of lipophilicity, molecular weight, and hydrogen bonding ability, as well as aqueous solubility and permeability, which altogether contribute to its druglikeness (Di and Kerns, 2016).

Curcumin, for example, represents a real challenge for its formulation as oral product, due to its very low aqueous solubility, poor absorption, rapid metabolism and pH-dependent degradation rate (Sanidad et al., 2019). Oral BA of curcumin has been reported to be as low as 1% (Ma et al., 2019). On the other hand, successful outcomes of curcumin in both preclinical and clinical trial of different diseases make it a very promising drug, that seems to be able to modulate several cell signaling pathways and, thus, holds a great therapeutic potential against a wide range of human diseases (e.g., cancer, infections, inflammatory, metabolic and neurodegenerative diseases, among others) (Gupta et al., 2013). Furthermore, there is enough evidence to support the hypothesis of dose-dependent pharmacological activity of curcumin, with the anticancer properties corresponding to the highest doses (Doktorovova et al., 2018).

Regardless the somehow inconsistent reports on curcumin oral BA (possible due to variations in experimental conditions), there is agreement on the positive increment in the oral BA of curcumin formulated within nanosystems, with respect to the free drug in solution (Anand et al., 2007). Predictably, the publications reviewed here confirmed that trend, since curcumin oral BA achieved with SLN/NLC was from 2 to more than 10-fold higher than that of the free drug solution (Kakkar et al., 2013; Ramalingam and Ko, 2015; Baek and Cho, 2017). The examination of the PK profiles seems to indicate that the BA improvement of curcumin is related to the combined effect of a higher absorption and a minor elimination of the encapsulated drug, similarly to what was described for LPV-SLN.

Among the reviewed articles, the aforementioned trend is confirmed by many other examples. Administration as SLN/NLC greatly increases the oral BA of drugs with very low aqueous solubility such as aripiprazole (Silki and Sinha, 2018), rhein (Feng et al., 2017), zaleplon (Dudhipala and Janga, 2017), miconazole (Aljaeid and Hosny, 2016), raloxifene (Singh et al., 2013; Tran et al., 2014), efavirenz (Gaur et al., 2014), doxorubicin (Yuan et al., 2013), asenapine (Patel et al., 2019b), linagliptin (Veni and Gupta, 2020), and niclosamide (Rehman et al., 2018), among several others.

The group of calcium channel blockers derived from dihydropyridine, for example, is characterized by its low oral BA due to its low water solubility and high rate of first-pass metabolism. Administered as lipid-based nanosystems, significant increases in the oral relative BA was observed for isradipine [4.5-fold, (Kumar et al., 2018)], nisolpine [2.5-fold, (Dudhipala et al., 2018)], felodipine [3.2-fold, (He et al., 2020)], and cilnidipine [2.4-folds, (Diwan et al., 2020)]. These are very promising results taking into consideration that, when administered as conventional formulations, the oral BA of these four drugs is in the range of 5-20% (Wishart et al., 2018).

These previous examples illustrate the possibilities and advantages offered by lipid NPs for oral pharmacological therapy. Nonetheless, despite the abundance of PK and pharmacological “advantages,” the underlying mechanisms are not yet fully understood. Regarding the higher oral BA, evidences suggest a combination of four possible effects:

(1) Drug protection against both chemical and enzymatic degradation. Encapsulation in a nano-sized lipid matrix may reduce or retard a drug pH-dependent hydrolytic degradation (Baek and Cho, 2017), as well as the drug inactivation by the gastrointestinal (GI) tract digestive enzymes, which may be crucial for the oral administration of biological drugs. It has been demonstrated, for example, that whereas free salmon calcitonin was almost completely degraded in vitro by pancreatin in 15 min, the drug encapsulated into SLN exhibited a much slower degradation kinetics, and was still detectable in the reaction media up to 12 h (Fan et al., 2014).

(2) Lipid effect on solubility improvement that allows higher effective doses. Shangguan et al. (2015) evaluated the BA of silymarin in Beagle dogs, comparing the administration as intact drug-loaded SLN/NLC and as a lipolysate produced by the enzymatic action of pancreatic lipase over the lipid NP. The lower BA obtained with the lipolysate was in agreement with the loss of drug in the formulation, since the micelles formed in the GI to facilitate the uptake of lipophilic compounds (known as “mixed micelles,” and mainly composed by phospholipids, bile salts, and cholesterol, Yao et al., 2017) cannot keep all silymarin in suspension, and drug precipitation occurs. In other words, when the BA values are corrected by a factor that accounts for the true dose administered (i.e., amount of drug remaining in suspension), it may be concluded that the lipolysis pathway is the predominant mechanism underlying the enhanced oral BA of a drug formulated as lipid NPs, whereas the absorption of intact NPs only plays a minor role.

(3) Major retention in the GI tract. When a lipid-based NP reaches the GI tract, its hydrophobic surface tends to adhere to the mucus layer, whose superficial layers are quickly and continuously cleared as protection against particles and pathogens (Maisel et al., 2015). To minimize such effect, “mucus penetrating particles” (MPP) can be formulated. MPP have a smaller size than the mucus layer, and a hydrophilic, non-muco-adhesive surface (generally obtained with PEG cover) (Schneider et al., 2017). In spite of their lipid nature, these particles are capable of getting in contact with the GI epithelium, thus achieving prolonged absorption of the encapsulated drug (Yuan et al., 2013).

(4) Finally, in the same way that NPs protect the drug from degradation by enzymes present in GI lumen, they can also prevent/reduce the degradation by metabolic enzymes, as in the lopinavir example mentioned in the previous section (Ravi et al., 2014). Reduction in pre-systemic in vivo metabolism may occur due to less hepatic metabolism (e.g., NP accessing portal circulation as such, see the next section) and/or increased lymphatic uptake of the NPs by the lymphatic vessels in the gut (Baek and Cho, 2017; Bernier-Latmani and Petrova, 2017). Working with a chylomicron production blocking agent, Patel et al. found that the lymphatic uptake represented nearly 30% of the drug oral BA (asenapine maleate, administered as a SLN suspension) (Patel et al., 2019b).

Additionally, we can mention one more effect, common to all orally administrable pharmaceutical forms: the presence of excipients that may affect the rate and extent of drug absorption (FDA/CDER, 2015). Tensioactives and surfactants belong to this group and are usually present at high concentrations in SLN/NLC.

It is likely that the combination or synergistic action of all these effects is the cause of the large increase in oral BA associated with lipid nanovehicles and, in turn, of the increasing trend in the selection of this route of administration for SLN/NLC (see Figure 4). Furthermore, due to all the previously described effects, lipid-based NP have been examined for the oral delivery of peptide therapeutics, such as salmon calcitonin (Chen et al., 2013; Fan et al., 2014) and insulin (Hecq et al., 2016; Xu et al., 2018; Alsulays et al., 2019).
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FIGURE 4. Time-trend of the SLN/NLC intended for oral administration. Only publications with in vivo (PD and/or PK) studies are considered (211 of 371).




Percutaneous Route

According to the FDA classification, the percutaneous route of administration consists in the administration of drugs through the skin (FDA, 2017), and it comprises two groups of pharmaceutical products: those intended to exert a local action, at some level of the skin, and those that seek a systemic action of the drug, also known as transdermal formulations. Of the 30 reviewed publications corresponding to preparations to be administered onto the skin, only 3 of them (10%) seek systemic action of the drug: metformin for diabetes (Sharma et al., 2013), avanafil for erectile dysfunction (Kurakula et al., 2016) and piperine for rheumatic arthritis (Bhalekar et al., 2017), while the remaining 90% consists of formulations for local action.

The skin is composed of two main histological layers, the epidermis at the surface, and the dermis below. In turn, the outermost layer of the epidermis is the stratum corneum or the horny layer, which is the real barrier that prevents the entry of foreign (and potentially harmful) substances into the body. The stratum corneum is formed by cells named corneocytes or keratinized cells, surrounded by shallow valleys that comprise the intercellular regions filled with lipid multilamellae, rich in ceramides, fatty acids and cholesterol.

The ability of a drug to penetrate the skin depends on its physicochemical properties (mainly its size, molecular weight, pKa and partition coefficient) as well as the vehicle in which it is formulated. There are substances known as “permeation enhancers” which are capable of reversibly disorganizing the stratum corneum, facilitating the drug entry (e.g., fatty acids and alcohols with long carbon chains, surfactants, terpenes and fatty esters, Gupta et al., 2019). These excipients are commonly used in classic semi-solids preparations like emulsions, lotions and ointments, as well as of their more recent relatives’ lipid-based nanoformulations. Hence, it is logical that these formulations are, among other nanosystems, the first choice for percutaneous/transdermal applications.

The most studied nanoparticulate systems for percutaneous application are, by far, liposomes. And although it has been shown that the constituent lipids of liposomes are capable of reaching the deeper layers of the skin (i.e., the dermis), it still remains unclear if they can act as carriers, penetrating through the skin, or if they only act as penetration enhancers, changing the skin physical properties in a way that facilitates the (free) drug penetration through it (Peralta et al., 2018).

Nevertheless, pharmaceutical formulations of SLN/NLC have proven to be useful for percutaneous administration of drugs, to treat diseases or alterations at every level of the skin: the epidermis, like fungal infections (Vaghasiya et al., 2013), hyperpigmentation (Ghanbarzadeh et al., 2015), skin cancer (Taveira et al., 2014; Geetha et al., 2015; Khallaf et al., 2016; Tupal et al., 2016) and atopic dermatitis (Kang et al., 2019); the dermis, as in the case of anti-inflammatory drugs (Dasgupta et al., 2013; Gaur et al., 2013; Raj et al., 2016; Daneshmand et al., 2018; Shinde et al., 2019) and local anesthetics (You et al., 2017); both dermis and epidermis, like psoriasis (Sonawane et al., 2014) and infections by herpes virus (Gide et al., 2013; El-Assal, 2017) and; the appendices, like hair follicles (Hamishehkar et al., 2016).



DISPOSITION IN THE BODY AND PENETRATION TO THE CNS

Studying the distribution of these drug delivery nanosystems within the body is one of the main research challenges in the field. Although the advances that so far have been achieved in terms of the development of SLN/NLC are relevant, only a few works are dedicated to a detailed study of the fate of this type of NPs once they enter the organism. This section is intended to describe the main mechanisms involved in the uptake, transport and distribution of NPs into the body, as well as how these structures face the natural barrier that protects the CNS.


Gastrointestinal Absorption of Lipid Nanoparticles

As mentioned in previous sections, SLN and NLC proved to be particularly promising for the enhancement of drugs oral BA, by avoiding their degradation in the GI tract, improving their solubility and dissolution rate, increasing their contact with the epithelium and/or minimizing their efflux by P-gp and other drug transporters. Either by one or by several of these mechanisms, orally administered lipid NPs can effectively increase the area under the plasmatic concentration curve of the encapsulated drug, as described by the curcumin examples. In the same manner, Wang and co-workers managed to improve the oral BA of [6]-shogaol, an alkylphenol extracted from ginger roots, of great interest for its antitumor, antioxidative and antirheumatic properties, as demonstrated by the greater AUC exhibited by the drug incorporated into SLN, but also by a significant decrease of serum uric acid, IL-1β and TNF-α levels with respect to free [6]-shogaol tests (Wang et al., 2018).

NPs constituents could have an effect on the intestinal absorption enhancement: lipids are able to increase the intestinal mucosa permeability (Talegaonkar and Bhattacharyya, 2019) and, although some controversy exists (Ball et al., 2018), modulation of the tight junctions (Beguin et al., 2013). On the other hand, tensioactives, surfactants and hydrophilic coatings like chitosan have also been proposed to enhance BA by the opening of tight junctions (Han et al., 2019; McCartney et al., 2019).

Overall, when it comes to the demonstration of the GI absorption of intact NPs, evidence is much scarcer. Regarding cellular uptake of the NPs, endocytosis is considered the predominant pathway (Wang et al., 2011; Patel et al., 2019b). There are two principal endocytosis mechanisms: pinocytosis and phagocytosis. Cellular uptake by macrophages (phagocytic cells) is reserved for those particles larger than 0.5-10 μm (Zhao et al., 2011). Pinocytosis, on the other hand, occurs in all types of cells and is responsible of the uptake of smaller particles (50 nm–5 μm). It may be further classified into clathrin-dependent (or clathrin-mediated endocytosis, CME) and clathrin-independent, the latter comprising caveolae-mediated and clathrin/caveolae-independent endocytosis, and macropinocytosis (also clathrin/caveolae independent, but for the internalization of larger particles, similar to phagocytosis) (Sahay et al., 2010).

This classification is based on the proteins (clathrin and caveolin) involved in the endocytic process, and thus it may overlap with other classifications based on different criteria, like receptor mediated or adsorptive endocytosis. For example, it was proposed that folate grafted NPs may be internalized by clathrin-mediated, clathrin/caveolae-independent (Sahay et al., 2010) and/or caveolae−mediated endocytosis (Wang et al., 2011). Rajpoot and Jain (2018, 2019) employed folic acid (FA) as targeting ligand of SLN containing oxaliplatin and irinotecan for the treatment of colorectal cancer, finding a slightly higher uptake (and higher toxicity) of the FA-SLN compared with the non-targeted SLN in HT 29 cells.

Cellular uptake via the LDL receptor, on the other hand, occurs by CME (Sahay et al., 2010; Wang et al., 2011). This pathway has been explored for the active targeting of rosuvastatin loaded SLN (Beg et al., 2017). To mimic the outer layer of LDL particles, rosuvastatin-SLN were coated with phospholipids (phospholipon 90G and/or PEGylated DSPE), and the endocytosis process was studied in Caco-2 cells by using filipin and sucrose as specific blockers of caveolae and clathrin-mediated endocytosis, respectively. A significant reduction in the cellular uptake of the drug in the presence of sucrose was found, providing indirect evidence of the lipid NPs internalization via the LDL receptor by CME (Beg et al., 2017). CME was also the predominant pathway responsible for the internalization of stearic acid based-SLN in human epithelial cells (lung A549 and cervical HeLa cells) (Shah et al., 2016b).

It is worth mentioning, however, that the successful endocytosis of a NP does not guarantee its absorption: once in the intracellular space of an epithelial cell, the NP should be further exocytosed on the basolateral side to reach the capillary vessels, in a process known as transcytosis. A comprehensive work by Chai et al. (2014) showed that SLN (60-100 nm) with no targeting ligand were internalized mostly by caveolae and clathrin-mediated endocytosis in MDCK cells. Once inside the cells, lysosomes were the main destination of the endocytic vesicles, whereas the transcytosis to the basolateral side account for only about 2.5% of the total NPs (Chai et al., 2014). This result is in line with those of Hu et al. (2016), who concluded that orally administered SLN exhibit significant cellular uptake but fail to penetrate cell monolayers. The authors studied the in vivo distribution of SLN and their interaction with biomembranes by water-quenching fluorescence, and could not find evidence of penetration of integral nanocarriers (Hu et al., 2016).

In a follow-up article, however, the same authors found some evidence of intact uptake of the SLN from the GI lumen to the circulation, apparently through the lymphatic route, but representing only a minor contribution to the oral BA of a drug (Ma et al., 2017). Regarding the lymphatic uptake, lipid NPs may access the lymphatic system through the intestinal lipid transport system (O’Driscoll, 2002) as well as by transcellular passage, by the association with chylomicrons after the digestion of the lipid nanosystems, and by specific passage through the M-cells in the Peyer’s patches (Salah et al., 2020). In the last case, NPs size is a relevant variable, since particles larger than 100 nm will be retained longer in the Peyer’s patches, while smaller ones will be transported to the thoracic duct (Bummer, 2004). Surface charge is also a key feature that affects this process, with anionic particles being more rapidly absorbed by the lymphatic route (Yu et al., 2019).



Systemic Circulation and Protein Corona Formation

Due to their small size and, thus, their large surface area, NPs are characterized by a high free energy. Accordingly, the interaction with different macromolecules, when they are in contact with biological fluids, will be favored. Once NPs have reached systemic circulation, another inconvenience is presented: a biological macromolecules-cover known as protein corona (PC) begins to form upon their surface.

This corona is composed of two layers formed in a time dependent manner. During a first stage, a loose layer named soft corona starts to settle. This corona is composed by low-affinity proteins with a high relative abundancy, which are in constant exchange with the biological medium and NPs surface, in a process known as “Vroman effect” (Vroman, 1962). Then, in a second stage, low-affinity proteins begin to be replaced by those with lower relative abundance, but with a higher surface affinity, staying close to it for a longer period. Is in this stage where the formation of the hard corona is evidenced (Baimanov et al., 2019). It follows that the “chemical identity” of the NP is not equal to its “biological identity:” the formation of the PC (both soft and hard) substantially changes the nanosystems properties, being able to impact in their size, shape, and final surface composition (Lima et al., 2020), turning them into a new biological identity.

Gessner et al. (2002) studied the influence of surface charge density on protein adsorption on polymeric NPs, concluding that the higher the surface charge density, the higher the amount of proteins adsorbed. The authors observed no qualitative change in the pattern of adsorbed proteins.

As expected in a complex biological process, the pattern of protein adsorption does not only depend on the protein capacity to access the particles surface, but also on the characteristics of the surface itself (Göppert and Müller, 2003). As it was previously described for polysorbate 80 coatings, the use of different Poloxamer in the formulation of SLN facilitates the adsorption of different proteins in vitro: the MW Poloxamer 184 and Poloxamer 235 showed a high ApoE absorption, which mediates the uptake through the BBB. Even more interesting, these lipid NPs showed a high adsorption of ApoA-IV (involved in the promotion of brain uptake) and a low adsorption of ApoC-II (responsible for the inhibition of receptor mediated binding and uptake of lipoproteins) (Goppert and Muller, 2005).

During the formation of the PC, the incorporation of proteins of the complement system also known as opsonins occur. The complement system is part of the innate immune system and facilitates the recognition of NPs by the mononuclear phagocytic system (MPS), which in turn leads to an increase of NPs clearance and a reduction of their systemic residence time.

A study by Fang et al. (2006) confirmed the dependency of phagocytosis by murine macrophages with the particle size of the NPs, as well as with the molecular weight of methoxy polyethylene glycol (MePEG) used for coating. The authors observed that those NPs coated with MePEG of the same molecular weight, showed a higher distribution half- life as the size decreased. On the other hand, the uptake by macrophages was decreased by increasing the coating molecular weight (Fang et al., 2006).

Previously, Müller et al. (1996a) had studied the dependence of the uptake by macrophages with hydrophilicity and steric hindrance given by different types of emulsifiers (e.g., poloxamine 908 and poloxamer 407), demonstrating that an increase in hydrophilicity and steric hindrance diminished the uptake by macrophages. Xiao et al. (2011) worked with different types of D-aspartic acids and D-lysines-derivatized telodendrimers which possessed different surface charges. Those dendrimers composed by D-aspartic acids (negatively charged) and the acetylated derivatized NPs (neutral charge) showed a lower macrophage uptake in comparison with the cationic D-lysines (positively charged) (Xiao et al., 2011).

To achieve distribution beyond the liver, NPs need to avoid rapid opsonization and clearance by the MPS (Müller et al., 1996a). A great deal of work has been devoted to developing the so-called stealth NPs, which are “invisible” to macrophages (Brigger et al., 2012; Rudhrabatla et al., 2019, 2020), due to the PEG chains on their surface (PEGylated NPs) (Hadjesfandiari, 2018). This coating prevents or delays the formation of the PC and, thus, NPs exhibit a prolonged half-life in the blood compartment (Pelaz et al., 2015). However, a number of limitations to the use of PEG have also been described, such as the production of anti-PEG antibodies or the impairment of cellular internalization by the stealth coating (Baimanov et al., 2019). Depending on the nature of the nanovehicle, different approaches have been explored to circumvent these limitations, e.g., stimuli-responsive PEG-derivatized nanocarriers (Fang et al., 2017).



Passage Through the Blood Brain Barrier (BBB)

The BBB is a semipermeable structure composed mainly of the microvasculature of the CNS. This barrier is formed by a continuous layer of endothelial cells integrated to a complex systems that regulates the bloodstream-to-CNS movement of molecules, ions and cells, also responsible for the homeostasis regulation (Ayloo and Gu, 2019). Unlike the peripheral endothelium, BBB endothelial cells present a high content of mitochondria, lack of fenestrations and pinocytic activity and, as a salient characteristic, particularly occlusive tight junctions formed by several transmembrane proteins (such as claudins, occludins, and junctional adhesion molecules or JAM, among others Stamatovic et al., 2008), that efficiently limit the paracellular diffusion pathway. Another characteristic of the BBB is the expression of efflux transporters of the ABC (ATP-binding cassette) superfamily, transmembrane proteins responsible for pumping xenobiotics or toxic substrates out of the intracellular space, avoiding their access to the CNS since they are localized almost exclusively at the luminal membrane of the endothelial cells (Pardridge, 2020). These transporters are one of the main causes of multi-drug resistance phenomena, which is why they are also known as multidrug resistance (MDR) proteins (the most representative one being P-gp). It has been proposed that encapsulating a drug into a NP may help to bypass these transporters (Cavaco et al., 2017; Sadegh Malvajerd et al., 2019).

The transport of substances through the BBB may occur by four main mechanisms (Xie et al., 2019): paracellular diffusion, reserved for small water soluble substances; transcellular diffusion, which is more relevant for molecules with an appreciable lipophilicity and a molecular weight smaller than 450 kDa; carrier-facilitated diffusion and active transport, responsible for the passage of specific molecules like small peptides, sugars, monocarboxylic acids, amino acids, organic anions and cations, neurotransmitters and nucleosides; and endocytosis, this pathway has been reported for the passage of peptides and proteins through the BBB, such as insulin and the insulin-like growing factor (IGF-I and IGF-II) (Patel et al., 2013).

Although it has been suggested that NPs can enter the CNS by the paracellular pathway (through the transient opening of the tight junctions, as in the case of chitosan-coated NPs, Yu et al., 2013; Zhang et al., 2014), there is now evidence suggesting that the predominant mechanism is the NPs endocytosis. Once inside the endothelial cell, NPs can be exocytosed to the other side (transcytocis of the NP) or released in the intracellular space, promoting their access to the CNS (Saraiva et al., 2016).

Since endocytosis of NPs by the BBB endothelial cells seems to be predominantly mediated by receptors, many efforts have been made with SLN surface functionalization to enhance their CNS availability (Ceña and Játiva, 2018; Kuo et al., 2019; Wang et al., 2019), as discussed in Section 2 for the functionalized angiopep-2 NPs to treat glioblastoma multiforme (Kadari et al., 2018).

As another example, functionalized ApoE NPs appear to be particularly promising in such way. ApoE possess high affinity receptors along the BBB, a characteristic that has been exploited for the delivery of drugs in functionalized nanosystems with this protein (Zensi et al., 2009). In a series of studies, Neves et al. investigated the cellular uptake of ApoE-grafted SLN by hCMEC/D3 cells, as a model of human BBB, and found that functionalized NPs were better internalized than non-functionalized ones, due to the specific recognition of the targeting ligand by the highly expressed LDL receptors (Neves et al., 2015, 2016, 2017). Moreover, by the use of specific inhibitors, CME was identified as the preferential endocytic pathway for ApoE-SLN (Neves et al., 2017).



CLEARANCE MECHANISMS AND TOXICOLOGICAL ASPECTS

Achieving nanocarriers with low or no toxicity for the organism and the environment is one of the biggest challenges in designing drug delivery nanosystems. Ideally, the drug carrier should be rapidly removed from the body after the drug has been released. Lipid-based NPs sizes are far over the renal filtration threshold (Yang et al., 2019), for what, once in the bloodstream, they have to be opsonized by serum proteins and subsequently uptaken by the MPS in specialized organs (i.e., liver, kidney, spleen, lungs, and lymph nodes) for their efficient elimination from the body (Di Ianni et al., 2017). Despite the fact that fenestrations in the spleen may filter out particles larger than 200 nm, particle deformability can allow large particles to squeeze through them and remain in the bloodstream (Park et al., 2017).

Considering the clearance mechanism described above, Keck and Müller (2013), a “nanotoxicological classification system” (NCS), as a rational approach to assess the potential risks of toxicity of a given nanocarrier. According to that system, a nanocarrier is placed in one of four categories according to their size and biodegradability (Figure 5):
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FIGURE 5. Nanotoxicological classification system (NCS) suggested by Keck and Müller (2013). NPs are placed in one of four categories according to their size and biodegradability: class I (no or low risk), classes II and III (medium risk), and class IV (high risk).


• Class I (no or low risk), for nanosystems of size above of 100 nm and made of biodegradable materials.

• Class II (medium risk), for nanosystems of size above 100 nm but made of non-biodegradable materials.

• Class III (medium risk), for nanosystems of size below 100 nm, made of biodegradable materials.

• Class IV (high risk), for nanosystems of size below 100 nm and made of non-biodegradable materials.

The size limit between classes of 100 nm was adopted considering the greater distribution in the organism of smaller particles (e.g., ease of access to the CNS), as well as the greater probability of non-specific endocytosis in off-target cells. However, when applying the NCS, it should be taken into consideration that larger particles can also be internalized by the cells through other mechanisms (Zhao et al., 2011; Danaei et al., 2018).

With regard to the biodegradability of the nanocarrier materials, SLN and NLC are generally considered as members of the NCS classes I or III, since they are composed of physiologically compatible lipids (fatty acids, glycerides or other fatty acid esters, sterols, sterol esters, waxes, etc.).

As stated before, a NP in the bloodstream will be taken up by the MPS. After the opsonization and phagocytosis has occurred, the resulting phagosome needs to “mature” to a phagolysosome [by a series of fusion and fission interactions with endosomes and lysosomes (Rosales and Uribe-Querol, 2017)]. The phagolysosome possesses a unique membrane composition to resist a very acidic and degradative environment, necessary to the final digestion of its content. Internalized non-biodegradable materials may however exert several cytotoxic effects, contributing to chronic inflammation and progressive tissue injury (Gordon, 2016; Azarnezhad et al., 2020).

It must be noted that toxicological outcomes are strongly dependent on the administration route: for instance, orally administered SLN/NLC can be eroded and degraded by bile salts and pancreatic lipase in the body (Müller et al., 1996b; Agrawal et al., 2014).

Although the previously described classification system may seem an excessively reductionist approach to the matter of nanotoxicology, it is a valuable tool in the current state of research of pharmaceutical nanovehicles. A huge number of different nanosystems are being proposed for drug delivery applications based on promising results in terms of their PK and/or PD performance, but for which the multiple aspects that could generate adverse events or toxicity in patients are still to be studied in detail.

One of the aspects not directly addressed by the NCS is the effect that the surface charge of the particles may exhibit on the toxicity or clearance mechanisms. In order to enhance cellular uptake, NPs are sometimes formulated with a positively charged surface, to facilitate electrostatic interaction with the negatively charged plasma membranes of cells, hence promoting internalization by non-selective, adsorptive mediated endocytosis (Ayloo and Gu, 2019). An example of this strategy is found in lipoplexes (a combination of negatively charged nucleic acids and positively charged lipids), which have demonstrated their ability to effectively deliver their load to target cells (Kowalski et al., 2019; Pardridge, 2020). Positively charged lipid NPs were also proposed for carrying nucleic acids (Kong et al., 2013; Fàbregas et al., 2014; Shi et al., 2014; Kotmakçı et al., 2017; Küçüktürkmen and Bozkır, 2018; González-Paredes et al., 2019). Despite these advantages, positively charged NPs have been associated with several toxic effects (Azarnezhad et al., 2020). Based on cell cultures experiments, some authors reported higher cytotoxicity values for cationic (vs. neutral and anionic) SLN (Karn-orachai et al., 2016), while others postulate that cell cultures are able to tolerate high concentrations of cationic SLN/NLC without appreciable toxicity (Doktorovová et al., 2016). These apparently inconsistent results may be explained by the fact that surface charge is not the only toxicity determinant of a NPs, and that other covariables (such as the chemical composition of the NP) may also be considered.

Nevertheless, caution should be taken when working with cationic SLN/NLC, as also some in vivo toxicity reports may be found. For example, Wu et al. (2018) demonstrated that SLN with different surface charges and PEG densities resulted toxic to platelets (and, to a lesser extent, to red blood cells), and that the toxic effects were dependent of the surface charge (the higher positive charge, the worst) and PEG densities (the lower, the worst).



TRANSLATION INTO THE CLINIC OF LIPID (BUT NOT SOLID) NANOPARTICLES

At the time of writing this review, a search was made on the website www.clinicaltrials.gov, finding 13 relevant results corresponding to the keywords “lipid” and “nanoparticles” (see Table 1). However, of those studies, only one comprise what can be regarded as classical SLN: oxiconazole-loaded stearic acid NPs, further included in a carbopol gel formulation for the topical treatment of topical tinea infections (Mahmoud et al., 2020).


TABLE 1. Lipid Nanoparticle Drug Delivery Systems (LNDDS) on currently active clinical trials (terminated or withdrawn studies were excluded).

[image: Table 1]Two studies correspond to phase II trials of oral encochleated amphotericin B (CAMB). Cochleates are constituted by several layers of continuous lipid bilayers that self-assemble by spiral wrapping, resulting in relatively rigid cylindrical structures with the drug.

Among the remaining clinical trials retrieved, two are undergoing phase III: a cholesterol-rich, protein-free nanoemulsion of paclitaxel, that resemble low-density lipoproteins and can be IV administered for the treatment of atherosclerosis, and lipid NP with patisiran (ALN-TTR02), a siRNA to treat hereditary transthyretin (TTR) induced amyloidosis, made with an optimized ionizable cationic lipid, DLin-MC3-DMA (Kulkarni et al., 2018).

Short interfering RNAs (siRNAs) are 19-23 base pairs double stranded RNAs that are part of the family of small non-coding regulatory RNAs (sncRNA). In Fire et al. (1998) described the gene silencing regulation mechanism of siRNA in Caenorhabditis elegans, unveiling what later would become a major change in human therapy approaches. This suppression mechanism, named RNA interference (RNAi), is a normal mechanism of gene expression control involving regulation of mRNA translation and degradation via the binding of short strands of homologous RNA generated by the Dicer enzyme (Reynolds et al., 2004).

Therefore, siRNA presents as an appealing therapeutic tool to suppress gene expression, that can be used to silence aberrant endogenous genes (as in cancer diseases) or to knockdown genes that are essential to the proliferation of infectious organisms (Whitehead et al., 2009). However, in order to become a successful tool for human therapy, siRNA might be administered as an exogenous RNA product, thus representing a drug delivery challenge (McManus and Sharp, 2002). Despite the use of cationic lipids is the natural approach to encapsulate negatively charged biomolecules like nucleic acids, lipids with a permanent positive charge tend to form complexes with nucleic acid polymers with limited or no in vivo utility due to their size (ca. 1 μm of diameter), instability, positive surface charge, and toxic side effects (Cullis and Hope, 2017). Ionizable cationic lipids, on the other hand, allow achieving high loading efficiencies for RNA/DNA molecules in small (<100 nm) vesicular systems, with low surface charge (almost neutral) and less toxicity issues compared with cationic NPs, as discussed in the previous section.

In general, these lipids present an amine group with a pKa value less than 7, a characteristic that allows them to be positively charged at low pH values, thus achieving efficient encapsulation of negatively charged polymers at acidic pH, but also to exhibit a relatively neutral surface at physiological pH values (Kulkarni et al., 2018). As mentioned earlier, a recent research breakthrough on lipid NPs encapsulating siRNA was the 21 base pairs siRNA drug patisiran to treat TTR amyloidosis, a multisystemic disease causes by misfolded TTR, that affects nerves, heart, and the gastrointestinal tract (Adams et al., 2017). Patisiran lipid NPs reduced amyloidogenic protein expression of the mutated TTR: previous phase II results (NCT01617967) showed an 80% decrease on TTR levels in serum. The efficacy results of patisiran constitute a milestone in the field and led to the approval of the first targeted RNA-lipid NP- based therapy in August Pastor et al. (2018).

Another kind of RNA therapy is not directed to silence a given gene but rather to express its product, a therapeutic protein. Dimitriadis was the first to achieve expression of rabbit globin on mouse spleen lymphocytes through the delivery of rabbit reticulocyte 9S mRNA through liposomes (Dimitriadis, 1978). This RNA therapy involves much larger mRNA molecules than siRNA (1–15 kb, 300-5000 kDA vs. 14 kDa). Therapeutic approaches may include immunotherapy through mRNA of antibodies, protein expression to supply the product of a defective or missing gene, and cellular reprogramming through growth or transcription factors that modulate cellular metabolism. These kinds of treatment can be considered improvements over direct protein administration which face numerous problems like enzyme degradation or misfolding (Kowalski et al., 2019).

The phase I clinical trial of the biological product named mRNA-2416, which encodes for OX40L, the ligand of the T cells co-stimulator tumor necrosis factor receptor superfamily member 4 (TNFRSF4; OX40). According to the NCI drug dictionary, expressed on the cancer cells membrane, OX40L binds to its receptor on T cells to activate a signaling pathway that leads to an increased cytokine production, thus inducing proliferation of lymphocytes and subsequent death of surrounding cancer cells. As in the siRNA systems, this mRNA is formulated in an ionizable lipid-based NP for intratumoural injection to patients with relapsed/refractory solid tumor malignancies or lymphoma.

Another clinical trial (NCT03739931) on lipid nanoparticles for mRNA delivery to solid tumor malignancies or lymphoma is currently recruiting patients. In this case, NPs are used for the intratumoral administration of mRNA-2752, that encodes OX40L, IL-23 and IL-36G. The co-administration of interleukins is thought to potentiate the anticancer effect by activating an inflammatory response at the tumor site (Bauer et al., 2019).

In June 2020, started two phase I clinical trials of ARCT-810, a mRNA therapy for Ornithine Transcarbamylase (OTC) deficiency, a genetic disorder produced by a mutation on the X chromosome. OTC enzyme is involved in the nitrogen metabolism, and the lack of this protein results in high blood ammonia levels that might lead to seizure and coma state in untreated patients. The current treatment is a low protein diet and ammonia scavenging medication, with future insights on liver transplantation (Peng et al., 2020). ARCT-810 is formulated in a novel pH-responsive lipid delivery system named LUNAR®, that aims at superseding the lack of native OTC providing a complete copy of its mRNA, thus restoring enzyme levels to establish a regular urea cycle. Preclinical data on a murine model showed full expression of the protein (Perez-Garcia et al., 2019).

In view of the current situation regarding the SARS-CoV-2 pandemic scenario, a recent clinical study respecting a mRNA-based vaccine has been initiated. The vaccine consists of a lipid nanoparticle encapsulating mRNA-1273 which encodes for the full length prefusion stabilized spike protein of the virus (SARS-CoV-2 spike glycoprotein). After intramuscular administration, mRNA-1273 translates in the myocytes’ cytoplasm. Spike protein is released from the cell and captured by macrophages, dendritic cells, and other immune cells initiating the immune response (Wang et al., 2020).

Leaving aside the CAMB and Oxiconazole formulations, the described nanovehicles share several common characteristics. They are non-viral delivery systems derived from classic liposomes, where the introduction of (permanent or transient) positively charged lipids that have strong electrostatic associations with RNA polymers provides larger payloads of this biomolecules (Cullis and Hope, 2017). Furthermore, most of them are intended for parenteral administration, with the liver as target organ. The fact that siRNA therapy is confined to the liver is a consequence of the tendency of these smaller and more homogeneous analogs of lipoplexes to accumulate in the liver (Wittrup and Lieberman, 2015; Kulkarni et al., 2018).



CURRENT CHALLENGES AND LIMITATIONS OF SOLID LIPID NANOPARTICLES

The information presented in the previous section reveals that, aside from cosmetic/dermatological applications (Müller et al., 2014), there are currently no classical SLN/NLCs in clinical evaluation stages, so their early entry into the market would not be expected. Liposomes that have entered the market in recent years are the result of more than 50 years of research. Similarly, we could think that there are still years to come before SLN/NLC enter the pharmaceutical market. A proof that they are still in their initial stages of research can be seen in the publications reviewed here, a large percentage of which are technological (and not disease) focused research, and usually lacking of a rationale cost/benefit analysis, a characteristic of the initial stages of any research.

A great number of SLN/NLC reports are based on experimental drugs with no approved therapeutic indications, like curcumin, rhein or quercetin, while many others encapsulate pharmaceutical ingredients for which formulations with good therapeutic performance are currently available with low associated costs, such as famotidine, carvedilol, metformin, ibuprofen, dexamethasone, aliconazole, and many others. But it is not all bad news. In the case of RNA or DNA therapies, the use of nanovehicles results essential, since parenterally administered “naked” nucleic acids fail to reach therapeutic levels in target cells. They are rapidly degraded in biological fluids (and excreted by the kidneys) and, if they get to the target tissue, cannot penetrate into the cells (Cullis and Hope, 2017). Therefore, whatever the associated cost, it is compensated by the possibility of having this type of therapies in the market.

Taken altogether, current results on pharmacological application of SLN/NLC show good perspectives. They have proven to be safe and versatile drug delivery systems capable of improving the efficacy and pharmacokinetic profile of the encapsulated drugs and, as discussed in the previous sections, many are the therapeutic fields that can be benefited from the use of these nanocarriers. Large-scale manufacturing processes, sterilization, tailoring strategies and stability issues are some of the challenges that need to be overcome before lipid nanoparticles may become commercially available products, with approved therapeutic indications (Figure 6).
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FIGURE 6. Advantages, current challenges and limitations of working with solid lipid nanoparticles for drug delivery applications.




CONCLUSION AND FINAL REMARKS

In the last decade, SLNs and nanostructured lipid carriers have attracted much attention as potential drug delivery (nano)systems. Their major advantage is possibly the use of biocompatible, environmental-friendly constituents and preparation methods. Based on their size and biodegradable nature, most of the nanocarriers in this category fall within the low risk class (class I) from the nanotoxicological classification system suggested by Keck and Müller. It should be noted, though, that careful clinical and environmental safety assessment should be performed before advancing these systems to massive production and commercialization. Development of standardized procedures to assess potential risks of exposure to nanomaterials are urgently needed, as well as the correspondent regulatory framework.

As for other nanosized drug delivery systems, cancer therapy is the most frequent area of research where SLNs are applied, which may reflect both the vast levels of funding in the area but also the suitability of nanocarriers for the delivery of antineoplastic agents, mainly due to the passive and active targeting posed by cancerous cells and tissues. Nevertheless, there are many therapeutic fields that can benefit from the application of lipid NPs, as discussed for the case of antibiotics and CNS drugs.

Given that the oral administration route is the most convenient and accepted one for conventional medications, the fact that nanocarriers (including SLNs) administered through the oral route are not absorbed extensively, it may seem a daunting scenario for the advancement of this technology. However, this may not be true for the particular case of lipid NPs, since they have demonstrated their ability to increase the BA of drugs administered orally, a critical point when it comes to (the increasingly numerous) drugs with very low solubility in water.

Unfortunately, more time and financial resources are needed for SLN/NLC to prove its therapeutic value in real scenarios. For now, the scarcity of SLNs that have reached clinical trials indicates that at least some years will go by before these technologies land to the pharmaceutical market.
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Over the past decade, messenger RNA (mRNA) has emerged as potent and flexible platform for the development of novel effective cancer immunotherapies. Advances in non-viral gene delivery technologies, especially the tremendous progress in lipid nanoparticles' manufacturing, have made possible the implementation of mRNA-based antitumor treatments. Several mRNA-based immunotherapies have demonstrated antitumor effect in preclinical and clinical studies, and marked successes have been achieved most notably by its implementation in therapeutic vaccines, cytokines therapies, checkpoint blockade and chimeric antigen receptor (CAR) cell therapy. In this review, we summarize recent advances in the development of lipid nanoparticles for mRNA-based immunotherapies and their applications in cancer treatment. Finally, we also highlight the variety of immunotherapeutic approaches through mRNA delivery and discuss the main factors affecting transfection efficiency and tropism of mRNA-loaded lipid nanoparticles in vivo.
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INTRODUCTION

mRNA-based therapeutics have emerged as a highly appealing new class of drugs, revolutionizing cancer immunotherapy by finding application in different types of anticancer approaches, such as therapeutic vaccines, monoclonal antibodies, immunomodulatory drugs and CAR cell therapies (Van Lint et al., 2012; Kranz et al., 2016; Pardi et al., 2018; Foster et al., 2019; Hoecke and Roose, 2019). In comparison to other functional biomolecules such as plasmid DNA (pDNA) and recombinant proteins, mRNA exhibits several therapeutic benefits, thereby rendering it highly desirable for the development of a new generation of cancer immunotherapy drugs (Pastor et al., 2018).

Firstly, mRNA possesses a superior safety profile indeed, unlike pDNA, mRNA cannot integrate into the genome and thus avoids potential insertional mutagenesis (Sahin et al., 2014). Moreover, mRNA efficiently transfects both mitotic and non-mitotic cells, as it does not require to enter into the nucleus since it exerts its function in the cytoplasmic compartment (Sahin et al., 2014).

Translatability and stability of mRNA as well as its immunostimulatory activity are further intrinsic features that make it the most attractive type of therapeutic agent emerged in the last decade, especially for cancer immunotherapy (Pastor et al., 2018; Guevara et al., 2019b).

Finally, large-scale production of Good Manufacturing Practice (GMP)-grade mRNA is relatively simple, fast and inexpensive, since mRNA is synthesized in a cell-free system, and its manufacturing can be obtained in standardized and controlled conditions (Sahin et al., 2014; Pardi et al., 2018; Guevara et al., 2019b).

Despite the enormous potential of mRNA-based therapies, only recently has their therapeutic application become possible, as a consequence of the considerable progresses of nanomedicine in the design of non-viral vectors for gene delivery (Guan and Rosenecker, 2017; Kaczmarek et al., 2017). In this regard, various type of nanoparticles have been investigated as mRNA delivery systems, but lipid nanoparticles have been the most extensively explored for mRNA-based immunotherapy, enabling a variety of new antitumor treatments currently in preclinical development and some undergoing clinical trials (Gómez-Aguado et al., 2020).

The use of lipid-based nanocarriers has addressed key issues for mRNA transfection into target cells by improving its protection from degradation in the extracellular compartments, as well as by facilitating cellular uptake and delivery to an appropriate intracellular compartment (Wadhwa et al., 2020). Herein, we will provide an overview on the recent advances in the field of lipid-based nanoparticles and on the design of mRNA delivery platforms for various forms of cancer immunotherapy.



LIPID-BASED NANOPARTICLES FOR MRNA DELIVERY: BASIC FORMULATION AND STRUCTURAL ORGANIZATION

The encapsulation of mRNA into a carrier is essential to fully harness its therapeutic power by ensuring protection from extracellular RNase degradation and simultaneously promoting cellular uptake and endosomal escape of mRNA (Guan and Rosenecker, 2017; Guevara et al., 2019b).

To enable mRNA encapsulation, protection, and transfection, amine-containing nanomaterials are commonly used as non-viral platforms (Kranz et al., 2016; McKinlay et al., 2017; Oberli et al., 2017; Persano et al., 2017; Zhang et al., 2019). Lipid-base formulations represent the most developed tool for mRNA delivery (Wadhwa et al., 2020).

Lipoplexes, consisting of cationic liposomes interacting electrostatically with the negative charges of the phosphate backbone of mRNA, were the earliest lipid-based delivery systems successfully employed to introduce mRNA molecules into target cells (Figure 1) (Felgner and Ringold, 1989; Kranz et al., 2016). However, after a first brief phase of great enthusiasm, lipoplexes have shown important concerns, such as high instability, relatively low transfection efficiency and poor customizable composition, given that they are often formulated with an excess of cationic charges not only to promote mRNA binding but also to facilitate the interaction with the anionic phospholipids in the plasma membrane and subsequently promote its uptake by endocytosis (Li and Huang, 1997; Xue et al., 2015; Guevara et al., 2019b; Wahane et al., 2020).


[image: Figure 1]
FIGURE 1. Schematic representation of the different types of lipid-base nanovectors: lipoplex, lipid nanoparticle, lipid-polymer hybrid nanoparticle where the lipid shell can be organized as a bilayer or monolayer.


These drawbacks have limited further application of nucleic acid-loaded lipoplexes, thus shifting the current interest on lipid nanoparticles, which have demonstrated superior stability, structural plasticity and enhanced gene delivery (Xue et al., 2015; Guevara et al., 2019b).

A typical lipid nanoparticle formulation is composed of pH-responsive lipids or cationic lipids bearing tertiary or quaternary amines to encapsulate the polyanionic mRNA; neutral helper lipids such as zwitterionic lipid [i.e., 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) or 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)] and/or sterol lipid (i.e., cholesterol) to stabilize the lipid bilayer of the lipid nanoparticle and to enhance mRNA delivery efficiency; and a polyethylene glycol (PEG)-lipid to improve the colloidal stability in biological environments by reducing aspecific absorption of plasma proteins and forming a hydration layer over the nanoparticles (Cullis and Hope, 2017; Guevara et al., 2019b). The morphology of lipid nanoparticles is not like a traditional liposome, characterized by a lipid bilayer surrounding an aqueous core, indeed, they possess an electron-dense core, where the cationic/ionizable lipids are organized into inverted micelles around the encapsulated mRNA molecules (Figure 1) (Cullis and Hope, 2017; Guevara et al., 2019b).

Recently, lipid-polymer hybrid nanoparticles have emerged as novel mRNA delivery systems combining the advantages of biodegradable polymeric nanoparticles and liposomes (Persano et al., 2017; Islam et al., 2018; Guevara et al., 2019b). Lipid-polymer hybrid nanoparticles consist of a biodegradable mRNA-loaded polymer core coated with a lipid layer (Persano et al., 2017; Islam et al., 2018; Guevara et al., 2019b). Usually, the lipid envelope is organized into a lipid bilayer or lipid monolayer containing a mixture of cationic or ionizable lipids, helper lipids, and pegylated lipid (Figure 1).

Lipid-polymer hybrid nanoparticles, thanks to their structural design, can offer a series of benefits such as small size, high nucleic acid condensation efficiency, large functionalizable surface that can be easily modified by the binding of different functional groups, and prolonged blood circulation time (Guevara et al., 2019b). In addition, the specific physicochemical properties of hybrid lipid-polymer nanostructures can potentially result in a different interaction of the delivered mRNA with innate RNA sensors, consequently altering the immunogenicity and safety profile of lipopolyplex-based immunotherapies (Van der Jeught et al., 2018).

The above benefits of hybrid lipid-polymer formulations have been highlighted in a recent study were an mRNA-loaded lipid-polymer platform functionalized with mannose receptor targeting moieties to promote dendritic cell (DC) targeting in vivo was employed (Van der Jeught et al., 2018). The formulation exhibited excellent hemocompatibility and the expression of the mRNA cargo was preferentially restricted to splenic antigen presenting cells (APCs) upon systemic administration. Furthermore, vaccination with the lipopolyplex formulation elicited a potent T-cell-mediated immune response and manifested superior effectiveness in inhibiting tumor growth compared to intravenous immunization with a lipoplex-based mRNA vaccine (Van der Jeught et al., 2018). Early innate responses to hybrid lipid-polymer vaccine formulation were characterized by a type I interferon (IFN) response in the spleen. Nevertheless, unlike conventional lipoplexes, the hybrid lipid-polymer nanovaccine did not rely on type I IFN responses to generate cytotoxic T-cell effectors (Van der Jeught et al., 2018). This unlooked behavior of lipopolyplex nanostructures could enable the preparation of new anticancer therapeutic vaccines with a more moderate pro-inflammatory profile, but with an equal capacity to promote a potent immune response, representing a valid alternative to the lipid formulated mRNA vaccines currently under investigation in early phase clinical trials.



CELLULAR INTERNALIZATION AND ENDOSOMAL ESCAPE OF MRNA-LOADED LIPID-BASED NANOPARTICLES

Although the mechanism that leads to the internalization of RNA-loaded lipid-based nanoparticles has not been fully clarified, experimental insights revealed that the process involves clathrin-dependent endocytosis followed by micropinocytosis, that is the major uptake mechanism (Gilleron et al., 2013; Wang and Huang, 2013). The initial interaction of nanoparticles with the cell plasma membrane of the target cells can be promoted or accelerated by the presence of positive charges or active targeting ligands on the outer surface, which can interact with the negatively charged cell membrane components or with specific proteins exposed at the cell membrane of the target cell (Hajj and Whitehead, 2017).

Once the lipid nanoparticles are engulfed into the cell, they follow the conventional endocytic route, trafficking first into early endosomes, then into late endosomes, and finally into lysosomes where the RNA is enzymatically degraded. It has been estimated that only a small fraction (1–2%) of lipid nanoparticles can evade the endosomal pathway before they reach the lysosomes and this tend to vary between cell types (Gilleron et al., 2013). The proton sponge effect was initially considered the dominant mechanism leading to the endosomal escape of the RNA-loaded lipid nanoparticles. However, increasing evidence indicates that the endosomal escape mechanism of lipid nanoparticles is much more complex, and involves the docking of the lipid nanoparticles at the endosomal membrane, triggering membrane fusion and destabilization of the endosomal lipid bilayer, with consequent release of the genetic cargo into the cytosol (Zelphati and Szoka, 1996; Gilleron et al., 2013).

Previous studies revealed that endosomal escape occurs mainly from early endosomes or macropinosomes before their fusion with lysosomes, since late endosomes and lysosomes are characterized by lower leakiness, due to the variation in the lipid composition occurring during endosome maturation (Gilleron et al., 2013; Wang and Huang, 2013). These changes in the cell membrane lipid composition consist in a decrease of the cholesterol content, the hydrolysis of sphingomyelin and increased levels of phosphatidylcholine in the membranes of late endosomes and lysosomes. However, a recent study suggested that late endosome/lysosome formation could be essential for the functional delivery of mRNA (Patel et al., 2017). Indeed, Rab7A-deficient cells exhibited not significant changes in mRNA-uptake but a strong decrease in the transfection efficiency compared to wild-type cells. Conversely, the absence of Rab4A or Rab5A, both localized at the early/recycling endosomes, had limited effects on cell transfection efficiency. Interestingly, the authors showed that mRNA electroporation of Rab7A knockout cells was not able to rescue the basal transfection efficiency obtained in wild-type cells, and provided evidence that the late endosome/lysosome structure can positively control the translation of the delivered mRNA by serving as hub for the mammalian target of rapamycin complex 1 (mTORC1)-mediated signaling pathway (Patel et al., 2017).

Recently, Maugeri et al. showed that after endocytosis a small fraction of mRNA-loaded lipid nanoparticles can immediately evade the endocytic route and be consigned to the recycling pathway to be expelled by exocytosis (Maugeri et al., 2019). After secretion, the mRNA packed into extracellular vesicles can be transferred in other cells in vitro and blood/organs in vivo and produce new copies of protein (Maugeri et al., 2019).

All these findings suggest that mRNA transfection mediated by lipid nanoparticles is an overly complex process, strongly influenced by several factors, such as uptake mechanism, endosomal maturation, endosomal recycling, and may vary widely between different cell types. Inefficient endosomal escape efficacy and precise tissue/cell targeting efficiency remain the major challenges for mRNA delivery by lipid-based nanoplatforms. A better understanding of the mechanisms regulating the biodistribution, internalization and endosomal escape of mRNA-loaded lipid nanoparticles will help in the development of next generation nanoparticle-based mRNA immunotherapies with increase efficacy, safety, and clinical translatability.



LIPID COMPOSITION OF LIPID-BASED NANOPARTICLES FOR MRNA DELIVERY


Cationic Lipids

Cationic lipids are amphiphilic molecules, consisting of a positively charged polar head group, and a hydrophobic tail domain, that in aqueous solution spontaneously self-assemble into higher order aggregates (Figure 2) (Guevara et al., 2019b). Thanks to their cationic amino groups, they can electrostatically interact with the negatively charged phosphate groups of mRNA molecules and allow their entrapment in a lipid-based nanoparticle (Guevara et al., 2019b).


[image: Figure 2]
FIGURE 2. Chemical structure of the major cationic lipids utilized for mRNA delivery.


The use of delivery systems based on permanently cationic lipids have proven to be effective for mRNA in vitro transfection and was described for the first time more than 30 years ago (Felgner and Ringold, 1989; Malone et al., 1989). In this study, a relative high transfection efficiency was achieved using a lipoplex structure, obtained by complexing mRNA with a liposome containing the synthetic cationic lipid, N-[1-(2,3-dioleyloxy)propyl-N,N,N-trimethylammonium chloride (DOTMA), and the helper lipid DOPE (Malone et al., 1989). After this encouraging early result, further mRNA therapeutic development was abandoned, due to its high fragility and the inadequate knowledge at that time on the potential of non-viral vectors in protecting and efficiently deliver RNA molecules into eukaryotic cells (Guevara et al., 2019b). The recent revival interest in the use of mRNA-based immunotherapies has encouraged an advancement on the design of cationic lipid-based nanocarriers mostly for cancer immunotherapy (Guevara et al., 2019b).

On this regard, the study from 2016 by Kranz et al. has represented the culmination of several years of interdisciplinary research on mRNA-based drug optimization and has provided the bases for the development of novel mRNA-based cancer immunotherapies (Kranz et al., 2016). The authors showed that mRNA-lipoplexes composed of DOTMA/DOPE or 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)/DOPE lipids, formulated by gradually decreasing their surface charge from positive to negative, were able to protect antigen-encoding mRNA from extracellular ribonucleases, efficiently accumulating in the spleen and delivering the mRNA into DCs upon systemic administration, with the consequent induction of an antigen-specific immune response (Kranz et al., 2016).

More recently, Cheng et al. reported the percentage of permanently cationic lipid contained in the formulation as the main factor affecting bio-distribution of pH-independent cationic lipid nanoparticles (Cheng et al., 2020). Surprisingly, by increasing the percentage of DOTAP lipid from 5 to 100%, the expression of the encapsulated luciferase-encoding mRNA shifted progressively from liver to spleen, and then to lung, demonstrating that the percentage of cationic lipid can be opportunately tailored for tissue-specific delivery via an intravenous administration route (Cheng et al., 2020).

Cationic lipid-based nanoparticles have seen a widespread use in the delivery of therapeutic mRNA, not only for their ability to form stable complexes with nucleic acids, but also because they have revealed intrinsic immunogenic properties attributable to the interaction with innate immune components, thus serving as immune adjuvants to enhance the immunogenicity of formulations.

For instance, the immunogenicity of the cationic lipid dimethyldioctadecylammonium (DDA) was illustrated already more than 50 years ago by Gall (Gall, 1966). DDA can act as a vaccine adjuvant, enhancing both cell-mediated and humoral immunity, and it has shown to be effective in different vaccine platforms, including mRNA-based vaccines (Henriksen-Lacey et al., 2010; Blakney et al., 2019). The adjuvant activity of DDA has been attributed to its positive surface charge and its ability to interact and stabilize antigens by ionic interactions. This was demonstrated by using fluorescently labeled ovalbumin (OVA) as a model antigen (Korsholm et al., 2007). The adsorption of the antigen onto DDA liposomes enhanced its uptake by APCs, in addition to increasing its immunogenicity as confirmed by the significant upregulation in the expression of maturation markers of APCs, all this resulted in the improvement of their effectiveness in antigen presentation (Korsholm et al., 2007). Similarly, both DOTAP- and DOTMA- based nanostructures have been reported to induce the activation of TLRs and NLRP3 inflammasome pathways (Lonez et al., 2014). Therefore, delivery platforms containing permanently cationic lipids can be opportunely designed and tuned to obtain novel mRNA-based immunotherapies with superior immunogenicity and therapeutic efficacy.



Ionizable Lipids and Lipid-Like Polymers

A second generation of transfecting lipids was developed due to the necessity of novel delivery systems for siRNA molecules with improved safety profile and able to accumulate more efficiently at the target site, avoiding sequestration by blood-filtering organs like liver and spleen, a phenomenal frequently observed mostly with positively charged nanoparticles (Figure 3) (Blanco et al., 2015).


[image: Figure 3]
FIGURE 3. Chemical structure of the most common ionizable lipids and lipidoids used for mRNA delivery.


In the first half of the 1990s, Cullis developed the first pH-responsive cationic lipid, bearing the unique feature that its net charge changed in response to the pH of its surroundings, acquiring a net positive charge in an acidic pH and maintaining a neutral charge in a physiological pH (Bailey and Cullis, 1994). Thus, mRNA encapsulation into pH-responsive lipid nanoparticles is achieve only in acidic conditions. Nanoparticles formulated with these lipids have a minimal positive charge density in the bloodstream, and therefore tend to display a superior biocompatibility and a reduced off-target accumulation (Tam et al., 2013). Several ionizable lipids have been proposed, initially for siRNA delivery and, recently, their application has been extended to mRNA delivery (Figure 3).

The initial difficulties encountered in achieving efficient mRNA delivery by using lipid formulations designed for siRNA delivery pointed out that delivery systems should be specifically tailored for mRNA, as it has different features compared to siRNA. Therefore, previously proposed lipid formulations have been re-optimized and new ionizable synthetic lipids have been introduced with the aim of enhancing the delivery and translation of mRNA in vivo, and thus improving its therapeutic effect.

Several studies conducted in this area have allowed to identify the pKa value as the dominant factor affecting the transfection efficiency of ionizable lipids, with an optimal pKa range of 6.2–6.5 (Cullis and Hope, 2017). DLin-MC3-DMA (MC3), having an optimized pKa value of 6.44, represents one of the most powerful pH-dependent cationic lipids that has been synthesized for RNA delivery, and it has been successfully employed for protein replacement therapy of genetic diseases such as the neurodegenerative disease Friedreich's ataxia (Tam et al., 2013; Nabhan et al., 2016; Arteta et al., 2018). MC3-based lipid nanoparticles encapsulating either luciferase or farataxin encoding mRNA and intrathecally injected in mice resulted in high protein expression into dorsal root ganglion neurons (Nabhan et al., 2016).

Lipid-like materials also known as lipidoids, represent a new generation of ionizable lipids characterized by protonable tertiary-amino groups and highly hydrophobic side chains, which play a significant role in determining transfection efficiency (Figure 3). Indeed, experimental observations helped to clarify the huge impact that the chemical structure of the tail portion of cationic lipids could have on the transfection efficiency of lipid-based nanoparticles. In this regard, a recently conducted screening study revealed that longer and unsaturated alkyl tails could enhance mRNA delivery efficiency (Fenton et al., 2016).

Similarly, a biodegradable ionizable lipid obtained by modifying the hydrophobic tail of MC3 lipid through the introduction of ester and alkyne groups, in addition to showing an improved tolerability, displayed an enhanced transfection efficiency. In particular, Miao et al. observed that the incorporation of an unsaturated alkyne group, rather than double bounds, in the non-polar tail of the ionizable lipid can improve the fusogenicity with the endosomal membrane, and consequently facilitate endosomal escape and mRNA release into the cytosol (Miao et al., 2020). Additionally, its co-formulation with cKK-E12 pH-responsive cationic lipid synergistically boosted mRNA delivery into hepatocytes, offering early evidence that novel and more efficient delivery systems could be potentially obtained from the co-formulation of distinct ionizable lipids. cKK-E12-based lipids have been shown to enhance the serum stability and protein binding of the particles (Miao et al., 2020).

Ionizable lipid-based nanoparticles were recently utilized to facilitate the development of several mRNA-based immunotherapies for cancer treatment. For instance, Oberli et al. demonstrated the efficacy of ionizable lipid-based nanoparticles for antigen encoding mRNA-based anti-tumor vaccination (Oberli et al., 2017). Interestingly, the authors reported that unmodified mRNA led to a significantly higher number of antigen-specific CD8+ T cells in peripheral blood, compare to modified mRNA, upon subcutaneous administration. Finally, the anti-tumor vaccine obtained by loading a TRP-2 encoding mRNA into ckk-E12-based lipid nanoparticles significantly suppressed tumor growth and extended the survival of B16 F10 tumor-bearing mice, and the addition of LPS into the formulation further improved this effect (Oberli et al., 2017). A similar formulation was proposed in a recently published study by Stadler et al. showing that antibody-encoding mRNA delivery can enable antibody-mediated cancer immunotherapy (Stadler et al., 2017). Systemically-administered modified-mRNA encoding for a bispecific antibody directed against the T cell receptor (TCR)–associated CD3 complex and a tumor-associated antigen loaded into a hybrid polymer/lipid-based formulation was shown to significantly impair tumor growth in a murine tumor model (Stadler et al., 2017).



Helper Lipids and Stealth Lipids

In addition to charged or ionizable materials, lipid-based nanoformulations typically comprise supplementary components including cholesterol, for improving nanoparticle's stability; helper lipid, such as DSPC and DOPE, to facilitate the maintenance of the lipid bilayer structure and to promote endosomal release; and a PEG-conjugated lipids to prevent opsonization by serum proteins, thus enhancing the circulation time of nanoparticles (Figure 4) (Guevara et al., 2019b).


[image: Figure 4]
FIGURE 4. Chemical structure of the most common helper and stealth lipids employed for the preparation of formulated mRNA.


The ratio between the different types of lipids in the formulation of nanoparticles can substantially affect their efficacy as mRNA delivery systems (Oberli et al., 2017). Compared with lipid-based nanoparticles developed for achieving efficient siRNA delivery, a vector optimized for mRNA encapsulation and release generally requires a reduced amount of ionizable cationic lipid and cholesterol, and higher amounts of helper lipid and PEG-lipid (Weng et al., 2020).

The addition of cholesterol into the formulation has been shown to the enhance transfection efficiency of lipid-base nanoparticles, potentially by promoting membrane fusion and endosomal escape and, as expected, the percentage of cholesterol has a considerable influence on intracellular gene delivery (Pozzi et al., 2012). Patel et al. reported that the inclusion of a naturally occurring cholesterol analogous (C-24 alkyl phytosterols) into lipid-based nanoformulations enhances mRNA delivery (Patel et al., 2020). In this regard, the length of the alkyl tail, the flexibility of sterol ring and the polarity associated with the hydroxyl group were found essential to maintain a high transfection efficiency. Interestingly, the structural examination of lipid nanoparticles containing phytosterols revealed a polymorphic shape and various degrees of multilamellarity, polymorphism and lipid partitioning (Eygeris et al., 2020). The modification of the tail with methyl and ethyl groups led to an increase of multilamellarity (>50% increase compared to cholesterol), whereas the addition of a double bond promoted lipid partitioning (>90% increase compared to cholesterol) (Eygeris et al., 2020). Lipid nanoparticles displaying multilamellar and polymorphic structures showed higher gene transfection.

Previous studies showed that by replacing DSPC, a helper lipid commonly included in siRNA lipid-based formulations, with DOPE, the mRNA delivery efficacy is strongly enhanced (Ball et al., 2018). This may be because phosphocholine-containing lipids usually inhibit membrane fusion-mediated endosomal escape, while unsaturated lipids, such as DOPE, can undergo a conformational change from a stable lamellar phase to an unstable hexagonal phase leading to membrane fusion (Harper et al., 2001; Sato et al., 2020).

However, Sato et al. reported that lipid nanoparticles formulated with a combination of a pH-sensitive cationic lipid with a hydrophobic tail longer than C18 and egg sphingomyelin (ESM), a phosphocholine-containing phospholipid, exhibited a dose-dependent transfection efficiency, while lipid nanoparticles with a classical scaffold length (=C18) failed in transfecting cells in vitro, demonstrating that the inhibitory effect of phosphocholine lipids on endosomal escape can be overcome by modifying the structure of the hydrophobic scaffold (Sato et al., 2020).

In order to prevent aggregation and favor a prolonged circulation time of nanoparticles in the bloodstream upon their systemic administration the coating of nanoparticles with a PEG-lipid through a process known as “PEGylation” is a commonly employed strategy. PEGylated nanoparticles are often referred as “stealth” nanoparticles, due their ability to avoid opsonization by serum proteins and detection by the reticuloendothelial system (RES) (Li and Huang, 2009).

The selection of the appropriate PEG-lipid is a crucial step in the design of mRNA delivery platforms and can have a huge impact on the carrier activity by shaping its pharmacokinetics. It has been demonstrated that the lipid anchor length determines how long the PEG-lipid remains incorporated in the lipid shell. PEG-lipids with longer anchors are stably included on the surface of the lipid layer and require more time to dissociate from it, thus preventing undesired interactions with proteins and cells, and consequently prolonging nanoparticles' blood circulation time (Zhu et al., 2017). On the other hand, PEGylation with PEG-lipids with longer anchors can negatively affect the uptake efficiency of nanoparticles by inhibiting their interaction with the plasma membrane of the target cells (Zhu et al., 2017). Moreover, PEGylated nanoparticles can be rapidly clear from the circulation upon secondary exposure, as consequence of antibody-mediated immune responses against the PEG component (Judge et al., 2006). Therefore, the use of PEG-lipids with shorter anchors, such as PEGylated 1,2-dimyristoyl-sn-glycerol (PEG-DMG, a C14-based lipid), which are gradually released from the surface of nanoparticles, appears to be an extremely successful approach to achieve high colloidal stability and cargo delivery into target cells (Tam et al., 2013). The reason for this is that the PEG-lipid is embedded into the lipid layer by hydrophobic interactions; hence, spontaneous de-PEGylation is a process that can be partially controlled changing their hydrophobic properties (Zhu et al., 2017).

PEG-lipids have been also extensively exploited to facilitate lipid-based nanoparticles' functionalization with specific targeting ligands that can promote their precise accumulation at the target site. For instance, to target DCs in vivo, mannose, which binds with high affinity to the Lectin Receptor DC-SIGN exposed on the surface of DCs, can be introduce in the formulation (Wang et al., 2018). Likewise, intravenously administrated anti-PECAM-1 antibody conjugated lipid nanoparticles have been successfully employed to achieve higher protein expression in the lungs compared to non-targeted counterparts (Parhiz et al., 2018).

Lipidic immune adjuvants have emerged as novel class of lipids that have been introduced into lipid-based mRNA formulations to further increase the immunogenicity of mRNA-based immunotherapies and “guide” the immune responses (Verbeke et al., 2017; Guevara et al., 2019a). In this regard, the Anderson group has developed multifunctional ionizable lipid-like materials capable of simultaneously facilitate mRNA delivery in vivo and act as immune adjuvants to potentiate anti-tumor immunity by promoting the activation of the stimulator of IFN genes (STING) pathway (Miao et al., 2019).

Taken together, these findings corroborate the importance of helper lipids and PEG-lipids in determining the fate and efficacy of lipid-based nanoparticles carrying mRNA, and emphasize the need for a deeper understanding of the relationship between the structural properties of lipid-based formulations and their endosomal escape activity and immunogenicity, thus enabling the design of high performing mRNA-based immunotherapeutics.



Lipid-Based Nanoparticles' Preparation Techniques

The method used for the preparation of lipid-based nanoparticles has been shown to be critical at determining the efficacy of lipid-based nanoformulations, as it has a direct impact on both their size and encapsulation efficiency (Cullis and Hope, 2017). Lipid-based nanoparticles are usually formed by ethanol injection nanoprecipitation technique, where the desired lipids dissolved in ethanol at an appropriate ratio, and the mRNA dissolved in an acidic aqueous buffer, are mixed together (Reichmuth et al., 2016; Cullis and Hope, 2017). The acidic pH is necessary to ensure the protonation of ionizable lipids (cationic lipids have a head group with a permanent positive charge) so that, after mixing of the two solutions, electrostatic interactions drive the formation of inverted micelles containing the mRNA surrounded by cationic lipids (Figure 5) (Cullis and Hope, 2017). The fast increase of solution's polarity promotes the aggregation of the inverted micelles, which is followed by the deposition of the other lipids on the surface of the nascent lipid-based nanoparticles (Figure 5) (Cullis and Hope, 2017). The PEG-lipid, that is the most hydrophilic lipid in the mixture, would be the last component to self-associate on the particle's surface to form an outer shell that stabilizes the nanoparticles (Cullis and Hope, 2017). Following the mixing step, nanoparticles are dialyzed against an aqueous buffer in order to increase the pH to a physiological value (Cullis and Hope, 2017).
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FIGURE 5. Schematic representation of the mechanism driving the self-assembly of mRNA-loaded lipid-based nanoparticles.


Based on this method, the size of the resulting nanoparticles would be strongly influenced by the rate at which the polarity of the ethanol solution changes, which in turn is influenced by the mixing rate and the volumetric ratio between the aqueous and lipid phases. Therefore, a rapid mixing of the ethanol–lipid phase with excess water is essential for the preparation of uniform and small lipid-based nanoparticles (Cullis and Hope, 2017). In some cases the nanoprecipitation technique has been performed by replacing the ethanol with a different organic solvent, such as tert-butanol (t-But) or acetonitrile, with a consequent size reduction and improved polydispersity index of the nanoparticles (Matsui et al., 2015; Islam et al., 2018). Further factors that may significantly influence the size of the synthesized nanoparticles are the ratio of “core” lipid (cationic or ionizable lipid) to “surface” lipid in the lipid mix, the amount of PEGylated lipid contained in the formulation and the lipid composition (Cullis and Hope, 2017).

Nanoprecipitation technique has been successfully applied not only for the preparation of lipid nanoparticles but also for the synthesis of mRNA-loaded hybrid polymer-lipid nanoparticles (Kaczmarek et al., 2016).

New approaches for the synthesis of lipid-based nanoparticles directly mix the organic phase, containing the lipids, with the mRNA dispersed in the aqueous phase using a fluidic device (Cullis and Hope, 2017). The advantage of this strategy is that the flow and hence, the mixing rates, can be easily controlled through pumps. In this way, it has been possible to obtain nanoparticles with a diameter up to 70 nm and high encapsulation efficiency (Cullis and Hope, 2017; Oberli et al., 2017). However, nanoparticles generated with early fluidic devices based on macroscopic mixing techniques have often shown high polydispersity and poor reproducibility. For this reason, microfluidic chip devices have been recently developed for the synthesis of mRNA lipid-based nanoformulations (Cullis and Hope, 2017; Thomas et al., 2018). The use of microfluidic mixing devices can ensure a rapid mixing of the aqueous and organic phases, with a consequent fast increase of the polarity of the solution. The time required for mixing in the microfluidic mixer (tm) decreases with the flow velocity (U), according to the following formula: tmix ~ λ/[U ln(Ul/D)], where λ and l are parameters determined by the geometry of the microfluidic chip and D is the diffusion coefficient (Reichmuth et al., 2016; Cullis and Hope, 2017).

The effect of flow rate on the size and polydispersity of lipid-based nanoparticles has been investigated, and previously published studies report that size and polydispersity decrease with an increasing flow rate (Belliveau et al., 2012; Reichmuth et al., 2016). However, an increment in flow rate above 2 ml/min has no effect on nanoparticle's size (Belliveau et al., 2012; Reichmuth et al., 2016). Additionally, Zhigaltsev et al. tested the influence of aqueous/ethanol flow rate ratios on size and polydispersity, and identified a flow rate ratio of 3:1 as the limit value at which smaller and more uniform nanoparticles can be obtained (Zhigaltsev et al., 2012). All together, these findings suggest that an aqueous flow rate of 1.5 ml/min and an ethanol flow rate of 0.5 ml/min represent the best conditions to ensure the synthesis of monodisperse limit-sized nanoparticles.

The microfluidic mixer approach represents an innovative synthesis strategy that offers several advantages compare to other synthesis methods, allowing large-scale production of lipid-based nanoparticles with high encapsulation efficiency, small size and high monodispersity, and facilitates the manufacturing process of commercial mRNA drugs, according to GMP standards.



mRNA to Deliver Different “Immunotherapeutic Messages”

mRNA-based gene therapy holds the promise to revolutionize the field of cancer immunotherapy by addressing current manufacturing limitations and offering novel therapeutic solutions.

The relative rapidity of its production is considered one of the central advantages of mRNA compared with other immunotherapeutic strategies. Indeed, the synthesis of mRNA-based treatments can be achieved within weeks using a cell-free and scalable process, once the sequence encoding the immunogene is available (Wadhwa et al., 2020).

Besides the manufacturing advantages, the use of mRNA technology can avoid any risk of genomic integration, since mRNA translation occurs in the cytosol and it is degraded naturally after gene expression (Granot and Peer, 2017; Guevara et al., 2019b). These characteristics indicate that mRNA-based immunotherapy has the potential to be safer than other strategies and is thus a promising immunotherapeutic platform.

Currently, mRNA constructs have been employed to express tumor associated antigens (TAA) and neoantingens for the development of therapeutic and prophylactic vaccines, for the in-situ production of potent monoclonal antibodies and for the engineering of CAR T cells (Kranz et al., 2016; Rybakova et al., 2019; Wilk et al., 2020). The application of mRNA for these strategies will be discuss in the next sections.

Additionally, a number of clinical trials are now examining the efficacy of nanoformulated mRNA cancer immunotherapies for different types of solid tumors and hematological malignancies (see Table 1).


Table 1. Clinical trials for formulated mRNA anti-cancer immunotherapies.
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mRNA General Structure

Currently, two different types of mRNA platforms have been proposed for cancer immunotherapy, non-amplifying mRNA (conventional mRNA) with an open reading frame (ORF) flanked by 5′ and 3′ untranslated regions (UTRs), and self-amplifying mRNA (saRNA) derived from the positive-stranded alphavirus RNA genome (Figure 6) (Kowalski et al., 2019). In saRNA, genes encoding structural proteins are replaced by genes coding for proteins of therapeutic value, whereas viral genes containing the information for proteins forming the replication machinery are maintained (Kowalski et al., 2019).


[image: Figure 6]
FIGURE 6. Schematic representation of the structural organization of conventional and self-amplifying mRNA.


Major advantages of conventional mRNA include its relatively small size compared to saRNA (~2–3 kb vs. ~10 kb), the absence of viral genes thus minimizing the risk of eliciting undesired immunogenic effects in the patient, its simple and scalable manufacturing procedures, and the fact that its sequence can be easily engineered to improve its therapeutic efficacy and minimize any adverse effects (Pardi et al., 2018; Kowalski et al., 2019). On the other hand, saRNA can produce multiple copies of itself, thereby achieving effective gene expression and protein translation with a much lower number of molecules compared to conventional mRNA (Kowalski et al., 2019).

Both types of mRNAs are synthesized in a cell-free system, using an in vitro transcription (IVT) method, which requires the generation of pDNA containing the sequence for a DNA-dependent RNA polymerase promoter (T7 or SP6), followed by the sequence corresponding to the mRNA construct (Weissman, 2014; Zhong et al., 2018; Kowalski et al., 2019). After enzymatic linearization, the pDNA can serve as a template for the transcription of mRNA using a DNA-dependent RNA polymerase. Once the transcription reaction is completed the pDNA is degraded by treatment with DNase. The addition of the 3′ poly(A) tail can be achieved during the transcription process or enzymatically after transcription via poly-A polymerase, while enzymatic addition of the 5′ cap can be carried out by using guanylyl transferase and 2′-O-methyltransferase to introduce a Cap 0 (N7MeGpppN) or Cap 1 (N7MeGpppN2′-OMe) structure, respectively (Weissman, 2014; Zhong et al., 2018; Kowalski et al., 2019).

mRNA sequence and its secondary structures can be potentially recognized by several innate immune receptors to promote the release of type I IFN, with a consequent inhibition of protein translation (De Beuckelaer et al., 2016). However, innate immune activation can be prevented by using modified mRNA, incorporating non-standard nucleotides such as pseudouridine (Ψ), 5-methylcytidine (5 mC), cap-1 structure and optimized codons, thus improving its translation efficiency (Holtkamp et al., 2006; Pardi et al., 2018).

The purity of the mRNA is a crucial factor that influences its performance. It has been shown that DNA-dependent RNA polymerases yield abortive initiation products, as well as double-stranded RNA resulting from self-complementary, which can lead to type I IFN and inflammatory cytokines production upon pattern recognition receptors recognition (Jackson et al., 2020). Karikó et al., in this regard, showed that the removal of impurities from synthetic mRNA by high-pressure liquid chromatography (HPLC) can minimize innate immune activation with a consequent significant increase of levels of expression of the reporter gene (Karikó et al., 2011).



Lipid Nanoparticles for mRNA-Based Vaccines

The main objective of a therapeutic anti-cancer vaccine is to stimulate cell-mediated immune responses by targeting tumor antigens that are restricted or preferentially expressed in malignant cells (Pardi et al., 2018).

Adoptive transfer approaches, based on the administration of ex-vivo mRNA-transfected DCs, were the first form of mRNA-based vaccines to be proposed and clinically investigated (Baldin et al., 2020). Most of these clinical studies employed DCs generated from peripheral blood monocytes (Baldin et al., 2020). However, thanks to the recent advancements in separation techniques for primary DCs, the new generation of DC vaccines is focusing on the isolation of specific primary DC subsets, due to their superior immunostimulatory functions (Baldin et al., 2020).

Despite DC vaccines have shown encouraging outcomes in preclinical studies, their clinical efficacy remains limited. Additionally, there are multiple technical challenges associated with their manufacturing procedures (Farkona et al., 2016; Baldin et al., 2020). For instance, a large amount of patient's peripheral blood needs to be collected for the isolation and generation of DCs. This is a key issue when dealing with oncological patients, given that the cytotoxic effects of chemotherapy may further reduce the number of DCs and monocytes in the peripheral blood (Farkona et al., 2016; Baldin et al., 2020).

In the second decade of the twenty first century, direct in vivo transfection of DCs with a tumor antigen-encoding mRNA, appeared as a valid strategy to overcome limitations faced with the development of DC vaccines (Baldin et al., 2020). Since then, the field has been rapidly expanding, leading to the development of mRNA-based vaccines that are currently in clinical trials, and to the establishment of biotech companies across the globe focusing on mRNA technologies for cancer immunotherapy.

It is known that the efficacy of DC vaccines is strongly influenced by the efficiency of DCs to migrate toward secondary lymphoid organs after their administration to patients. However, ex-vivo activated DCs often fail to reach the lymph nodes and their functionality is affected by tolerogenic signals, impairing the ability of DCs to efficiently prime tumor-specific cytotoxic T cells (CTLs) (Turnis and Rooney, 2010; Farkona et al., 2016; Baldin et al., 2020). The release of the antigen directly into secondary lymphoid organs offers the possibility to reduce the risk that mRNA-transfected mature DCs receive inactivating signals before that they can encounter and present the antigen to naïve T cells (Kreiter et al., 2010). In addition, this kind of approaches can easily bypass all the technical limitations associated with the preparation of DC vaccines, since the isolation or generation of DCs is not necessary. First efforts in the delivery of antigen-mRNA demonstrated that local injection of naked mRNA into lymph nodes could promote antigen-specific anti-tumor immunity (Kreiter et al., 2010). However, its efficacy was negatively affected by the low uptake of naked mRNA by local DCs and the incapacity of free mRNA to escape from the endosomal compartment and reach the cytosol of the cells following its endocytosis. All these issues, together with the concerns related to the feasibility of direct intranodal injection of mRNA, has promoted the development of non-viral vectors opportunely designed for mRNA vaccine delivery.

Different types of nanoparticles have been proposed for mRNA delivery, but lipid-based nanoparticles have shown the most promising results and currently represent the gold standard for precise in vivo delivery of mRNA into immune cells (Kranz et al., 2016; Oberli et al., 2017; Persano et al., 2017; Miao et al., 2020). A proof-of-concept study using this approach was reported by Kranz et al. in 2016, demonstrating that DCs can be passively targeted in vivo using intravenously injected mRNA-lipoplexes based on DOTMA/DOPE or DOTAP/DOPE formulations by optimizing the mRNA/cationic lipid ratio, obtaining nanoparticles with a negative net charge (Kranz et al., 2016). The loading of TAA-mRNA onto the lipoplex nanostructure efficiently protected the mRNA from extracellular ribonucleases and enhanced its uptake and expression by different DC subsets and macrophages in various lymphoid organs. Finally, the authors showed that mRNA-lipoplex vaccine can induce both a type-I-IFN-mediated innate immune response as well as a potent adaptive response, resulting in a strong tumor growth inhibition.

After this study reported the successful application of lipid-based non-viral vectors for anticancer mRNA-based vaccines, other types of lipid-based nanostructures have been successfully employed, such as lipid nanoparticles and hybrid lipid-polymer formulations. For instance, Oberli et al. proposed a lipid nanoparticle-based formulation for the in vivo delivery of mRNA vaccines into APCs (Oberli et al., 2017). The efficacy of the vaccine was tested in a B16F10 melanoma murine model, detecting a strong anti-tumor cell-mediated immune response after a single dose. Treatment of B16F10 melanoma tumors with the nanovaccine containing mRNA coding for TAAs (gp100 or TRP-2) resulted in a decrease of the tumor volume and the prolongation of survival of treated mice. Likewise, Persano et al. reported the development of a hybrid lipid-polymer nanoformulation, consisting of poly-(β-amino ester) polymer/mRNA core coated with 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EDOPC)/DOPE/1,2-distearoyl-sn-glycero-3-phosphorylethanolamine (DSPE)-PEG(2000), for mRNA vaccine delivery (Persano et al., 2017). This hybrid nanostructure was efficiently internalized by DCs via micropinocytosis and promoted their maturation through a mechanism that involves innate immunity activation by Toll-like receptor 7/8 signaling (Persano et al., 2017). The vaccination of mice bearing lung metastatic B16-OVA tumors with OVA-mRNA/lipopolyplex resulted in a significant reduction in the number of lung metastases (Persano et al., 2017).

Recently, mRNA-based nanovaccines have been explored for the development of a new class of anticancer vaccine, referred as personalized vaccines that are based on tumor neoantigens deriving from non-synonymous mutations occurring in cancer cells. In this direction, mRNA-based nanovaccines are attracting a growing interest, as they hold the unique potential to facilitate the co-release of multiple neoantigens by incorporating different epitope sequences within the same molecule. Kreiter et al. have provided evidences that neoantigens are immunogenic when delivered via mRNA platforms and currently several clinical trials are ongoing testing mRNA encoding for neoantigens for the treatment of various solid tumors, including NSCLC, colorectal and pancreatic cancer (Kreiter et al., 2010; Kowalski et al., 2019).

A deeper understanding of the mechanisms involved in the activation and setting up of immune responses has helped to determine the crucial role that a specific immune adjuvants included in a vaccine formulation can play in determining the therapeutic outcome of a vaccine in patients. Indeed, even if non-modified mRNA has well-recognized immune adjuvanting properties associated to its ability to interact with innate immune receptors, it is also true that mRNA vaccines can benefit from their combination with immune adjuvants directed to re-modulate the immunosuppressive microenvironment or to provide additional signals that can reinvigorate vaccine-induced immune responses (Verbeke et al., 2017; Guevara et al., 2019a). This is particularly relevant for oncological patients, as they tend to have a compromised immune system and may involve elderly adults that display features of immunosenescence (Crooke et al., 2019). In this regard, lipid nanoformulations have shown to efficiently assist in the co-delivery of antigen-mRNA with immune adjuvants, promoting the development of potent and effective anti-cancer vaccines. Haabeth et al., for instance, demonstrated that intratumoral injection of charge-altering releasable transporters (CART)-mRNA complexes resulted in high expression of the transduced transgene, with an efficient transfection of dendritic cells, macrophages, and T cells at the injection site (Haabeth et al., 2019). The co-delivery of OX40L-, CD80-, and CD86-encoding mRNAs resulted in a localized upregulation of pro-inflammatory cytokines, robust T cells priming, and migration of immune cells toward the draining lymph node or to distant tumors. This therapeutic approach significantly inhibited tumor growth and promoted tumor eradication in two different murine tumor models.

The field of mRNA-based nanovaccine is rapidly progressing and it currently represents the most advanced application of mRNA technology with multiple clinical trials ongoing in different tumor settings, including melanoma, bladder carcinoma and NSCLC (see Table 1).

The first successful application of a therapeutic nanovaccine based on multiple mRNAs encoding four tumor antigens (NY-ESO-1, MAGE-A3, tyrosinase, and TPTE) was tested in advanced malignant melanoma patients (NCT02410733, phase I). The study showed that all patients developed de novo T cell responses against the administrated tumor antigens. Additionally, this multiple mRNA nanovaccine was successfully evaluated in combination with checkpoint inhibitor in patients with unresectable solid tumors (Kranz et al., 2016).

These early positive indications highlight the potential of mRNA nanovaccines, and provide evidences that this strategy may be at the point of development to be incorporated into clinical practice. However, the enormous therapeutic potential of mRNA is still limited by the need for improved targeting and transfection efficiency of lipid-based mRNA delivery systems.



Lipid Nanoparticles for the Delivery of mRNA Coding for Monoclonal Antibodies

Monoclonal antibodies represent one of the most studied class of cancer immunotherapy and they have received clinical approval for the treatment of an increasing number of human malignancies (Hoecke and Roose, 2019). Antibody-based cancer immunotherapy has been applied to target specific proteins express on tumor cells and immune cells or molecules released into the extracellular environment. Depending on the protein they are targeting, antibodies have different mechanisms of action and effects (Suzuki et al., 2015).

Cancer treatment based on monoclonal antibodies targeting immune checkpoints is largely considered the most promising area of cancer immunotherapy currently in development (Park et al., 2018). Several types of immune checkpoints monoclonal antibodies have been discovered in the last years and some of them, such as anti-programmed cell death 1 (PD-1)/programmed cell death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitors, have already received approval for clinical use while many others are under clinical trials (Park et al., 2018).

Although monoclonal antibodies have generally exhibited great therapeutic efficiency in the context of diverse solid tumors, their use is associated with several disadvantages that limit their extensive application in the clinic. These challenges are mainly related to the manufacturing process of antibodies, which requires the use of engineered mammalian cells followed by complex and time-consuming procedures in order to obtain an antibody completely free from cell culture supernatant, viruses and other potential contaminants (Hoecke and Roose, 2019; Schlake et al., 2019). Furthermore, monoclonal antibodies are characterized by a wide variety of post-translational modifications, which can strongly impact their therapeutic properties (Hoecke and Roose, 2019; Schlake et al., 2019). Therefore, after synthesis and purification, the quality of antibodies needs to be assess using many expensive analytical techniques (Hoecke and Roose, 2019; Schlake et al., 2019). All these challenges render antibody-based therapies poorly affordable.

In the recent years, mRNA technology has emerged has an elegant solution to circumvent the limitations associated with the preparation of antibody-based drugs (see Table 1) (Hoecke and Roose, 2019; Schlake et al., 2019). With this innovative approach, by administrating the antibody-encoding mRNA directly to patients, it is possible to achieve in situ production of the therapeutic product, overcoming all the problems associated to its synthesis and purification (Hoecke and Roose, 2019; Schlake et al., 2019).

A proof of the feasibility of using mRNA as a platform for antibody-based immunotherapy was reported by Pardi et al. In this work, modified mRNAs encoding both the light and heavy chains of a neutralizing antibody direct against HIV-1 (VRC01), were co-encapsulated into lipid nanoparticles and intravenously administrated (Pardi et al., 2017). Passive vaccination with mRNAs-loaded nanoparticles led a robust antibody expression in the liver, resulting in an effective prophylactic response in a HIV-1 murine model (Pardi et al., 2017). Using a similar strategy, Stadler et al. reported a new class of drug that employs a modified mRNA formulated into lipid nanoparticles to promote in situ production of bispecific antibodies termed RiboMABs. RiboMAB targeting CD3 and TAAs link T cells to cancer cells, enhancing the anti-tumor activity of effector cells (Stadler et al., 2017).

A single dose of mRNA-loaded nanoparticles, administrated intravenously, was sufficient to promote rapid production of bispecific antibodies and their secretion into circulation. Treatment with RiboMAB completely eliminated the tumor and remarkably, in a control experiment, to achieve a similar degree of tumor eradication the recombinant bispecific antibody had to be administered three times (Stadler et al., 2017).

All the above-mentioned studies have delivered the mRNA intravenously, exploiting liver cells as a sort of bioreactor to translate the mRNA and release antibodies systemically. In contrast, Tiwari et al. achieved local expression of antibodies directed against the respiratory syncytial virus (RSV) by delivering formulated mRNA encoding antibody in the lungs via intratracheal aerosols (Tiwari et al., 2018). The authors showed that by using this delivery approach, up to 45% of the lung cells expressed the antibody, leading to a significant reduction of RSV infection in challenged mice (Tiwari et al., 2018).

These studies demonstrate the potential of mRNA-based lipid nanovectors as platforms for the in situ production of antibodies, and how their use may revolutionize the field. Particularly exciting is the fact that this technology may reduce the cost and the number of doses currently require for treatments with recombinant monoclonal antibody-based therapies, thus rendering them more accessible to a larger portion of patients.



Lipid Nanoparticles to Harness mRNA Therapeutic Potential for CAR T Cell Therapy

CAR T-cell therapy represents the most advanced personalized cancer immunotherapy and has received approval from the FDA and the European Medicine Agency (EMA) for its clinical implementation in the context of hematological cancers, including acute lymphoblastic leukemia and diffuse large B-cell lymphoma (Mohanty et al., 2019; Vitale and Strati, 2020). Thus, CAR T cell therapy is one of the first successful examples of cell engineering and personalized adoptive cell transfer immunotherapy to become available in clinic.

In this strategy, T cells are isolated from the patient and genetically modified to introduce a chimeric antigen receptor that binds a tumor protein that is express uniquely or mostly by the target malignant cells. Afterward, CAR T cells are expanded and re-infused into patients to attack and destroy chemotherapy-resistant cancer cells (Jackson et al., 2016).

Although this therapeutic approach is currently restricted to the treatment of non-solid tumors, thanks to the recent advancement in the field and the introduction of novel technologies, the scientific community is largely sure that in the next future it would be possible to extend this treatment regime to the treatment of solid tumors.

Despite its tremendous potential, previous studies with CAR cell therapy have pointed out several limitations concerning safety issues, complex manufacturing procedures and high costs, that can hinder the wide application of this technology (Hartmann et al., 2017; Zhao et al., 2018).

Regarding the collateral effects, they have been mostly associated to unwanted immunological immune responses that can lead to macrophage activation syndrome, neurotoxicity and cytokine release syndrome. Concerns have been also raised regarding the use of viral vectors for transducing T cells with CAR sequences, particularly due to their immunogenicity and the potential risk of insertional mutagenesis, besides their limited size insert capacity (Hartmann et al., 2017; Zhao et al., 2018).

While immunological toxicity may be mitigated by treatment with anti-IL-6 receptor antibodies, manufacturing challenges remain unsolved, justifying the need for novel lymphocyte transfection strategies for the development of safer and more accessible CAR cell therapies (Brudno and Kochenderfer, 2016).

Recently, mRNA technology has emerged as a potential solution to overcome these challenges. Indeed, mRNA allows the transient expression of CAR, since mRNA molecules are subject to decay after translation, thus preventing any risk of genomic vector integration (Wiesinger et al., 2019). Furthermore, the structure of the mRNA can be easily customized with specific sequences or modifications to maximize transfection and translation.

Currently, electroporation is standardly employed in clinical practice to deliver mRNA encoding CAR into T cells. However, electroporation has several disadvantages that can strongly affect the quality of the CAR T cells produced (Billingsley et al., 2020). Indeed, the application of pulsed electric fields can irreversibly compromise the cell plasma membrane's integrity. All this can result in low viability, aberrant gene expression profile and reduced transgene expression in the surviving transfected cells. At the end of the last decade, non-viral delivery systems have been explored as an alternative approach for lymphocytes' transfection (Billingsley et al., 2020). In particular, ionizable lipid nanoparticle delivery platforms have showed outstanding efficacy in preclinical studies (see Table 2). In line with the above, Billingsley et al. recently reported the development of ionizable lipid nanoparticles for ex vivo mRNA delivery into human T cells. The designed nanovector was exploited to achieve CAR-encoding mRNA delivery into primary human T cells to produce functional CAR T cells with enhanced tumor killing activity (Billingsley et al., 2020).


Table 2. Overview of formulated mRNA strategies for monoclonal antibody and CAR cell therapies.
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Interestingly, recent studies have highlighted the great potential of mRNA-based lipid nanoformulations to deliver genetic material to the target cells directly in vivo, thus avoiding the complications associated with the ex-vivo manipulation of T cells. This kind of strategies can offer the unprecedented possibility to easily transfect T cells using a practical and broadly applicable approach.




CONCLUSIONS AND FUTURE PROSPECTIVE

Synthetic mRNA has gained a growing interest as a therapeutic molecule for preventing or treating multiple malignancies or non-oncological diseases. The idea to use mRNA as therapeutic molecule was born due to the number of benefits that its implementation can offer over traditional treatments.

As mentioned in the previous sections, oppositely to pDNA-based gene therapy, mRNA holds a superior safety profile, given that it does not need to reach nucleus to exert its function, thus avoiding any risk of genomic integration. In addition, mRNA expression is time-restricted and can be tightly regulated. Most importantly, mRNA-based therapy can allow a rapid and affordable manufacturing of therapeutics as its synthesis is achieved using cell-free systems.

Despite this, mRNA is chemically unstable and susceptible to hydrolysis catalyzed by nucleases. The great structural fragility of mRNA limited its use as therapeutic agent in the past. Recent advances in non-viral delivery systems and the development of novel effective transfecting nanomaterials have provided solutions to these challenges.

Nowadays, lipid-based nanoformulations represent the most advanced and widely employed delivery system for the development of mRNA-based therapies. With several mRNA-based anti-cancer treatments currently in preclinical and clinical studies, it is evident that cancer immunotherapy is the field in which mRNA-based technology can better exert its enormous therapeutic power.

The application of lipid-based nanovectors has enabled the integration of mRNA-based technology in many pre-existing anti-cancer immunotherapeutic approaches, such as therapeutic vaccines, monoclonal antibodies and CAR cell therapy.

However, further research is needed to clarify the reasons behind the low mRNA transfection efficiency of non-viral vectors, especially in those cells that are considered hard to transfect, such as lymphocytes and monocytes. Recent published works have shown how the co-formulation of mRNA with drugs known to affect that endocytic pathway, can significantly enhance gene delivery (Patel et al., 2017; Kon et al., 2020). Modulating intracellular transport mechanisms for mRNA internalization and endosomal escape will potentially lead to the development of next generation of drug delivery systems by enabling high transfection efficiency with limited toxicity.

Additionally, a deeper understanding of key parameters, such as hydrophobicity and fusogenicity of the formulation, which strongly dictate the transfection efficiency of the formulation, and how they can be modulated by varying the lipidic composition or through the introduction of novel lipids, will further enable the development of improved formulations.

Finally, combination with other cancer treatments, including chemotherapy and radiotherapy represents a promising way to further potentiate the therapeutic efficacy of mRNA-based strategies.
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Trypanosomatid-caused conditions (African trypanosomiasis, Chagas disease, and leishmaniasis) are neglected tropical infectious diseases that mainly affect socioeconomically vulnerable populations. The available therapeutics display substantial limitations, among them limited efficacy, safety issues, drug resistance, and, in some cases, inconvenient routes of administration, which made the scenarios with insufficient health infrastructure settings inconvenient. Pharmaceutical nanocarriers may provide solutions to some of these obstacles, improving the efficacy–safety balance and tolerability to therapeutic interventions. Here, we overview the state of the art of therapeutics for trypanosomatid-caused diseases (including approved drugs and drugs undergoing clinical trials) and the literature on nanolipid pharmaceutical carriers encapsulating approved and non-approved drugs for these diseases. Numerous studies have focused on the obtention and preclinical assessment of lipid nanocarriers, particularly those addressing the two currently most challenging trypanosomatid-caused diseases, Chagas disease, and leishmaniasis. In general, in vitro and in vivo studies suggest that delivering the drugs using such type of nanocarriers could improve the efficacy–safety balance, diminishing cytotoxicity and organ toxicity, especially in leishmaniasis. This constitutes a very relevant outcome, as it opens the possibility to extended treatment regimens and improved compliance. Despite these advances, last-generation nanosystems, such as targeted nanocarriers and hybrid systems, have still not been extensively explored in the field of trypanosomatid-caused conditions and represent promising opportunities for future developments. The potential use of nanotechnology in extended, well-tolerated drug regimens is particularly interesting in the light of recent descriptions of quiescent/dormant stages of Leishmania and Trypanosoma cruzi, which have been linked to therapeutic failure.

Keywords: Chagas, leishmaniasis, human African trypanosomiasis, lipid nanoparticles, liposomes, solid lipid nano particles, nanoestructed lipid carrier, nanoparticle


INTRODUCTION

Since the first description of liposomes in the mid-1960s, lipid-based pharmaceutical nanocarriers have made their way to the market and have undergone substantial evolution (Puri et al., 2009; Akbarzadeh et al., 2013). Their applications in the medical field include drug delivery, imaging molecules, decoration with ligands for site-specific targeting, and formulation with destabilizing lipid systems that allow for on-demand drug release. A relevant parameter of an ideal drug vehicle is the absence of toxicity (both for the patient and the environment) of the carrier itself or its by-products. Among the wide array of nanomaterials, lipid-based systems are undoubtedly among the safest ones (Puri et al., 2009). Later generations of lipid-based drug delivery systems include solid lipid nanoparticle (SLN), nanostructured-lipid carriers (NLCs), and, more recently, lipid–polymer hybrid systems (Puri et al., 2009; Mukherjee et al., 2019; Liu et al., 2020) and quatsomes (Ferrer-Tasies et al., 2013). It is expected that such drug carriers will allow for higher control over drug release, enhanced stability, and increased circulation times. Some general advantages of lipid nanosystems are schematically summarized in Figure 1.
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FIGURE 1. General advantages of lipid-based nanosystems.


Trypanosomatid-caused human conditions, namely, Chagas disease, leishmaniasis, and human African trypanosomiasis (HAT), are considered as neglected infectious diseases that have been listed as high-priority diseases by the World Health Organization (WHO), needing innovative and increased disease management (Parthasarathy and Kalesh, 2020). The real amount of infected people is possibly miscalculated as available figures are often extrapolation of data from incomplete epidemiological surveys. Also, the situation worsened by social and military conflicts and because of undiagnosed or unreported patients living in rural areas with limited access to health system facilities (Malvy and Chappuis, 2011). In 2010, it was estimated that these conditions affected about 27 million people worldwide and caused ~150,000 annual deaths (Nussbaum et al., 2010). Since then, depending on the case, advance and retreats have been registered. For instance, a 90% drop in the number of African trypanosomiasis cases has been realized between 2009 and 2018 (World Health Organization, 2020a), and the first all-oral medication for such condition has recently been launched (Deeks, 2019). On the other hand, a jump of 26.9% in leishmaniasis prevalence was observed between 2006 and 2016 (GBD 2016 Disease Injury Incidence Prevalence Collaborators, 2017). As no vaccine is available, treatment solely depends on chemotherapy. Specifically, in the case of Chagas disease and leishmaniasis, available treatment options are dramatically limited. Among disadvantages of much of the available therapeutic arsenal, we might mention toxicity, emerging drug-resistance issues, high costs, limited efficacy, and inconvenient routes of administration (Patterson and Wyllie, 2014). Therefore, novel therapeutic options are urgently required to improve both accessibility and therapeutic output and control potential resistance issues. Interestingly, the existence of quiescent and dormant stages (characterized by low or no replication and diminished metabolic activity) has been described, respectively, in Leishmania and Trypanosoma cruzi (Berg et al., 2013; Kloehn et al., 2015; Jara et al., 2017, 2019; Sánchez-Valdez et al., 2018). Depending on the case, such forms may emerge spontaneously (Sánchez-Valdez et al., 2018) or as an adaptive response to stress conditions (e.g., drug pressure) (Berg et al., 2013; Jara et al., 2019), contributing to treatment failure. It has been suggested that these new resistance mechanisms, which add to classical genetic-based drug resistance, may be treated using current drugs in extended therapeutic regimens that extend beyond the dormancy potential (Sánchez-Valdez et al., 2018).

Here, we will briefly overview the trypanosomatid-caused human diseases, along with the strengths and limitations known chemotherapies to treat such conditions and recent or ongoing clinical trials. Later, we will review the recent advances on lipid nanocarriers encapsulating available and potential pharmacological agents against Chagas disease, sleeping sickness, and leishmaniasis. Noteworthy, other types of nanomaterials (e.g., polymeric systems and metal nanoparticles) have also been investigated (see, for instance, Ahmad et al., 2020; Nafari et al., 2020), although they fall outside the scope of the present review and article collection. Finally, some concluding remarks including possible future directions in the field will be included.

Other recent reviews on the topic have been published, including a comprehensive review on drug nanocarriers of different materials targeting trypanosomatid-caused diseases (Volpedo et al., 2019) and reviews exclusively focused on a given condition (Quezada et al., 2019; Saleem et al., 2019) or in specific drugs encapsulated in a diversity of nanocarriers (Arrúa et al., 2019).



LITERATURE SURVEY

We initially search in Scopus all the combinations of one of the following terms “Chagas disease,” “leishmaniasis,” “human African trypanosomiasis,” “Trypanosoma cruzi,” “Trypanosoma brucei,” “Leishmania” with one of the following terms “nanocarrier,” “nanolipid,” “solid lipid nanoparticles,” “nanostructured lipid carrier,” “nanosystem,” “drug delivery.” Two of the authors (GM and MLS) scrutinized the abstracts of the resulting articles and selected those related to the review scope. The search was conducted in Google Scholar and Scopus.



HUMAN AFRICAN TRYPANOSOMIASIS

HAT is transmitted by the tsetse fly Glossina spp.; the etiologic agents are two subspecies of Trypanosoma brucei (World Health Organization, 2020a). The disease presents a first stage (also called hemolymphatic, or early stage), taking place when the parasite invades the bloodstream, and a second stage (meningoencephalitic, or late stage) linked to invasion of the patient's central nervous system (CNS) by the parasite. In humans, the disease presents in two forms, depending on the parasite subspecies involved. When the etiological agent is T. brucei gambiense (gHAT), the disease usually evolves without major signs or symptoms. Nevertheless, when symptoms emerge, the patient has often reached the advanced stage of the disease, compromising the CNS and narrowing treatment options. On the other hand, when the infection is caused by T. brucei rhodesiense (rHAT), the disease develops rapidly, with the first signs/symptoms being observed as soon as a few weeks after infection, also compromising the CNS (World Health Organization, 2020a).


Human African Trypanosomiasis Treatment

Today, WHO recommends a diversity of treatment options against HAT, depending on the parasite subspecies involved and the evolution stage of the disease, including pentamidine, suramin, melarsoprol, eflornithine, nifurtimox, and fexinidazole.

Pentamidine appeared in 1940 and has since then been employed for the treatment of the early phase of gHAT. It is an aromatic diamidine that has numerous undesirable side effects such as disturbances of glucose homeostasis, leukopenia, and hypotension, as well as an inconvenient route of administration (intramuscular) (Yang et al., 2014; Sbaraglini et al., 2016). Besides, it has low brain–blood barrier (BBB) permeability, which means that is not effective for the treatment of late-stage HAT.

Suramin reached the market in 1920 and is still one of the treatment options for the first stage of rHAT. Its most frequent side effect is urticarial rash (which affects around 90% of the patients). Other adverse events include reversible nephrotoxicity, pyrexia, and nausea (Nagle et al., 2014).

For the treatment of second stage of HAT, an arsenic derivate has been recommended for years: the melarsoprol. It was employed from 1949 (Nok, 2003), but its toxicity is extremely high, causing severe encephalopathic syndrome in some cases, which is associated to high mortality rate (Kennedy, 2004).

Another approved drug for the treatment of HAT is eflornithine, a repurposed drug first explored as anticancer agent (Nwaka and Hudson, 2006). Eflornithine has been used as an alternative to melarsoprol, and its mode of action involves the inhibition of the enzyme ornithine decarboxylase (O'Shea et al., 2016). Its side effects are less severe than those of melarsoprol, but it requires intravenous administration because of its low oral bioavailability. This is an important drawback if one considers that most patients with HAT have limited access to adequate health facilities, complicating the follow-up. Furthermore, it is active only against T. b. gambiense. The outcome is significantly improved when eflornithine is combined with nifurtimox. As monotherapy in T. b. gambiense infections, nifurtimox is effective against both the early and late stages, but it has a very variable cure rate (30–80%) and high toxicity upon long-term administration (Bouteille et al., 2003). Nifurtimox combined with eflornithine (Nagle et al., 2014), though, is an interesting therapeutic choice, and it was incorporated to the WHO List of Essential Medicines for the treatment of gHAT (World Health Organization, 2020a).

In 1983, Raether and Seidenath reported fexinidazole as a highly active new antiparasitic drug effective against trichomonads, Entamoeba histolytica and T. cruzi, but the project was abandoned by the pharmaceutical company Hoechst when its tropical disease program was shut down (Raether and Seidenath, 1983). Thanks to the non-profit Drugs for Neglected Diseases initiative (DNDi) organization and the pharmaceutical company Sanofi joint efforts, this drug finalized preclinical stage and underwent clinical trials (Fairlamb, 2019). It has been approved as the first all oral medication against both hemolymphatic and meningoenchepalitic gHAT, and it is undergoing a 5-year clinical trial to prove its efficacy against rHAT (ClinicalTrials.gov NCT03974178, 2020; Drugs for Neglected Diseases initiative, 2020e). After oral administration, fexinidazole is readily distributed throughout the body, including the brain (Tarral et al., 2014).

Currently, the oxaborole SCYX-7158 is undergoing clinical trials for the treatment of HAT. Encouraging results of SCYX-7158 in animal models made the responsible researchers suspect that it might be a good treatment option for late-stage HAT (Jacobs et al., 2011). Two other oxaborole compounds, SCYX-1608210 and SCYX-1330682, have shown good performance in animal models of the disease (Drugs for Neglected Diseases initiative, 2020c). In 2015, a placebo-controlled, randomized, double-blind study was completed, which assessed the tolerability and pharmacokinetic parameters of SCYX-7158 (ClinicalTrials.gov NCT01533961, 2020). The study confirmed that the drug readily crosses the BBB, thus being a promising candidate to treat late-stage HAT, although some adverse effects such as gastrointestinal reactions and headaches were observed (Drugs for Neglected Diseases initiative, 2020c). Based on these results, a phase II/III trial started in 2017, to evaluate the effectiveness and safety of SCYX-7158 as an oral treatment for adult patients with gHAT (ClinicalTrials.gov NCT03087955, 2020). The chosen dosage regimen involved a single administration of 960 mg. Phase II/III results are awaited in the next years (Dickie et al., 2020).

Table 1 summarizes the therapeutic scenario for HAT.


Table 1. Drugs approved or under clinical trials for the treatment of human African trypanosomiasis (HAT).
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Lipid Nanosystems Encapsulating Approved Drugs

Limited permeability across the blood–brain barrier by therapeutic agents is one of the main limitations that an efficacious trypanocidal agent may present to be considered a valid option to treat late-stage HAT. For instance, pentamidine is mostly ineffective once the parasite has invaded the CNS, and such lack of efficacy is thought to respond to its inability to enter the brain. The limited bioavailability of pentamidine in the brain has been demonstrated in mice by Sanderson et al. (2009), whose results suggested that the drug distribution to the brain is conditioned by active efflux mediated by P-glycoprotein and multidrug resistance–associated proteins. Different approaches have been used for the delivery of drugs to the brain, such as intracerebroventricular administration or intranasal delivery. Among them, vector-mediated brain delivery, involving enhanced brain bioavailability through drug-carrier conjugates, seems particularly promising because of its versatility and reduced side effects compared to other delivery options (Li et al., 2017; Gondim et al., 2019). Omarch et al. (2019) investigated the permeability of polycaprolactone nanoparticles and liposomes containing both pentamidine across a monolayer of immortalized mouse brain endothelioma cells. Pentamidine-loaded polycaprolactone nanoparticles showed a mean diameter of 267.6 nm and zeta potential of −28.1 mV, whereas liposomes had a mean diameter of 119.6 nm and zeta potential of 11.78. Both systems displayed low dispersity and similar loading capacity. After 24 h, liposomes and polycaprolactone nanoparticles transported 87 and 66% of the doses, respectively. Besides, free pentamidine penetration was only 63% of the dose. The data suggested that lipid structures can be promising nanocarriers to increase brain bioavailability of pentamidine.



Lipid Nanosystems Encapsulating Non-approved Drugs

Like pentamidine, diminazene aceturate is a trypanocidal aromatic diamidine of veterinary use. Its mode of action involves the irreversible inhibition of S-adenosyl-L-methionine decarboxylase of the trypanosome (Pépin and Milord, 1994). In the past, diminazene aceturate has been used off-label by national control programs and clinicians in many HAT endemic regions of the world, with the consequent ethical controversy (Pépin and Milord, 1994). Diminazene presents limited stability and brain bioavailability (Kroubi et al., 2010).

Kroubi et al. (2010) obtained cationic polysaccharide nanoparticles with a lipid core (anionic phospholipids). It was previously observed that these types of nanocarrier could be endocytosed by the blood–brain barrier endothelial cells and did not activate the complement system, which strongly suggests a stealth behavior (Jallouli et al., 2007; Paillard et al., 2010). The authors tested two drug loading approaches, in process (at 80°C) and post-loading (at room temperature), although poor stability was observed in the former approach. The hydrodynamic diameter of the prepared nanoparticles was 74 nm, with low dispersion and a zeta potential +29 mV. Possibly because of the porous nature of the nanosystem, the mean size was not changed by the drug load. The loading capacity and stability of the hybrid nanoparticles greatly depended on the drug to phospholipid ratio: formulations with a drug-to-phospholipid ratio <5% were stable in terms of size, charge, and drug loading for at least 6 months (4°C). It was also observed that the encapsulation of the drug protected it against oxidation, being stable for at least 6 months at 4°C. Furthermore, in vitro assays on T. brucei showed an increased efficacy of the loaded nanoparticles compared with the free drug.




CHAGAS DISEASE (AMERICAN TRYPANOSOMIASIS)

Chagas disease, caused by the protozoan T. cruzi, is endemic to Latin America, but it has also spread to non-endemic countries because of human migration. It is transmitted mainly through an insect vector commonly known as “kissing bug” or vinchuca (Triatoma infestans), but other transmission ways have become increasingly relevant, including congenital transmission, blood transfusion, and organ transplant (Pereira and Navarro, 2013; World Health Organization, 2020b). It presents itself in two or three stages (acute and chronic, or acute, latent/undetermined, and chronic), depending on bibliographic sources. The acute stage is associated with a high parasite load in blood and displays absent or mild and unspecific symptoms. In the chronic stage, the parasite predominates in other tissues (mainly in the heart and digestive muscles), with up to 30% of patients experiencing cardiac disease and around 10% displaying digestive complications. The chronic stage often leads to sudden death due to cardiac cardiomyopathy (World Health Organization, 2020b).


Chagas Disease Treatment

Only two trypanocidal drugs are available to treat Chagas disease: benznidazole and nifurtimox, with both being discovered around 1970 (World Health Organization, 2020a). The mode of action of benznidazole involves the covalent modification of biomolecules, due to the generation of reactive intermediates emerging from reduction of the nitro group (Mecca et al., 2008). It is highly efficacious in the acute stage; however, as the disease progresses, the efficacy decreases, and the cure rate in the chronic phase is estimated around 10–20% (Prata, 2001). The BENEFIT was a multicenter, prospective, randomized study including patients with Chagas' cardiomyopathy who received benznidazole or placebo for up to an 80-day period (Morillo et al., 2015). Two thousand eight hundred fifty-four patients were followed up for more than 5 years after the intervention. Sixty-six percent of the patients treated with benznidazole reverted positive polymerase chain reaction (PCR) results in comparison to 33.5% of patients in the placebo arm. This positive outcome, nonetheless, was overshadowed by the fact that cardiac deterioration was not prevented in the active arm. It is worth mentioning that benznidazole is often poorly tolerated, presenting adverse reactions/side effects such as rashes, peripheral neuropathy, hypersensitivity syndromes with fever, lymphadenopathy, exfoliative dermatitis, anorexia, nausea, vomiting, and insomnia (World Health Organization, 2020a), which often lead to treatment interruption.

Nifurtimox, the second-line treatment, is prescribed in cases where benznidazole is not well-tolerated. Its mode of action, again, relates to the reduction of the nitro group, leading to the formation of reactive oxygen species (Urbina and Docampo, 2003, Maya et al., 2007). As previously discussed, nifurtimox is also associated to several complications, including anorexia, psychic disorders, irritability, insomnia, nausea, and diarrhea (Bern et al., 2007).

Regarding recent and ongoing clinical trials, disappointing results were obtained with the repurposed antifungal posaconazole. Docampo et al. (1981) were the first to suggest the use of azole compounds against T. cruzi. In 2010, posaconazole was included in a clinical trial to assess its efficacy against chronic Chagas disease. It did show trypanosomal activity, but more posaconazole patients (compared with benznidazole treatment) showed failure throughout the follow-up of the treatment (Molina et al., 2014; ClinicalTrials.gov NCT01162967, 2020). Later, a second trial was started to study the efficacy of oral posaconazole for the treatment of asymptomatic Chagas disease (ClinicalTrials.gov NCT01377480, 2020), but once again, the investigators found better performance in the control arm (Morillo et al., 2017). Highly sensitive bioluminescence studies were later performed with bioluminescent T. cruzi to assess parasite survival in mice, after treatment with either posaconazole or benznidazole; cyclophosphamide-induced immunosuppression was used to facilitate the detection of relapse (Fortes Francisco et al., 2015). While 20-day treatment with benznidazole was successful to achieve sterile cure, posaconazole failed in almost all cases. In the acute phase, the adipose tissue appears to be the major reservoir of recurrence in mice under posaconazole therapy. Inadequate choice of the dose at clinical trials and emergence of azole-resistant parasites should also be considered as possible explanations to the failure at the clinical studies (Campos et al., 2017; Villalta and Rachakonda, 2019).

E-1224 (a prodrug of ravuconazole) is another azole being investigated as potential therapy for Chagas (Diniz et al., 2018). In 2011, a proof-of-concept study was started in individuals with chronic indeterminate Chagas disease (ClinicalTrials.gov NCT01489228, 2020) but the outcome did not cover the expectations, as the control group showed better results after 1-year treatment (Torrico et al., 2018). More recent studies are focusing on the evaluation of improved treatment regimens of benznidazole in monotherapy and in combination with E1224 (ClinicalTrials.gov NCT03378661, 2020).

After Bahia et al. (2012) demonstrated the in vitro an in vivo effects over T cruzi, fexinidazole entered a phase II trial to determine its efficacy in adults with chronic indeterminate disease, finding that the drug was highly effective at the lowest dose (ClinicalTrials.gov NCT02498782, 2020; Drugs for Neglected Diseases initiative, 2020j). A second study started a few years later in which 3, 7, and 10 days of treatment with low doses of the drugs are being evaluated, to establish the minimal effective and safe dose to treat adult patients undergoing chronic indeterminate Chagas disease (ClinicalTrials.gov NCT03587766, 2020). Results are expected in 2020.

A second study started a few years later for adult patients' therapy having chronic indeterminate Chagas sickness for which they received 3, 7, and 10 days of treatment with low drug doses.

As cardiac deterioration is the major complication in chronic Chagas disease, there are also some undergoing trials focused on ameliorating Chagas cardiomyopathy. In 2009, a clinical trial started to estimate the effect of selenium treatment on prevention of heart disease progression in cardiac patients with Chagas (ClinicalTrials.gov NCT00875173, 2020). Selenium has prevented myocardial lesions in acute and chronic models (Souza et al., 2010). In 2018, there were protocol modifications (Holanda et al., 2018), and recruitment of patients has been reestablished. Results should be expected soon, and if the hypothesis of the trial is confirmed, the inclusion of this micronutrient in the daily diet could have a therapeutic effect on Chagas myocardiopathy.

Another example of a repurposed drug that could be used to treat the Chagas-associated cardiomyopathy is the antigout agent colchicine, which has demonstrated cardioprotective effects (reduced fibrosis and diminished inflammation in the cardiac tissue) (Fernandes et al., 2012). Positive effects on myocardial remodeling, linked to interference in the synthesis of collagen, were also reported. Currently, a clinical study is in the recruiting phase, with the first results being expected by 2021 (ClinicalTrials.gov NCT03704181, 2020).

Finally, amiodarone is a class III antiarrhythmic agent and was first found as an antimycotic (Courchesne, 2002; Hejchman et al., 2012). Later, Benaim et al. (2006) reported its trypanocidal effects against T. cruzi (Bellera et al., 2013). The potential benefits on both its cardiovascular activity and the intracellular Ca2+ regulation of the parasite make this compound particularly attractive. An ongoing phase III clinical trial (ATTACH) was designed to test the effect of amiodarone, administered over 6 months, in subjects with mild to moderate Chagas cardiomyopathy; secondarily, potential trypanocidal effects associated with beneficial clinical effects will be explored (ClinicalTrials.gov NCT03193749, 2020).

Table 2 presents a summary of the therapeutic scenario for Chagas disease, including approved drugs and drugs that have or are undergoing clinical trials.


Table 2. Summary of the therapeutic scenario for Chagas disease, including WHO-recommended therapies, and recent/undergoing clinical trials.
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Lipid Nanosystems Encapsulating Approved Drugs

Although much of the efforts toward encapsulation of benznidazole and nifurtimox has focused on polymeric nanosystems, a considerable number of studies have also been published reporting the use of lipid-based nanocarriers, especially in the case of the first-line therapy benznidazole (Arrúa et al., 2019).

Morilla et al. (2002) reported the obtention of benznidazole multilamellar liposomal formulations; they proposed that such strategy would compensate benznidazole low solubility and improve its biodistribution. Among many tested formulations, the highest drug load was observed in hydrogenated phosphatidylcholine from soybean: cholesterol: distearoyl-phosphatidylglycerol in a molar ratio of 2:2:1. Drug loading of 2 g of the drug per 100 g of lipids was achieved. A 450-fold dilution in buffer at 37°C led to a reduction in the quantity of drug associated to liposomes from 2 g to 0.25 g/100 g of total lipids at 65% of drug lost per minute since the first minute and by severe decrease of drug release (0.4% of drug lost per minute) in the next hour. The low efficiency of the drug carrier concomitantly with high amount of drug loss can be attributed to the liposomal thermodynamic instability under physiological conditions (Cacicedo et al., 2016). Subsequently, the same authors investigated the ability of such liposomes to enhance the delivery of benznidazole to the liver in rats (Morilla et al., 2004). Three-fold raise in benznidazole was accumulated in the liver, together with 1.1 μg/mL BNZ in blood, which is 30% lower than the blood BNZ concentration achieved upon intravenous administration of free drug happened 4 h post-ijnjection. Besides, the increase of BNZ liver uptake had no effect on parasitemia levels of mice infected with the RA T. cruzi strain.

A diversity of nanocarriers encapsulating benznidazole (among them, several lipid-based systems) were studied by the BERENICE consortium (BEnznidazol and triazol REsearch group for Nanomedicine and Innovation on Chagas disease, a project originally conceived to develop low-cost therapeutic interventions for Chagas disease using nanotechnology to reduce the final dose of the drug) (Vinuesa et al., 2017). The drug delivery systems tested included different cyclodextrins, quatsomes, liposomes, SLN, and NLC formulations. Liposomal formulations sedimented in time, although this behavior was prevented through PEGylation. The release profiles of the SLN and NLC showed a considerable initial burst release. In the case of SLN, those with the higher benznidazole load (20%) released 18% of the load at 1.5 h. Subsequently, the release rate was much slower (the maximum drug release was 19.5%). The maximum release achieved with the NLC was higher than that of SLN (up to 55% of the load for the highest drug load, i.e., 30%), and the initial burst was reached only 5 h later. Regarding cytotoxicity of the empty carriers, quatsomes resulted to be highly cytotoxic at high concentrations. Liposomal preparations were much less cytotoxic, with some of them displaying negligible toxicity. NLC showed dose-dependent (but low) cytotoxicity: empty NLC showed at most 10% toxicity (at 100 μg/mL) on mice fibroblasts. A paradoxical (unexplained) behavior was registered, since the higher the benznidazole load, the smaller the toxicity detected. Similarly, CD had low cytotoxicity. None of the formulations tested provided substantial improvement on the trypanocidal effect of benznidazole, and only cyclodextrin complexes achieved some improvement in the selectivity index. These discouraging results possibly led the BERENICE team to discard the nanotechnology approach.

Another recent study investigated the ability of oil-in-water nanoemulsions to modify benznidazole release and their impact on the parasite viability (Streck et al., 2019). Dispersions of medium-chain triglycerides were stabilized by using phosphatidylcholine and sodium oleate. The nanoemulsion increased benznidazole apparent aqueous solubility and led to a slower drug release. Cell viability studies revealed that the nanoformulation enhanced the cytotoxicity at high concentrations (200 μg mL−1). The tested formulations also induced a remarkable increment of efficacy against epimastigotes and trypomastigotes, in comparison with the free drug.



Lipid Nanosystems Encapsulating Non-approved Drugs

In 1999, the performance of three marketed lipid amphotericin B formulations (i.e., the liposomal AmBisome™, the lipid complex Abelcett™, and Amphocil™, a colloidal dispersion) was challenged in vitro and in vivo against amphotericin B deoxycholate (Fungizone™). Amphocil and Fungizone showed 42- and 7-fold more activity than Abelcet and AmBisome against amastigotes of T. cruzi in macrophages, respectively. However, the tested formulations showed similar performance against T. cruzi amastigotes in cultures of Vero cells. Interestingly, administration of a single 25 mg/kg dose of AmBisome inhibited acute infections of T. cruzi in mice, whereas at the same dose the other lipid formulations enhanced the survival rate, but the infections were not eliminated in all animals (Yardley and Croft, 1999). These results clearly evidence the absence of in vitro–in vivo correlation. In good agreement with these findings, Cencig et al. (2011) proved that the increase in survival and parasitemia decreases in the course of acute or chronic phases of T. cruzi of infected mice by six intraperitoneal AmBisome injections. Analysis by quantitative PCR of infected mice showed significant parasite load reductions in heart, spleen, skeletal muscle, liver, and adipose tissues in both phases. Noteworthy, earlier administration of the amphotericin B formulation led to increased efficacy in parasite load decreases in spleen and liver, and recurrent drug administration also had beneficial effects in the parasite load in heart and liver during the chronic phase. Unfortunately, immunosuppression with cyclophosphamide boosted the infection to parasite levels equivalent to untreated animals acutely infected. These results strongly suggest that, at least in the assayed dosing schedule, the liposomal formulation failed to fully cure the infection.

Morilla et al. (2005) encapsulated the trypanocidal drug etanidazole in pH-sensitive liposomes made of dioleoyl-phosphatidylethanolamine and cholesteryl hemisuccinate 6:4. The liposomes were also loaded with a fluorescent probe. Their mean diameter was around 380 nm. The mean size drastically changed (5-fold increase) when the pH of the external media dropped from 8.7 to 3 (it would have been interesting, though, to study the behavior at intermediate, physiologically relevant pH values). It was demonstrated that they were phagocytosed by uninfected and T. cruzi–infected macrophages, eliciting an appreciable trypanocidal effect, while control with free drug did not show any therapeutic effect. Intravenous administration of the encapsulated drug to infected mice also decreased parasitemia levels, whereas administration of a 180-fold higher dose of the free drug had no positive effect.

Carneiro et al. (2014) developed SLN containing the potential trypanocidal drug lead 5-hydroxy-3-methyl-5-phenyl-pyrazoline-1-(S-benzyldithiocarbazate). The mean diameter of the loaded SLN was 127 nm with low dispersity; the zeta potential revealed a considerably negative surface charge (−56.1 mV). A high entrapment efficiency was also demonstrated. The in vitro and in vivo performances of the encapsulated drug, the free drug, and benznidazole were compared. The SLN system outperformed the other treatments in a mice model of infection, both in terms of parasitemia reduction. Liver inflammation and damage were also diminished by the drug-loaded nanocarrier.

More recently, Spósito et al. (2017) resorted to a self-emulsifying formulation to efficiently deliver ravuconazole, a low-solubility drug pertaining to class II of the Biopharmaceutical Classification System. The emulsifying system considerably enhanced the in vitro drug dissolution extent and rate in comparison with the free drug (20 vs. 3% at 6 h). The formulation clearly improved the in vitro activity of the drug against the intracellular stage of T. cruzi. Cruz-Bustos et al. (2012) used Quillaja saponin (an immunostimulant agent used as vaccine adjuvant, which forms nanometer pentagonal dodecahedral balls known as immunostimulant complexes) in the design of targeted nanocapsules loaded with actinomycin D and functionalized with anti–T. cruzi antibodies. Confronted with T. cruzi epimastigotes, the encapsulated drug elicited trypanocidal effects in a dose-dependent manner, at much lower concentrations than the free drug control. Remarkably, this is to our best knowledge the first reported targeted lipid nanocarrier against Chagas disease.

De Morais et al. (2019) reported the obtention of polymeric micelles and phospholipid 2-dipalmitoyl-sn-glycero-3-phosphocholine liposomes containing the photosensitizer drug hypericin. The mean size, polydispersity index, or zeta potential were not informed. Confronted with T. cruzi trypomastigotes, pluronic micelles showed efficacious even in the absence of light, with their EC50 around 7 μmol L−1. Under light, the best result was achieved by the liposomal system, with EC50 around 0.31 μmol L−1. Although free hypericin showed a very similar potency, authors underlined that the encapsulated drug would be protected against blood components, which constitutes and additional advantage of the loaded liposomes. At last, Parra et al. (2020) reported the obtention of double targeted imiquimod-containing nanovesicles prepared from lipids from the archaebacterium Halorubrum tebenquichense, to induce protection against T. cruzi infection. The therapeutic efficacy of the vesicles was assessed in a mice model of acute infection, and it was shown that it prevented mortality, reduced parasitemia levels (although not as much as benznidazole), and reduced myocardial and skeletal muscle damage (even more than benznidazole).

Violacein, a natural colorant produced by some Gram-negative bacteria, showed a predominantly apoptotic effect in developmental forms of T. cruzi (Y strain) and selectivity index of 9 (Canuto et al., 2019). However, the poor aqueous solubility of violacein is a serious obstacle for development pharmaceutical formulations. In the present year, Rivero Berti et al. (2020) developed a novel SLN formulation of violacein containing surface-active ionic liquids (SAILs) of the cation 1-alkylimidazolium and a fluorescent tracer DiOC18. The results indicate 6-fold incorporation of the SLN in mammalian cell cultures with high apoptotic activity (Rivero Berti et al., 2020).




LEISHMANIASIS

Leishmaniasis is caused by more than 20 different species of the Leishmania genre, and it is spread to mammalians through the bite of female phlebotomine infected sandflies. The disease presents itself in three forms (mainly): cutaneous (the most common), visceral (the most severe form, also known as kala-azar), and mucocutaneous. The epidemiology of leishmaniasis involves many aspects such as type of sandfly species, parasite, ecological features of the transmission places, and human behavior (World Health Organization, 2020c,d).


Leishmaniasis Treatment

Alike the already described HAT treatment scenario, there is a wide range of treatments that may or may not be applicable, depending on the cost, stage of the disease, parasite species, geographic location, and tolerability. It is difficult to develop a single drug capable of universally treating the disease, because of the huge variability of strains and clinical manifestations. According to the report of a meeting of the WHO Expert Committee on the Control of Leishmaniases, the recommended drugs are amphotericin B (traditional and liposomal formulation), pentavalent antimonial, paromomycin, miltefosine, and pentamidine.

Amphotericin B (AmBD) is an aminoglycoside with biostatic or biocidal properties that binds to sterols (ergosterol) in the cell membrane of microorganisms, thus creating a transmembrane channel and disrupting the membrane integrity (Wortmann et al., 2010). Its disadvantages include cost, the route of administration (slow intravenous infusion), and systemic and renal toxicity (Stone et al., 2016). In 1997, a liposomal formulation of AmBD—LAMBD—was authorized by the Food and Drug Administration (FDA). LAMBD diminishes the incidence of the severe side effects, thus improving tolerability. However, the production cost of the liposomal formulation is still a key barrier to accessibility in endemic countries.

Pentavalent antimonials, mainly meglumine antimoniate and sodium stibogluconate, are the first-line drugs to treat leishmaniasis (Frézard et al., 2009; Miranda-Verastegui et al., 2009). They have been the treatment of choice since 1940. It has been proposed that sodium stibogluconate may act as a prodrug that is later reduced in vivo, disrupting the cell thiol redox potential. It was also shown that these compounds bind to DNA I topoisomerase inhibiting plasmid DNA unwinding. Among their many side effects are nausea, vomiting, skin rashes, abdominal colic, and cardiotoxicity (Frézard et al., 2009). After all those years as the main clinical choice, the alarming growing rate of antimonial resistance is not surprising (Arevalo et al., 2001).

Discovered in 1950, paromomycin is an aminoglycoside antibiotic originally isolated from Streptomyces rimosus (Wiwanitkit, 2012). It binds to 16S rRNA and consequently inhibits protein synthesis by increasing the error rate in the translation process. It also disrupts the pathogen membrane fluidity and lipid metabolism. In 2006, paromomycin was approved by the FDA as an antileishmanial medication against the visceral presentation of the disease. Although it produces several undesirable side effects such as abdominal cramps and diarrhea (Wiwanitkit, 2012), it is still considered as one of the most cost-effective treatments. It is still considered as one of the most cost-effective treatments. The combination of puromycin with sodium stibogluconate (SSG&PM) has been demonstrated safe and effective, with the advantages of being a shorter and less expensive treatment. SSG&PM has been recommended by WHO as first-line treatment for visceral leishmaniasis (Kimutai et al., 2017; Drugs for Neglected Diseases initiative, 2020i).

The alkyl phospholipid miltefosine was the first oral drug registered to treat visceral leishmaniasis. Its mechanism of actions is not still fully understood but it is related to programmed cell death triggered by alkyl phospholipids. Miltefosine was first considered as potential treatment in breast cancer and other solid tumors, but it was discontinued after signs of severe gastrointestinal toxicity (Sundar and Olliaro, 2007). Later, it demonstrated high efficacy against Leishmania both in vitro and in vivo (Croft et al., 1987). In 2014, it was approved as the first oral treatment of leishmaniasis by the FDA. Its disadvantages include the already mentioned gastrointestinal toxicity, hand in hand with high cost and teratogenicity potential (Soto and Soto, 2006). It did not take long to show the synergy effects in vitro between miltefosine and liposomal amphotericin B (Seifert and Croft, 2006). Moreover, a retrospective study demonstrated a good cure rate (>80%) in human immunodeficiency virus patients coinfected with visceral leishmaniasis treated with that combination (Abongomera et al., 2018; Drugs for Neglected Diseases initiative, 2020a). Currently in the recruiting phase (phase III), this is a randomized study to test the effectiveness of oral miltefosine in combination with intravenous liposomal amphotericin and intramuscular paromomycin in patients with post Kala Azar dermal leishmaniasis (PKDL) (ClinicalTrials.gov NCT03399955, 2020; Drugs for Neglected Diseases initiative, 2020g,h). The combination of miltefosine with paromomycin was found successful over the intracellular amastigote stage and in diminishing parasite loads in the liver, spleen, and bone marrow of an in vivo model (Hendrickx et al., 2017). In 2017, a randomized trial (phase III) was developed to compare the effect of miltefosine in combination with paromomycin for the treatment of visceral leishmaniasis in adults and children (ClinicalTrials.gov NCT03129646, 2020; Drugs for Neglected Diseases initiative, 2020g). Results of the study are expected by the end of 2020.

Pentamidine isethionate has already been discussed for the treatment of HAT. Pentamidine is a broad-spectrum anti-infective agent active against several parasitic worms, protozoa, and fungi with relatively toxic effects, thus requiring careful monitoring during therapy (Hafiz and Kyriakopoulos Pentamidine, 2020; World Health Organization, 2020d). It has been used as monotherapy or in combination to treat cutaneous and visceral leishmaniasis. However, the adverse effects of the drug are severe, and consequently, it is preferably averted.

There are some new chemical entities that are undergoing clinical studies (phase I). DNDI-0690 is a nitroimidazole that displays very promising (in vitro) activity against laboratory strains of Leishmania infantum and in vivo in the early curative hamster model (Van den Kerkhof et al., 2018). Furthermore, based on in vivo bioluminescence imaging, only two administrations of this compound were enough to lower the Leishmania mexicana parasite load by 100-fold in a murine model of cutaneous leishmaniasis (Wijnant et al., 2019). In 2015, DNDi-0690 was nominated as a preclinical candidate, intended to be used as oral treatment for visceral and cutaneous leishmaniasis. Last year, the first trial in humans was started to evaluate the safety and tolerability of a single administration of this compound (ClinicalTrials.gov NCT03929016, 2020).

Other compound under phase I is the DNDI-6148, from the oxaborole class (Drugs for Neglected Diseases initiative, 2020d). At the preclinical phase, it proved highly active against many Leishmania species known to produce both visceral (Van den Kerkhof et al., 2018) and cutaneous leishmaniasis (Van Bocxlaer et al., 2019). In 2018, a phase I, blinded, randomized, single-dose trial was started to study the pharmacokinetics and tolerability of a single oral dose of DNDI-6148 in healthy male subjects (ISRCTN registry, 2020). The publication of the study results are expected in 2020.

The association between the University of Dundee, GlaxoSmithKline (GSK) and DNDi led to identification of GSK3186899/DDD853651 and GSK3494245/DDD1305143 as potential candidates to treat visceral leishmaniasis (Drugs for Neglected Diseases initiative, 2020f). Both compounds show a favorable pharmacokinetic profile and similar activity to the frontline drug miltefosine in animal models of visceral leishmaniasis (Wyllie et al., 2018, 2019; Thomas et al., 2019). In vitro studies indicate that GSK3186899/DDD853651 main mechanism can be attributed to the inhibition of the cdc-2-related kinase 12 (CRK12) of the parasite (Wyllie et al., 2018). Further studies confirmed that GSK3494245 inhibit the chymotrypsin-like activity in the Leishmania donovani proteasome (Wyllie et al., 2019). In 2019, GSK3186899 entered a double-blind study started to assess its safety, tolerability, and pharmacokinetic profile in healthy humans (ClinicalTrial.gov NCT03874234, 2020), but the study was recently suspended by GSK. By the end of this year, a phase I trial will be developed to assess the efficacy and safety of GSK3494245 (ClinicalTrials.gov NCT04504435, 2020).

Novartis and the University of Dundee have reported a selective proteasome inhibitor with efficacy in murine models of visceral and cutaneous leishmaniasis, LXE408 (Nagle et al., 2020), which is currently undergoing phase I human clinical trials (Drugs for Neglected Diseases initiative, 2020b).

Table 3 summarizes the current therapeutic options for leishmaniasis, as well drugs that have or are undergoing clinical trials.


Table 3. The therapeutic scenario for leishmaniasis, including WHO-recommended drugs, and current clinical trials.

[image: Table 3]



Lipid Nanosystems Encapsulating Approved Drugs

Leishmaniasis is so far the trypanosomatid-caused condition that has received more attention in the field of pharmaceutical lipid nanocarriers, probably due to the facts that one of the approved drugs against leishmaniasis (amphotericin B) is already available in liposomal formulation, and what is more, cutaneous leishmaniasis may at least be partially treated with topical medications. On the other hand, the predominant role of macrophages in the sequestration of circulating nanocarriers (Baboci et al., 2020) coupled with their importance on Leishmania infection establishment and the persistence of the parasite inside the host (De Menezes et al., 2017; Soulat and Bogdan, 2017; Holzmuller et al., 2018) may have contributed to the development of drug nanodelivery systems for this disease. Predictably, then, a substantial fraction of the reported nanosystems correspond to amphotericin B drug delivery systems. Noteworthy, leishmaniasis is also the trypanosomatid-caused infection for which the widest diversity of lipid nanocarriers has been investigated.

Because macrophages play a crucial role in leishmaniasis (they take part of the immune response against the parasite, but they also constitute the final host cells for its proliferation) (Tomiotto-Pellissier et al., 2018), many researchers have designed macrophage-directed antileishmanial drug delivery systems. Gupta et al. (2007) formulated amphotericin B in trilaurin emulsomes stabilized by soy phosphatidylcholine and targeted with O-palmitoyl mannan, a macrophage-specific ligand. The antileishmanial performance was tested. The antileishmanial activity was tested both in vitro and in vivo, demonstrating that the decorated emulsomes outperformed both non-decorated drug-loaded emulsomes and the free drug. Similar results were later observed in mice by Veerareddy et al. (2009) using mannose-decorated lipid nanospheres, comparing their efficacy with Fungizone. The decorated nanosystem achieved better performance than Fungizone or the non-decorated formulation. Additionally, mice treated with the encapsulated drug show no elevation in serum glutamate pyruvate transaminase, alkaline phosphatase, urea, and creatinine levels and increased bioavailability in comparison with Fungizone. Remarkably, the targeted system was found to distribute more rapidly to the liver and the spleen. Rathore et al. (2011) proposed a formulation of amphotericin B mannosylated liposomes for the active targeting to the reticular endothelial system. They compared the drug release and biodistribution (in a hamster model of infection) of the free drug, undecorated liposomes, and mannosylated liposomes. At 24 h, comparable but slightly lower percentage of drug release were observed for mannose-coupled liposomes, an expected behavior having in mind the additional diffusional layer present in the decorated carriers. The mannosylated formulation displayed the highest reduction in parasite load, and it was confirmed that the active targeting strategy led to a comparative reduction of circulating liposomes with the concomitant rise in drug increase in liver and spleen. Mannosylated nanomicelles have also been proposed to deliver combination therapy of amphotericin B and doxorubicin for visceral leishmaniasis (Wei et al., 2020).

Using nanoprecipitation followed by sonication, Patel and Patravale (2011) obtained amphotericin B SLN conceived for oral administration (AmbiOnp). The effects of several processes (probe sonication, dialysis cycles, freeze drying, and reconstitution) on the physicochemical features of the nanoparticles (such as particle size, dispersion and entrapment efficiency) were examined. Untreated SLN displayed a relatively high mean diameter (about 350 nm) and considerable dispersion; both were substantially reduced by sonication and dialysis. Drug loading significantly increased the mean diameter of the SLN. A single-dose acute toxicity study suggested the (acute) safety of AmbiOnp orally. Pharmacokinetic studies in rat using a non-compartmental approach suggested and enhanced relative bioavailability of AmbiOnp in comparison to a free drug solution (including a substantial increment in the elimination half-life, the time to reach the concentration peak in plasma, and the total area under the plasma concentration–time curve), although additional time points in the terminal phase of the concentration–time curve should have been obtained for a more accurate estimation of most of the estimated pharmacokinetic parameters. A subsequent study with the same formulation and an improved sampling schedule confirmed, however, that oral AmbiOnp presented increased half-life and total area under the concentration–time curve in comparison to intravenous Fungizone (Chaudhari et al., 2016).

Singodia et al. (2011) reported the obtention of alginate-coated amphotericin B–loaded lipid nanoparticles, hypothesizing that activation of macrophages by alginate would synergize the antileishmanial effects of the drug. The lipid nanoparticles without coating presented a mean particle size of 108 nm, whereas alginate coating increased the mean size to 134 nm and reversed the zeta potential from +28.4 to −19.8 mV. Moderate entrapment efficiency was observed. Inhibition of intramacrophage amastigotes was significantly higher compared to non-coated drug-loaded lipid nanoparticles. Very similar results were documented by Jain et al. (2014) who prepared chitosan-coated SLN loaded with amphotericin B for immunoadjuvant chemotherapy of leishmaniasis. Besides enhanced efficacy in comparison to Fungizone and AmBisome, the authors demonstrated the improved safety profile of the developed formulation in acute toxicity studies.

Lipid–polymer antileishmanial hybrid nanoparticles were designed by Asthana et al. (2015) composed of a poly(D,L-lactide-co-glycolide) core and a stearylamine shell and loaded with amphotericin B. Stearylamine was selected as the lipid component because of its immunostimulant activity and because it acts as a ligand for stearylamine pattern recognition receptors present on the macrophage surface. The stearylamine shell increased the size of the nanoparticles and reverted their charge from negative to positive. The particles used for subsequent studies were about 175 nm. The reported system displayed a very attractive profile, including sustained drug release, reduced erythrocyte and macrophage toxicity, enhanced macrophage uptake, higher accumulation in the spleen and the liver, minima distribution in kidneys, considerable antileishmanial efficacy in vitro and in vivo against visceral leishmaniasis, and low levels of nephrotoxicity markers. The authors indicated that macrophage pattern recognition receptors were involved in the uptake of the nanoparticles and that the positive charge of the lipid shell allows them to bind to the negatively charged macrophage surface, favoring adsorption mediated endocytosis. Another recently reported hybrid system loaded with both amphotericin B and paromomycin consisted of SLN modified with 2-hydroxypropyl-β-cyclodextrin as an oral matrix system against visceral leishmaniasis (Parvez et al., 2020). The reported formulation possesses a sustained drug release profile. In vitro studies verified the total cellular internalization of the modified SLNs with low cytotoxicity in macrophage cells within 24 h of incubation. Moreover, the nanosystem did not elicit hepatic or renal toxicity in mice. In vitro and in vivo studies showed improved efficacy on L. donovani intracellular amastigotes and significantly reduced the liver parasite burden in comparison to miltefosine.

A very interesting, novel approach for the targeted delivery of amphotericin B was devised by Kumar and Bose (2019), who implemented a “ghost cell” (nanoghost) strategy utilizing macrophage membrane-derived nanovesicles as a specific carrier for the drug. The nanoghost delivered the drug specifically to infected macrophages driven by antigenic identification of infected tissues associated to low toxicity toward healthy cells.

Less frequently, other approved drugs against leishmaniasis, besides amphotericin B, have been formulated in colloidal lipid systems. For instance, paromomycin SLN with good entrapment efficiency was reported by Ghadiri et al. (2011). Sometime later, Gaspar et al. (2015) reported the development of six paromomycin liposomal formulations whose biodistribution profiles revealed preferential targeting of the antibiotic to the spleen, liver, and lungs, relative to the free drug. Such observation translated into an augmented therapeutic effect in murine models of infection with L. infantum and improved safety profile. Positive results were also observed by Heidari-Kharaji et al. (2016), who prepared paromomycin-loaded SLN and tested their efficacy in vivo against L. major–infected mice. The parasite load in the footpad swelling was analyzed by real-time PCR, and the level of cytokines was also assessed. The study showed that the developed formulation was efficacious in killing the parasite and switching toward TH1 response.

da Gama Bitencourt reported the obtention of miltefosine-loaded lipid nanoparticles that enhanced the drug stability with reduced cytotoxicity in macrophages and diminished hemolytic potential, but also retaining the antiparasitic activity (da Gama Bitencourt et al., 2016). Interestingly, because of the amphiphilic nature of the drug, it acted as a powerful surfactant, and addition of increasing amounts of miltefosine reduced the mean particle size, from 144 nm (unloaded nanoparticles) to 40 to 65 nm.

Moosavian et al. (2019) obtained meglumine antimoniate-loaded liposomes containing stearylamine. Liposomal formulations enhanced the drug permeation compared with meglumine antimoniate cream. The liposomal formulation containing stearylamine proved more efficacious than drug-loaded liposomes without stearylamine. In a mice model of cutaneous leishmaniasis, liposomal groups presented smaller lesions compared to control.



Lipid Nanosystems Encapsulating Non-approved Drugs

Lopes et al. (2012) obtained tripalmitin SLN encapsulating the potential antileishmanial dinitroaniline oryzalin. The nanoparticles were stabilized by mixed emulsifier molecules such as soy lecithin, sodium deoxycholate, and Tween 20. The cell viability experiments proved that the nanoencapsulation of the drug diminished its cytotoxicity. A subsequent study by the same group compared the safety and efficacy of oryzalin-loaded SLN and liposomes with those of the free drug (Lopes et al., 2014). As observed in other reviewed articles of the current section, the nanoformulations revealed diminished cytotoxicity and hemolytic activity in comparison with the free drug and without losing in vitro efficacy. Superiority of both nanocarriers on the reduction of parasitic burden in spleen and liver (compared with free oryzalin) was demonstrated in a mice model of visceral leishmaniasis. Kupetz et al. (2013) screened a number of colloidal systems to develop parental formulations of the poorly soluble paullon chalcone derivative KuRei300, including micelles stabilized with lecithin/bile salts, liposomes, supercooled smectic liquid crystal of cholesterol myristate nanoparticles, a triglyceride emulsion, and cubic phase nanoparticles.

Other lipid nanosystems have been proposed to exploit the antileishmanial activity of lipophilic compounds and mixtures of natural origin. Marquele-Oliveira et al. (2016) reported a nanodelivery system based on stearic acid SLN encapsulating the liposoluble lignan fraction of the South American plant Ocotea duckei Vattimo, which targets the Leishmania lysosome of macrophages. Physicochemical analysis revealed that the delivery system presented a core-shell architecture, and the correspondent dissolution studies revealed that the active components are released by a matrix diffusion-based kinetic mechanism. The loaded SLN displayed no toxicity to murine macrophages with an in vitro antileishmanial effect. Comparable results were reported by Want et al. (2017), who developed a liposomal artemisinin formulation. Nanoliposomal artemisinin proved superior performance compared to free artemisinin in a mice model of visceral leishmaniasis, with modulation of cell-mediated immunity toward protective TH1 type. Similarly, Kar et al. (2017) prepared NLC loaded with cedrol, one of the major sesquiterpenes obtained from the genus Cupressus). In vivo studies revealed that the antileishmanial effects of the orally administered nanoformulation were increased (in comparison with free cedrol and miltefosine) against wild type but also to drug-resistant strains of L. donovani. Sousa-Batista et al. (2017) reported the obtention of lipid-core nanoparticles made of capric/caprylic triglyceride, sorbitan monostearate (i.e., Span 60™), and poly(ε-caprolactone), for the oral delivery of quercetin and quercetin penta-acetate; the quercetin-loaded nanoparticles enhanced the oral efficacy of the drug in a model of cutaneous leishmaniasis (mice). Noteworthy, aspartate aminotransferase, alanine aminotransferase, or creatinine serum levels were not modified by the treatments, suggesting they had no liver or renal toxicity. Das et al. (2017) prepared ursolic acid–loaded NLC coated with chitosan oligosaccharides for the visceral leishmaniasis therapy, intended to deliver such active ingredient to macrophages following oral administration. The formulated NLC had nano sizes ranging from 104 to 143 nm, with high drug loading capacity and relatively good entrapment efficiency. The nanoformulation was highly efficient than the free drug against cellular amastigotes from a diversity of strains. It could also substantially suppress the parasite burden in vivo. Very recently, NLC containing the monoterpene carvacrol (which, despite promising antileishmanial activity, displays low water solubility, high volatility, and stability issues) has been described (Galvão et al., 2020). The highest encapsulation efficiency was achieved by using beeswax as solid lipid. The drug release from the NLC fitted to the Korsmeyer and Peppas, and Weibull models, suggesting a Fickian release mechanism. Carvacrol incorporation to the NLC resulted in diminished cytotoxicity in comparison to the free drug, also increasing its in vitro antileishmanial efficacy (amastigotes). The encapsulation also led to increased elimination half-life in rats.

Recently, Smith et al. (2018) described high-loading self-nanoemulsifying systems for the oral delivery of the poorly soluble antiprotozoal hydroxynaphthoquinone buparvaquone. This self-emulsifying system showed an improved oral bioavailability compared to aqueous dispersions, which translated into an increase area under the plasma concentration–time curve. It demonstrated potent in vitro efficacy, and it almost completely suppressed parasite replication in the spleen, whereas it also inhibited the parasite replication in the liver. Mazur et al. (2019) devised beeswax nanoparticles containing copaiba oil to encapsulate diethyldithiocarbamate, which has previously shown excellent leishmanicidal effect. The nanoformulation decreased the cytotoxic effects of the drug against macrophages, which led to an almost 2-fold increase in the selectivity index.




CONCLUSIONS

The reviewed literature shows that the state of the art of lipid nanodelivery systems in the field of human trypanosomatid-caused diseases greatly varies, depending on the disease. Limited efforts have still been made in relation to drug nanocarriers for HAT or Chagas. In the case of HAT, the limited interest in pharmaceutical nanocarriers possibly responds to the favorable evolution of the epidemiological data in the last decade and the incorporation of novel, efficacious, convenient, and bioavailable options to the therapeutic arsenal. Regarding Chagas disease, there are still not enough or convincing data that suggest that the use of nanodevices could help overcoming the limitations of the currently (and extremely limited) available medications. In any case, the reviewed articles show that most of the reported lipid nanosystems for HAT or Chagas correspond to delivery systems from previous generations (prominently, non-targeted liposomes and SLN). In other words, the potential contribution of state-of-the-art lipid nanocarriers, including functionalized and hybrid systems, has still to be explored. The most relevant challenges here might be the delivery of effective levels of the drugs to poorly irrigated/accessible tissues, targeted delivery to the most affected organs (which could contribute to improved safety and tolerability), and the enhanced effect on dormant parasites.

The scenario is substantially different in the case of leishmaniasis, where a large variety of lipid systems with distinctive architectures and functionalities have been successfully tested at the preclinical level, including macrophage-targeted systems with enhanced parasiticidal effects in affected organs such as liver or spleen and immunostimulant hybrid systems. Either nanoencapsulating already approved or experimental drugs, the outcome of those studies with a focus on lipid nanosystems consistently includes sustained drug release, reduced cytotoxicity and liver and renal toxicity, increased safety and efficacy, and improved bioavailability.

Multiple factors can possibly explain the different scenarios described across diseases, including historical and pathophysiological aspects. Colloidal drug delivery systems (liposomal amphotericin B) are already available to treat leishmaniasis. The disease includes cutaneous presentations that can be treated systemically, but also in combination with topical formulations. Particularly, the macrophages have a relevant role in the establishment and evolution of the infection, and as we know, they are likely to be targeted by pharmaceutical nanocarriers. A considerable proportion of the studies linked to lipid systems in leishmaniasis focus on the oral delivery of poorly soluble/poorly bioavailable drugs, which includes a diversity of lipophilic natural products. Lipid nanocarriers thus constitute a valid alternative to exploit the rich chemical biodiversity and expand the therapeutic options for neglected conditions.

Besides their already discussed advantages (e.g., biocompatibility and biodegradability), other possible reasons might explain the relative abundance of studies linked to the development of lipid nanocarriers for the treatment of trypanosomatid-caused conditions. Among them is the suitability of these delivery systems to load comparatively high amounts of lipophilic agents. It should be considered that, in the case of parasitic diseases, the therapeutic agents must often access to the parasite intracellular space. Furthermore, some parasite reservoirs might be found in deep tissues (poorly irrigated tissues such as adipose tissue or tissues separated from circulation by specialized barriers, e.g., the brain). In any case, lipophilic chemotherapies would be often required to provide an extensive drug distribution and circumvent the correspondent biological barriers. These facts explain why many therapeutic agents for parasitic diseases do display a significant lipophilicity (in fact, they are one of the therapeutic categories whose members often violate Lipinski rules).

The route of administration and the costs are almost key factors when formulating active ingredients, but that is especially true when dealing with therapeutics for neglected conditions, as the convenience of the dosing forms and the cost of the therapeutic intervention are particularly relevant. Enhancing the efficacy–safety balance of already known drugs by encapsulating them within state-of-the-art nanovehicles could provide affordable solutions for the treatment of neglected conditions. Furthermore, the recent reports on quiescent or dormant stages of the parasite that cause the (today) most challenging human trypanosomatid-caused disorders (leishmaniasis and Chagas disease) may at least partially explain drug failure. It has been suggested that therapeutic benefits might thus be achieved with extended treatments; if so, pharmaceutical carriers enhancing tolerability could be more advantageous than ever. All things considered, improved safety could contribute to treatment adherence (a fundamental aspect in the field of infectious diseases, both from individual and public health perspective) and to the design of well-tolerated extensive dosing plans.

Despite its continuous and vertiginous progress, nanobiotechnology is still an emerging field, and many technological and regulatory challenges are to be faced before massive adoption within the pharmaceutical industry. Individual and environmental toxicological aspects and accurate and standardized evaluation of their pharmacokinetic profile are also to be solved. Lipid-based systems, because of their biocompatible nature, appear as a reasonable option to address some of these issues, whereas stability and scaling-up cost are possibly among their major disadvantages.

Finally, we would like to underline the need to explore last-generation pharmaceutical nanocarriers as vehicles for the treatment of trypanosomatid-caused diseases, disorders that in most cases have been only addressed preclinically using early generations of lipid-based systems. Unfortunately, for the time being, the development of therapeutic options involving last-generation technologies possibly collides with the necessity to achieve affordable solutions for neglected conditions.
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The development of drug carriers based in lipid nanoparticles (LNPs) aims toward the synthesis of non-toxic multifunctional nanovehicles that can bypass the immune system and allow specific site targeting, controlled release and complete degradation of the carrier components. Among label free techniques, Surface Plasmon Resonance (SPR) biosensing is a versatile tool to study LNPs in the field of nanotherapeutics research. SPR, widely used for the analysis of molecular interactions, is based on the immobilization of one of the interacting partners to the sensor surface, which can be easily achieved in the case of LNPs by hydrophobic attachment onto commercial lipid- capture sensor chips. In the last years SPR technology has emerged as an interesting strategy for studying molecular aspects of drug delivery that determines the efficacy of the nanotherapeutical such as LNPs' interactions with biological targets, with serum proteins and with tumor extracelullar matrix. Moreover, SPR has contributed to the obtention and characterization of LNPs, gathering information about the interplay between components of the formulations, their response to organic molecules and, more recently, the quantification and molecular characterization of exosomes. By the combination of available sensor platforms, assay quickness and straight forward platform adaptation for new carrier systems, SPR is becoming a high throughput technique for LNPs' characterization and analysis.

Keywords: lipid nanoparticles, drug carriers, Surface Plasmon Resonance, molecular target, protein corona


1. INTRODUCTION

Drug delivery has been improved over the years with continuous effort to develop new and more efficient carriers. Nowadays, drug carrier design points toward a non-toxic multifunctional nanoparticle (NP) that eludes the immune system and allows site-specific targeting, on-demand drug release and complete degradation of the carrier components (Choi and Han, 2018; Li et al., 2019; Yan et al., 2019; Zhao et al., 2019; Yeh et al., 2020).

Lipid-based nanoparticles (LNPs) bear the advantages for in vivo applications of being non- toxic and biodegradable (Puri et al., 2009) and they have probed their usefulness as vehicles for dermal, transdermal, mucosal, parenteral and ocular drug administration routes (Allen and Cullis, 2013; Desfrançois et al., 2018). Among them, phospholipid vesicles or “liposomes” were the first and so far most successful form of nanocarriers, with the larger number of approved formulations (Bozzuto and Molinari, 2015; Pattni et al., 2015; Bunker et al., 2016; Zylberberg and Matosevic, 2016; Li et al., 2019). Liposomes can be modified with a “stealth sheath,” e.g., with poly- ethylene glycol (PEG), to avoid the complement activation of the immune system. Another strategy to evade the immune system is to utilize natural vesicles such as exosomes (György et al., 2015; Ha et al., 2016; Wiklander et al., 2019). On the other hand, immunogenic properties can be exploited for targeting in virus-like particles (VLPs) that display effective cell entry properties due to their viral origin (Zdanowicz and Chroboczek, 2016; Rohovie et al., 2017). Nevertheless, all these vesicles lack of long-term storage stability and, if taken orally, they suffer a rapid degradation by stomach pH, bile salts or intestinal enzymes (Selvamuthukumar and Velmurugan, 2012). These difficulties and the need of compatible large-scale manufacturing lead to the development of solid lipid nanoparticles (SLNs) and, more recently, nanostructured lipid carriers (NLCs) (Naseri et al., 2015; Oner et al., 2020). NLCs incorporate small amounts of liquid lipids in the formulation diminishing matrix crystallization, increasing drug loading and preventing drug expulsion during storage and they have proved to be cytocompatible (Rodenak-Kladniew et al., 2019; Bueloni et al., 2020) and effective for different delivery routes.

The adequate characterization of LNPs is crucial to obtain drug vehicles and to understand their behavior in biological systems. The characterization methods should focused on the LNP's parameters that determine their usefulness in nanotherapeutics: particle size and zeta potential, drug loading and drug release, stability and biomolecular interactions, among others (Mehnert and Mäder, 2012). Most of the conventional methods to study biomolecular interactions require labeling, such as ELISA, fluorescence techniques or MicroScale Thermophoresis (MST) (Jerabek-Willemsen et al., 2014). Among label-free techniques, binding affinity can be assessed by Isothermal Titration Calorimetry (ITC) (Duff et al., 2011) or Biolayer Interferometry (BLI) (Weeramange et al., 2020) but, as they lack from dynamic flow conditions, kinetic parameters cannot be determined. Surface Plasmon Resonance (SPR) spectroscopy is a label free optical technique capable of real-time measuring through changes in the refractive index (RI) in the vicinity of a metal surface. To do so, one binding partner (ligand) is immobilized on a sensor chip while the free counterpart (analyte) from a sample solution is injected through a microfluidic setup (Figure 1A). Although similar information is provided by the quartz crystal microbalance (QCM), in this case the obtained data depends both on the analyte binding and on the water displacements that can occur due to the interaction, affecting the obtained results (Tonda-Turo et al., 2018).


[image: Figure 1]
FIGURE 1. (A) SPR microfluidic setup, (B) SPR biosensor based on Kretschmann configuration showing incident light (ko) and SPP excitation principle, (C) SPR curve shift toward a higher angle (red to orange) due to a change in the refractive index, (D) sensorgrams showing SPR response vs. time during in situ ligand immobilization (steps I–III) and analyte binding assay (steps IV–VI) and (E) most common experimental strategies of SPR applications dealing with LNPs.


The aim of this review is to outline the state of the art in SPR sensing of LNPs, describing its usefulness and challenges in the framework of drug delivery research.



2. SURFACE PLASMON RESONANCE


2.1. Principle

In order to achieve the SPR phenomenon, a material that exhibits a free electron behavior is required, as it occurs with the conduction band electrons in metals (Maier, 2007). Plasmons are quantized waves of the collective movement of electrons resulting from the interaction with photons from a p-polarized light source. The propagation of plasmons, now surface plasmon-polaritons (SPPs), produces alternating positive and negative regions that in contact with a lower RI medium result in a confined evanescent field, that decays exponentially in the perpendicular direction at both sides of the interface (Figure 1B). Small changes in RI within the evanescent field will greatly alter the propagation properties of SPPs, reason why this phenomenon drew attention as an analytical technique.

The resonant condition, where the largest number of photons can excite SPPs, will be reached when the light wavevector in the propagation direction [ko(x)] matches the wavevector of the SPPs (kSPP). There are different strategies to achieve this matching, the most widely employed method in SPR instruments is the Kretschmann configuration (Figure 1B) where SPP excitation is attained through total internal reflection (TIR) (Schasfoort, 2017). Depending on the incident angle (Θi), the ko(x) light component is absorbed by SPPs, resulting in a drop of reflectivity (R) (Figure 1C). At a given RI in the medium, ΘSPR allows the maximum light absorption by SPPs and the minimum reflected light. As RI changes, i.e., by molecules in a solution, kSPP is modified and a different ΘSPR is required to fulfill the new resonance condition. SPR measurements are usually carried out at a fixed Θi and changes expressed as SPR response (either ΔR or ΔΘ) are registered as a function of time (Figure 1D), yielding curves known as sensorgrams.



2.2. Measurement Data and Analysis

SPR sensors chips are usually gold coated glass plates. The optimal gold layer thickness of ~ 50 nm allows to achieve high sensitivity (Fontana, 2006) and the glass side is coupled to a prism through a RI matching fluid or polymer (Figure 1B). A flow cell is placed upon the gold surface enclosing one or more flow channels. The microfluidic SPR setup allows to infuse a running buffer and a sequential injection of small volume (50–1,000 μL) sample solutions that will interact with the sensor platform (Figure 1A). The adequate choice of the flow rate is critical to avoid mass transport limitations or shear stress effects.

Platform design should be optimized to prevent steric hindrance that can affect binding events. Depending on the application, the gold layer needs to be modified (section 3) and a biocompatible organic layer (thiol self-assembled monolayer—SAM- or polymer), eventually exhibiting anchor points for immobilization, is placed onto the surface (Gedig, 2017). Ligand immobilization can take place either ex situ or in situ, in the latter case the immobilized amount can be quantified (Figure 1D; Albers and Vikholm-Lundin, 2011). For immobilization by covalent attachment, crosslinker reagents are injected in the first place to activate the surface (Figure 1D, step I) and the ligand solution is subsequently passed over for a time period that allows conjugation (Figure 1D, step II). On the other side, a ligand solution can be directly injected without previous activation (Figure 1D, step II) if immobilization is based on physical attachment, i.e., by hydrogen bonding or hydrophobic forces. Finally, a washing procedure (Figure 1D, step III) is employed to either remove weakly bound material and/or deactivate the reactive functional groups generated in step I.

Once the surface is ready, a solution containing the analyte is injected allowing association (Figure 1D, step IV) and registering afterwards the dissociation (Figure 1D, step V). Before the next analyte assay the surface must be regenerated (Figure 1D, step VI) with the mildest solution that releases the analyte without damaging the immobilized ligand, i.e., diluted acids or bases, detergents, etc. As the amount of the SPR response at the steady state (teq) is related to the analyte concentration and possible matrix interferents, control experiments must be carefully designed in order to avoid data misinterpretation. Moreover, to minimize unspecific adsorption, a blocking step to reduce non-specific binding can also be included before the assay, e.g., by using a well-known protein solution.




3. SURFACE PREPARATION STRATEGIES

Since SPR studies of LNPs cover a great variety of applications, several immobilization methods have been utilized, mainly based on covalent immobilization or hydrophobic attachment of one of the interacting entities onto organic layer covered- gold sensor surfaces (Figure 1E). High affinity capture of ligands by a specific binding molecule and adsorption onto bare gold sensor chips have also been reported. In this section, a brief description of each immobilization method utilized in SPR studies of LNPs is presented. Reference papers corresponding to each subsection are listed in Table 1.


Table 1. Summary of SPR studies on LNPs: research area, subject of study, immobilized ligand and analyte in solution, surface preparation strategy, and reference papers.
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3.1. Covalent Immobilization

Among conjugation techniques to immobilize ligands to SPR surfaces, amide linkage (Hermanson, 2013) is the most employed strategy. Functional carboxylic groups are included in carboxymethyl dextran (CMD) or alginate coated commercial gold sensor chips or they can be obtained from bare sensor surfaces adequately covered with thiol SAMs (Table 1) based on the robust covalent bond that is established between S and Au (Vericat et al., 2010).

Although covalent coupling easily provides stable ligand immobilization to the sensor surface, it may modify active sites of proteins potentially affecting the analyte binding activity. In cases where the covalent immobilization of the ligand is unsuitable, capturing methods provide an alternative approach.



3.2. Capturing Approaches

Ligand immobilization based on high affinity streptavidin- biotin capture has also been reported in SPR studies dealing with LNPs. The surface preparation relies on the adequate attachment of streptavidin onto the sensor surface either through reaction with biotinylated alkanethiols (Meierhofer et al., 2010; Rupert et al., 2016), thiolated PEG (Im et al., 2017) or amide coupling (Al-Ahmady et al., 2014) and in the previous ligand's conjugation to biotin (Hermanson, 2013).



3.3. Hydrophobic Attachment

Immobilization of LNPs to SPR chips through hydrophobic interactions can be achieved by alkane chains incorporated in a polymeric coating, commercially referred to as “Au- lipid capture chips” or prepared by covering bare sensor chips with alkanethiol- SAMs (Table 1).

Most of SPR applications focused on surface attached LNPs are based on Au- lipid capture chips coated with CMD and functionalized with lipophilic substituents (Table 1), as these platforms yield the immobilization of “intact” LNPs (Figure 1E, right; Hodnik and Anderluh, 2013). On the other side sensor surfaces coated with alkanethiol groups, either obtained commercially (Tamiaki et al., 2006) or prepared by chemical modification of bare gold sensor chips (Malmsten, 1999; Efremova et al., 2000), have also been used to immobilize LNPs, with the limitation that NPs fuse to the surface generating a lipid monolayer onto the alkanethiol (Hodnik and Anderluh, 2013).



3.4. Physical Adsorption

Some SPR applications dealing with immobilized LNPs are based on simple physical attachment to SPR bare gold chips (Table 1) as some biomolecules show a strong spontaneous adsorption on gold surfaces (Hodnik and Anderluh, 2013). Nevertheless, the reorganization or uncontrolled exchange of the adsorbed entities to attain the most favorable thermodynamic state have been reported (Hodnik and Anderluh, 2013) which can result in unreliable assays.




4. APPLICATIONS OF SPR-BASED BIOSENSORS IN THE STUDY OF LNPs

SPR-based sensors are increasingly used to study a variety of LNPs such as liposomes, SLNs, NLCs, VLPs, exosomes and hybrid systems. In this section, examples of applications of SPR biosensing on drug LNPs' carriers in different areas of nanotherapeutics research are presented.


4.1. LNPs' Interactions Involved in Drug Delivery


4.1.1. Interaction With Biological Targets

One of the major challenges of nanotherapeutics is to selectively deliver NPs to the desired biological target. With this aim, NPs are functionalized with adequate targeting ligands resulting in decorated nanovehicles with enhanced capacity to direct selective binding. Analyses of interactions between LNPs and their biological molecular targets is a well-established research area of SPR, either by using isolated proteins, cell membranes or entire cells as target models (Table 1).

SPR experiments have been defining in the obtention of decorated liposomes with high affinity to amyloid-β peptide (Gobbi et al., 2010; Mourtas et al., 2011; Gregori et al., 2017), contributing to the development of very promising vectors for the targeted delivery of potential new diagnostic and therapeutic molecules for Alzheimer's disease. SPR sensing based on surface immobilization of the target protein onto Au- CMD chips (Figure 1E, left) has also contributed to the elucidation of the interplay of decorated liposomes or SLNs and membrane proteins that are overexpressed in malignant tissues (Nielsen et al., 2002; Terada et al., 2007; Mizrahy et al., 2011; Shi et al., 2015a; Huang et al., 2019), in disease-supporting macrophages (Etzerodt et al., 2012; Rafique et al., 2019) or in T-cells involved in autoimmune diseases (Ding et al., 2015). Moreover, SPR studies based on immobilized liposomes (Figure 1E, right) have shed light on the complex mechanism for the interaction of lectins with glycoliposomes specially designed to target sugar-binding proteins (Tamiaki et al., 2006; Sandoval-Altamirano et al., 2017).

The interplay between LNPs and cell membranes or entire cells as biological targets have also been investigated by SPR (Table 1). In this regard, SPR has been applied to study the interaction of liposomes in solution and immobilized bacterial biofilms (Sugano et al., 2016) or tumoral cell lines (Guo et al., 2014), and a work describing the application of SPR to assess the interaction of immobilized hybrid NPs and eukaryotic cells in solution has been reported (Soman et al., 2009).



4.1.2. Interaction With Serum Proteins

It is well-known that the interaction of drug nanocarriers with serum proteins can alter the pharmacokinetics of the nanovehicles either affecting the cellular uptake or the clearance of the particles by the immune system (Pearson et al., 2014). SPR has been applied to study the interplay between NPs and isolated serum proteins in order to optimize LNP's formulation design (Table 1). SPR has contributed to study fibrinogen, human serum albumin and bovine pancreatic trypsin inhibitor adsorption onto both neutral and negatively charged PEG-decorated liposomes (Efremova et al., 2000). Interestingly, the observed reduction in protein adsorption as PEG densities in the nanovehicles increases agreed with theoretical predictions. These results suggest that SPR studies could contribute to establish the physical basis of the different interactions of LNPs with proteins and cells. Moreover, particular proteins of the NPs' corona were identified by means of SPR experiments on LNPs preincubated with serum (Canovi et al., 2012) and the real-time protein corona formation was followed on surface-immobilized NPs (Kari et al., 2017).



4.1.3. Interaction With Tumor ECM

Therapeutic efficacy of drug nanovehicles for cancer applications is significantly impaired by limited tumor tissue penetration due to a physical barrier formed by extracellular matrix (ECM) proteins. In this regard, SPR has been recently expanded as a method to examine the interfacial properties of liposomes, by analyzing their binding properties toward surface immobilized tumor ECM proteins as a surrogate for their ability to penetrate solid tumors (Wadajkar et al., 2019).




4.2. Obtention and Characterization of LNPs' Formulations


4.2.1. Interaction Between Components of the LNPs' Formulation

Stability, targeting specificity and drug release efficiency of nanosized drug carriers can be improved by nanovehicle's surface functionalization. In this sense, SPR has contributed to the optimization of LNP- based drug delivery systems by providing a rapid screening method to assess the interaction between LNP and potential binding molecules to be included in the final NP formulation (Table 1). Soman et al., by way of illustration, incorporated the peptide melittin in the outer lipid monolayer of perfluorocarbon (PFC) NPs and demonstrated the tight binding of this potential cancer chemotherapeutic with the nanocarriers from the SPR data (Soman et al., 2008).



4.2.2. LNPs' Response to Organic Molecules

LNPs can be easily captured on SPR chips by means of lipophilic anchors (Del Vecchio and Stahelin, 2016) as described in section 3.3 and the obtained sensor surfaces can be used to investigate the interplay of the immobilized nanovehicles and organic molecules in aqueous solutions (Seong et al., 2003; Shibata et al., 2015). For instance, Shibata et al. utilized SPR to study the interaction of different detergents (two bile salts and Triton X-100) and PEGylated liposomes that were immobilized to the surface of a lipid- capture chip (Shibata et al., 2012). The authors observed that the detergents were either bound to or partitioned into lipid bilayers and they subsequently solubilized and dissociated from the chip. These results suggest that SPR can provide an automatized method to simply address the solubilization and interaction of detergents with LNPs.




4.3. Quantification and Molecular Characterization of Exosomes

The increasing interest of the scientific community in using exosomes as drug nanovehicles has generated a growing need for sensitive methods capable of quantifying and characterizing these nanosized cell- secreted vesicles. Recent SPR reports in the field of exosome's investigation are based on the immobilization of specific antibodies against exosomal proteins onto the sensor surface and the measuring of SPR response as exosomes in solution are injected into the setup (Table 1). A thorough review of the use of SPR as a method for sensitive detection and molecular characterization of exosomes can be found in the literature (Rojalin et al., 2019).




5. CONCLUSIONS

SPR technology has emerged as an interesting strategy for studying different aspects of LNPs intended to deliver bioactive molecules, from the physicochemical characterization and quantification of lipid- based drug carriers to the study of the interaction of nanovehicles with the biological entities that they will encounter in therapeutic applications.

Although SPR technique is a well-established tool for studying molecular interactions, the experiment's reliability is based on the adequate immobilization of one of the interacting partners on the sensor surface and in the absence of interferences that could affect the resulting signals. Concerning LNPs, chemical constraints that may appear in the sensor surface preparation can be easily overcome as lipid based nanovehicles can be directly immobilized onto commercial lipid- capture chips by hydrophobic attachment.

Regardless of the numerous reports presented in this review, SPR still remains as an underexploited technique in the field of LNP development and analysis. Measurement's simplicity and quickness should position SPR as a high-throughput technique for LNPs' characterization, providing preliminary information about biomolecular interactions that LNPs experiment in therapeutic applications and allowing to tune formulations before in vivo experiments. Finally, given the universal SPR detection principle, assays can be straight forward adapted to new drug carriers, a trend that with the incorporation of VLPs, exosomes and hybrid systems is in continuous growth.
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RNA interference (RNAi) has an unprecedented potential as a therapeutic strategy for reversibly silencing the expression of any gene. Therapeutic delivery of the RNAi mediator, i.e., small interfering RNA (siRNA), can be used to address diseases characterized by gene overexpression, for example inflammatory conditions like chronic obstructive pulmonary disease (COPD). Macrophages play a key role in COPD pathogenesis and are recruited to the airways and lung parenchyma, where they release proinflammatory cytokines, e.g., tumor necrosis factor-alpha (TNF-α). Hence, targeting TNF-α with siRNA is a promising therapeutic approach for COPD management. However, a safe and effective delivery system is required for delivery of TNF-α siRNA into the cytosol of hard-to-transfect macrophages. The purpose of this study was to optimize the intracellular delivery of TNF-α siRNA to the lipopolysaccharide-activated murine macrophage cell line RAW 264.7 using lipidoid-polymer hybrid nanoparticles (LPNs) composed of the lipid-like transfection agent lipidoid 5 (L5) and the biodegradable polymer poly (D,L-lactide-co-glycolide). Applying a quality-by-design approach, the influence of critical formulation variables, i.e., the L5 content and the L5:siRNA ratio (w/w), on critical quality attributes (CQAs) was investigated systematically using risk assessment and design of experiments, followed by delineation of an optimal operating space (OOS). The CQAs were identified based on the quality target product profile and included size, polydispersity index, zeta potential, encapsulation efficiency and loading for achieving efficient and safe TNF-α gene silencing in activated RAW 264.7 cells. Formulations inducing efficient gene silencing and low cytotoxicity were identified, and the optimal formulations displayed L5 contents of 15 and 20% (w/w), respectively, and an L5:siRNA weight ratio of 15:1. All tested formulations within the OOS mediated efficient and sequence-specific TNF-α gene silencing in RAW 264.7 cells at TNF-α-siRNA concentrations, which were significantly lower than the concentrations required of non-encapsulated TNF-α-siRNA, highlighting the benefit of the delivery system. The results also demonstrate that increasing the loading of siRNA into the delivery system does not necessarily imply enhanced gene silencing. This opens new avenues for further exploitation of LPNs as a robust platform technology for delivering TNF-α siRNA to macrophages, e.g., in the management of COPD.

Keywords: lipidoid-polymer hybrid nanoparticles, RNAi - RNA interference, siRNA - small interfering RNA, quality-by-design, TNF-α, macrophage, drug delivery, nanomedicine


INTRODUCTION

RNA interference (RNAi) is a regulatory pathway in eukaryotic cells in which gene expression is inhibited at the messenger RNA (mRNA) level by sequence-specific double-stranded RNA, for example small interfering RNA (siRNA) (Ryther et al., 2005). In principle, any disease characterized by protein overexpression may be treated using synthetic molecules harnessing the RNAi pathway by Watson-Crick base-pairing, e.g., siRNA directed against a specific mRNA. Although the ability of double-stranded RNA to mediate silencing of gene expression was discovered in Caenorhabditis elegans more than two decades ago (Elbashir et al., 2001), only four drugs based on siRNA have been approved to date, i.e., patisiran (Adams et al., 2018), givosiran (Balwani et al., 2020), lumasiran (McGregor et al., 2020), and inclisiran (Raal et al., 2020; Ray et al., 2020) used for systemic treatment of the polyneuropathy of hereditary transthyretin amyloidosis, acute hepatic porphyria, and elevated LDL cholesterol respectively. Major hurdles for unlocking of the full potential of siRNA for therapeutic applications are delivery-related challenges (Dammes and Peer, 2020). These include, but are not limited to, (i) protection of siRNA against degradation by exo- and endonucleases, (ii) cellular uptake, and (iii) endosomal escape and siRNA release in the cytosol after cellular internalization (Haussecker, 2014). Some of these challenges have been partially overcome by chemical modification of the siRNA, which has enhanced the resistance to nucleases (Place et al., 2012). However, while chemical modification has certainly improved the drug properties of siRNA, the adoption of delivery technologies has also appeared to be essential for overcoming barriers related to siRNA delivery (Whitehead et al., 2009).

One example of a disease that can be targeted via the RNAi pathway is chronic obstructive pulmonary disease (COPD). More than 210 million people are affected by COPD, and by 2030, COPD is expected to be the fourth largest cause of death worldwide (Bousquet and Kaltaev, 2007). COPD severely compromises breathing, which causes a general decline in organ function, eventually resulting in chronic co-morbid conditions, including cardiovascular diseases, diabetes, and hypertension (Mannino et al., 2008). The pathophysiology of COPD is relatively complex and ranges from cellular inflammation to structural remodeling (Chung and Adcock, 2008). Tumor necrosis factor-alpha (TNF-α), along with interleukin 1-beta (IL-1β), plays a critical role in the inflammatory cascades during exacerbations of COPD (Matera et al., 2010; Cazzola et al., 2012). However, two clinical trials indicated no immediate or long-term benefit for patients with moderate to severe COPD of systemic treatment with the anti-TNF-α monoclonal antibody Infliximab (Rennard et al., 2007, 2013). Also, there was no significant difference between subjects treated with the corticosteroid prednisone compared to the TNF inhibitor Etanercept (Aaron et al., 2013). Hence, there is an urgent need to design novel treatment approaches for COPD, mainly focusing on the underlying inflammatory and irreversibly destructive phases. Targeting alveolar macrophages through RNAi mediated by siRNA represents one strategy to knock down the expression of inflammatory genes in COPD, e.g., TNF-α (Barnes, 2003; Peer and Lieberman, 2011). Therefore, we have previously exploited the RNAi machinery inherent in macrophages to ameliorate the gene expression of TNF-α with subsequent reduction of lipopolysaccharide (LPS)-induced inflammation (Jansen et al., 2019).

Overall, two types of delivery technologies are commonly used to deliver siRNA across the cell membrane into the cytosol (Roberts et al., 2020): i.e., (i) delivery systems like lipoplexes (Schroeder et al., 2010), lipid nanoparticles (LNPs) (Xu and Wang, 2015), cyclodextrin polymeric nanoparticles (Dominique et al., 2016), and lipid-polymer hybrid nanoparticles (LPNs) (Hadinoto et al., 2013), and (ii) conjugates (Kanasty et al., 2013), e.g., N-acetyl-D-galactosamine (GalNAc)-siRNA conjugates, which are used for liver targeting in the clinic (givosiran patisiran, lumasiran, and inclisiran) by actively targeting the internalizing asialoglycoprotein receptor 1 expressed by hepatocytes (Balwani et al., 2020). In general, LNPs represent the most clinically advanced delivery system for nucleic acids (Cullis and Hope, 2017), and patisiran, the siRNA in Onpattro, is delivered to liver hepatocytes using an LNP formulation (Adams et al., 2018). Lipid-based delivery systems are biocompatible and display high loading and transfection efficiency, but a drawback is their premature drug leakage and poor colloidal stability. Lipids with single or multiple cationic centers have been used as carriers for siRNA (Schroeder et al., 2010; Zhi et al., 2013). LNPs containing a single amine-based cationic lipid, a polyethylene glycol-lipid, and helper lipids, were first reported for intracellular delivery of siRNA (Heyes et al., 2005). Lipid-like materials referred to as lipidoids have also been developed for siRNA delivery, and they contain one or several amine centers and multiple hydrophobic tails (Akinc et al., 2009). Lipidoids consist of an alkylated tetraamine backbone, and depending on the degree of alkylation, different subtypes are obtained, e.g., the penta-substituted lipidoid, which is referred to as L5 (Akinc et al., 2009). To improve the efficiency of siRNA delivery, amino alcohol-based lipidoids have been developed (Love et al., 2010). On the other hand, delivery systems based on polymeric matrix systems, e.g., poly(lactic-co-glycolic acid) (PLGA) nanoparticles, display higher structural integrity and collidal stability, and enables sustained release of siRNA, but they display poor loading capacity and low transfection efficiency (Cun et al., 2010, 2011).

Therefore, we have designed LPNs for delivering siRNA by combining lipidoids with PLGA (Thanki et al., 2017) to exploit the advantages of both lipids and polymers. Hence, siRNA-loaded lipidoid-modified PLGA nanoparticle are biocompatible, have high loading and transfection efficiency, high colloidal stability, and allow for sustained siRNA release (Thanki et al., 2019a). In these LPNs, the anionic siRNA is complexed with the outer lipidoid shell, and also with the PLGA core by incorporating some of the net-neutral lipophilic complexes of siRNA and lipidoid (Colombo et al., 2015). Recent mechanistic uptake studies suggest that LPNs are taken up via macropinocytosis (Jansen et al., 2019) and probably because of leaky macropinosomes (Meier et al., 2002), improve lipidoid-mediated siRNA delivery and the resulting gene silencing (Love et al., 2010). However, bulk lipidoids are potent agonists for toll-like receptor (TLR) 4 and activate murine antigen-presenting cells (APCs) in vitro (de Groot et al., 2018). The agonistic effect was also confirmed in silico. Interestingly, this agonistic effect was abrogated when L5 was formulated as LPNs loaded with siRNA. However, no systematic studies have been performed to date to investigate the effect of the L5 content and the L5:TNF-α siRNA weight ratio on the in vitro safety and gene silencing effect of LPNs. Hence, we used a systematic quality-by-design (QbD) approach implementing risk assessment and design of experiments (DoE) for optimizing the loading of therapeutically relevant TNF-α siRNA in LPNs. The QbD approach and DoE are valuable tools as maximal information is provided from the least number of experiments. The QbD process involves the following steps: (i) identification of the quality target product profile (QTPP) i.e., the product attributes that are critical to stability, safety and efficacy; (ii) identification of the critical quality attributes (CQA); (iii) identification of critical process parameters (CPP), and (iv) layout and implementation of DoE to establish the relationship between the CQAs and the CPPs. This information is used to define a process design space i.e., the optimal operating space (OOS) that will result in an end product of the desired QTPP (Ingvarsson et al., 2013; Colombo et al., 2018). We also evaluated the safety and gene silencing mediated by TNF-α siRNA-loaded LPNs in vitro in the murine macrophage cell line RAW 264.7 and show that loading a higher dose of siRNA in the LPNs does not correlate with higher gene silencing in vitro.



MATERIALS AND METHODS


Materials

2′-O-Methyl-modified dicer substrate asymmetric siRNA duplexes directed against TNF-α siRNA (17928.334 g/mol) and negative control siRNA were generously provided by GlaxoSmithKline (Stevenage, UK) as dried, purified and desalted duplexes (Supplementary Table 1). The siRNA duplexes were re-annealed according to a standard protocol recommended by Integrated DNA Technologies (IDT) (Coralville, IA, USA). PLGA (lactide:glycolide molar ratio 75:25, Mw: 20 kDa) was obtained from Wako Pure Chemical Industries (Osaka, Japan). L5 was synthesized, purified, and characterized as previously reported (Akinc et al., 2008). Polyvinylalcohol (PVA) 403 with an average molecular weight of 30–70 kDa (87–90% degree of hydrolysis) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Heparin and octyl β-D-glucopyranoside (OG) were obtained from Biochrom GmbH (Berlin, Germany) and Sigma-Aldrich, respectively. Quant-iT™ RiboGreen® RNA Reagent and Tris–EDTA buffer (TE buffer, 10 mM Tris, 1 mM EDTA, pH 8.0) were acquired from Molecular Probes, Invitrogen (Paisley, UK). Primers (Supplementary Table 1) were obtained from TAG Copenhagen (Copenhagen, Denmark). RNase-free diethyl pyrocarbonate (DEPC)-treated Milli-Q water was used for all buffers and dilutions. Additional chemicals were of analytical grade and purchased from Sigma-Aldrich and Merck (Copenhagen, Denmark).



Preparation and Physicochemical Characterization of LPNs

L5-modified LPNs loaded with TNF-α siRNA were prepared using the double emulsion solvent evaporation (DESE) method, essentially as reported previously (Thanki et al., 2017, 2019b; Dormenval et al., 2019). The L5 content relative to the total solid content (L5 + PLGA) was varied from 15 to 25% (w/w), and the L5:TNF-α siRNA ratio ranged from 5.0:1 to 15.0:1 (w/w). The final batch size per formulation was 15 mg. The physicochemical properties (z-average, PDI, zeta potential, encapsulation efficiency, and siRNA loading) of the LPNs were determined as described previously (Thanki et al., 2017, 2019b; Dormenval et al., 2019).



Statistical Optimization of LPNs

Initially, the effect of L5:TNF-α siRNA ratio was investigated on the physicochemical properties by keeping the L5 content constant and vice versa. Based on these experiments, 12 and 23-run response surfaces were constructed for TNF-α gene silencing, i.e., the half-maximal inhibitory concentration (IC50) values and physicochemical properties, respectively, using an I-optimal design with two critical independent variables, i.e., L5 content and L5:TNF-α siRNA weight ratio (Supplementary Table 2). The L5 content ranged from 15 to 25% (w/w), while the latter ranged from 5.0:1 to 15.0:1 (Table 1). Seven responses [z-average, PDI, zeta potential, encapsulation efficiency, siRNA loading, and the effective concentration for half- maximal gene silencing (IC50)] to the independent variables were measured. Critical responses were identified and subjected to model fitting by using analysis of variance (ANOVA), and the best model fit was selected based on statistical parameters, i.e., the p-value, the R2, the difference between adjusted and predicted R2, and the adequate precision. The results were further optimized numerically and graphically to construct desirability and overlay plots, respectively. Statistical optimization was performed using Design Expert (version 12.0.1, Stat-Ease Inc., Minneapolis, MN, USA).


Table 1. Formulation design space.
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In vitro Gene Silencing

The murine macrophage cell line RAW 264.7 was purchased from the American Type Culture Collection (TIP71, Manassas, VA, USA). The cells were maintained in Dulbecco's Modified Eagle's Medium with high (4.5 g/L) glucose (DMEM+, Fisher Scientific Biotech Line, Slangerup, Denmark) supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM glutamine (all from Sigma-Aldrich), and 10% (v/v) fetal bovine serum (FBS, Gibco, Life Technologies). The cells were grown in a 5% CO2-95% atmospheric air incubator at 37°C, the growth medium was renewed every second day, and the cells were subcultured twice a week by detaching them from the culture flask (75 cm2, Sigma Aldrich) using a cell scraper. Cells were seeded in 6-well tissue culture plates (Sigma Aldrich) at a density of 1.0 × 106 cells/well. Subsequently, nanoparticle suspensions were added to each well resulting in final siRNA concentrations of 2.8, 5.6, 11.3, 27.9, and 55.8 nM, respectively, in duplicates, followed by incubation for 21 h. To each well, 5 ng/mL (final concentration) lipopolysaccharide (LPS, Sigma-Aldrich) was added, and the cells were subsequently incubated for additional 3 h. After 24 h, the cells were lysed with 350 μL NucleoSpin cell lysis buffer (Macherey-Nagel, Düren, Germany), and total RNA was isolated and purified using the NucleoSpin RNA Plus kit (Macherey-Nagel). Total RNA was checked for purity and quantified by UV-Vis spectroscopy (Nanodrop 2000, ThermoFisher Scientific). Purified RNA was reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). The real-time polymerase chain reaction (PCR) or quantitative PCR (qPCR) was performed in duplicate for the reference housekeeping genes [β-actin (ACTB) and β-glucuronidase (GUSB)] and in triplicate for the TNF-α gene using a LightCycler® 480 (Roche, Basel, Switzerland) and the SYBR I Green® Master Mix (Roche) as reported previously (Jensen et al., 2012) with slight modifications. The concentrations of the primers for ACTB, GUSB, and TNF-α in the reaction mixture were 1.0, 0.5, and 1.0 μM, respectively. The LightCycler® 480 software v.1.5.0 (Roche) was used for crossing point (CP) analysis, followed by quantification relative to LPS-treated cells using the comparative ΔΔCP method (Pfaffl, 2001).



Cell Viability

RAW 264.7 cells were seeded in a 96-well plate at a density of 5,000 cells/well in a final volume of 180 μL and allowed to adhere by incubation for 4 h. Subsequently, the cells were incubated for 24 h with 20 μL test formulations in quadruplicates at eight different TNF-α siRNA concentrations (1.38–222.8 nM). The final volume in the well was 200 μL. At 24 h, the cell culture medium was withdrawn from each well. Adherent cells were washed with PBS, followed by the addition of 180 μL cell culture medium and 20 μL freshly prepared 12 mM methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma Aldrich). The plates were incubated for 2 h at 37°C in 5% CO2-95% atmospheric air. At 26 h, the cell culture medium containing MTT was removed from the wells, and the plate was thoroughly air-dried overnight in the dark before adding 200 μL dimethyl sulfoxide to solubilize formazan MTT crystals. The cell viability was determined based on the amount of formazan crystals formed in cells incubated with the test formulations vs. the control cells by measuring the absorbance at 570 nm using a microplate reader (FLUOstar OPTIMA, BMG Labtech, Germany).



Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad Software version 8, La Jolla, CA, USA) and represented as mean values ± standard deviation (SD). Statistically significant differences were assessed by one-way analysis of variance (ANOVA) followed by a Tukey's post-hoc multiple comparison test. A p-value ≤ 0.05 was considered statistically significant.




RESULTS


Identification of QTPP and CQAs

The QTPP of the TNF-α siRNA-loaded LPNs was defined (Table 2) to ensure that the desired product properties were engineered into the nanoparticles already during the design phase (Colombo et al., 2018). Hence, the QTPP served as a guide for the optimization of formulation and process parameters to ensure that CQAs were within the desired range. The selected CQAs define the criteria of the liquid formulation encompassing safety, efficacy, and quality. The following CQAs were identified: (i) z-average, (ii) PDI, (iii) zeta potential, (iv) encapsulation efficiency, (v) loading of siRNA, (vi) in vitro transfection efficiency, and (vii) in vitro cell viability.


Table 2. Quality target product profile (QTPP) of TNF-α siRNA-loaded lipidoid-polymer hybrid nanoparticles (LPNs).
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Effect of Independent Variables on the Physicochemical Properties of LPNs

To investigate the effect of one of the independent variables, i.e., the L5 content (15, 20, and 25%), on the physicochemical properties of the LPNs, the other variable, i.e., the L5:TNF-α siRNA ratio, was kept constant at four different levels (5.0:1, 7.5:1, 10.0:1, and 15.0:1) (Table 3). Significant differences were not observed in the z-average and PDI, and the values were within the range of the QTPP. A ~1.9-fold increase in the loading was observed when the L5 content was increased from 15 to 25% at L5:TNF-α siRNA ratios from 7.5:1 to 15.0:1. However, the loading dropped to 1.5-fold when the ratio was 5.0:1. As expected, the zeta potential increased with the L5:TNF-α siRNA ratio due to an increase in the content of cationic L5.


Table 3. Physicochemical properties of the formulations used for the I-optimal design. Data are shown as mean values ± SD of three independent formulation batches and three technical replicates (N = 3 and n = 3).
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The physicochemical properties of the formulations were explored further by keeping the L5 content constant and varying the L5:TNF-α siRNA ratio. The z-average and PDI of the LPNs remained almost constant at all tested L5:TNF-α siRNA ratios (Table 3). In contrast, a significant decrease in the zeta potential was observed as the L5:TNF-α siRNA ratio was decreased (corresponding to a higher amount of siRNA without increasing the L5 content). Hence, the L5 content and the L5:TNF-α siRNA ratio influence the zeta potential and the siRNA loading. The encapsulation efficiency was neither affected by the L5 content nor the L5:TNF-α siRNA ratio, and no significant differences were observed. However, the responses were within the QTPP (>60%). Based on these results, the L5 content relative to the final batch weight (%, w/w, 15, 20, and 25%) and the L5:TNF-α siRNA ratio (5.0:1, 7.5:1, 10.0:1, and 15.0:1) were selected for inclusion in a systematic DoE.



Effect of TNF-α siRNA-Loaded LPNs on TNF-α mRNA Expression

The TNF-α gene silencing activity was evaluated at the mRNA level in the murine macrophage cell line RAW 264.7 activated with LPS. The TNF-α siRNA-loaded LPNs induced concentration-dependent TNF-α gene silencing (Figure 1). However, the magnitude of the silencing effect was specific for each formulation. Overall, both the L5 content and the L5:TNF-α siRNA ratio affected the gene silencing. At an siRNA concentration of 5.6 nM for LPNs having 15% L5 content, the TNF-α mRNA expression was ~60%. In contrast, the expression was at least 80% with the remaining LPNs. At the highest tested siRNA concentration (55.8 nM), the TNF-α mRNA expression generally decreased as the L5 content increased (Figure 1) at a constant L5:TNF-α siRNA ratio. At a constant L5 level, as the amount of siRNA increased in the LPNs, the TNF-α mRNA expression decreased from 15.0:1 to 7.5:1. Interestingly, cells incubated with LPNs having a ratio of 5.0:1 had lower TNF-α mRNA expressed for reasons that need to be investigated. As expected, a decrease in the LPS concentration used for activation of the macrophages from 5 to 1.25 ng/mL resulted in only 50% TNF-α mRNA expression when treated with LPNs composed of 15% L5 and having an L5:TNF-α siRNA ratio of 15.0:1 at 5.6 nM (Figure 1A). Even though the cells incubated with LPNs having an L5:TNF-α siRNA ratio of 7.5:1 expressed higher TNF-α gene levels compared to cells incubated with other LPNs, it was interesting to note that at an siRNA concentration of 55.6 nM, the TNF-α mRNA expression was ~44.6 (Figure 1A), 37.7 (Figure 1B), and 46.0% (Figure 1C), hence displaying a sharp increase in the silencing effect relative to lower concentrations. The TNF-α mRNA levels were reduced by 93.8% in cells incubated with the formulation containing 25% L5 and an L5:TNF-α siRNA ratio of 15.0:1 at the highest tested TNF-α siRNA concentration (Figure 1C). It appears that as the L5 content increases, the TNF-α mRNA expression increases at the lower siRNA concentrations tested (Figure 1). Overall, LPNs containing an L5 content of 15, 20, and 25% with L5:TNF-α siRNA ratio of 15:1 were most efficient in causing a significant concentration-dependent decrease in TNF-α mRNA expression.
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FIGURE 1. Relative TNF-α mRNA expression determined by qPCR in LPS-activated RAW 264.7 macrophages incubated with TNF-α siRNA loaded formulations. Formulations with an L5 content of 15% (A); 20% (B), and 25% (C). Data is normalized to non-transfected, LPS-treated cells (100% TNF-α mRNA expression). Data is represented as mean values ± SD (aN = 3, n = 3, cN = 2, n = 3, 5 ng LPS/mL; bN = 3, n = 3, 1.25 ng LPS/mL and unmarked N = 1, n = 3), where N = independent formulations with duplicates of each concentration during transfection, n = technical replicates. **p < 0.01, ***p < 0.001 compared to 5.58 nM TNF-α siRNA concentration in LPNs.




Effect of TNF-α siRNA-Loaded LPNs on Cell Viability

To investigate whether incubation with TNF-α siRNA-loaded LPNs influenced the viability of RAW 264.7 macrophages and hence affect the measured TNF-α gene silencing effect, the viability was quantified using the MTT assay. The cell viability appeared to drop between 5.6 and 55.8 nM siRNA concentrations for all formulations with an L5 content of 15% (Figure 2). However, for the formulations displaying an L5:TNF-α siRNA wt. ratio of 10.0:1, the viability dropped at 27.8 nM and continued to decrease below 70% after a brief increase at 55.8 nM (Figure 2A). Formulations having an L5 content of 20% and L5:TNF-α siRNA ratios of 15.0:1 and 10.0:1 exhibited no cytotoxicity, evident by almost 100% cell viability at all tested concentrations. Between TNF-α siRNA concentrations of 11.2 and 222.8 nM, the cell viability was ~70% and appeared to increase from 111.4 nM (Figure 2B). Formulations having an L5 content of 25% did not appear to be cytotoxic based on the nearly constant cell viability >80% at all tested siRNA concentrations. However, for the formulation having a wt. ratio of 15.0:1, the viability was above 75% up to 111.4 nM siRNA concentration but then the viability steeply declined to around 56% (Figure 2C). Of all the LPNs tested for cell viability, only a few of them (15%, 10.0:1 and 7.5:1; 20%, 7.5:1, and 5.0:1; 25% 15.0:1) seemed to have cytotoxic potential (Figure 2) but none of them caused >50% loss in cell viability even at 222.8 nM. Thus, in terms of cytotoxicity and TNF-α gene silencing effect, formulations having an L5 content and L5:TNF-α siRNA wt. ratio of 15%, 15.0:1 and 20%, 15.0:1 exhibited a balanced profile and were consequently used for model validation.


[image: Figure 2]
FIGURE 2. Cell viability of RAW 264.7 macrophages incubated with TNF-α siRNA-loaded lipidoid-polymer hybrid nanoparticles (LPNs). Formulations with an L5 content of 15% (A); 20% (B), and 25% (C). Data was normalized to un-treated cells. The dotted horizontal line indicates the cytotoxic potential according to ISO guidelines (Srivastava et al., 2018), while the vertical dashed lines indicate the concentrations of the formulations tested for gene silencing as well. Data is represented as the mean of one independent batch tested in quadruplicates per test concentration.




Contour Profiling of Response Variables

Formulations from the design space (Table 1) were prepared, and responses to the independent variables were assessed and compared to the QTPP (Table 2). Contour plots were constructed for each of the response variables as a function of the L5 content (%w/w) and the L5:TNF-α siRNA ratio (Figure 3). The differences in z-average were not significant in the design space (Figure 3A). This suggests that the z-average is not affected by the independent variables but may rather be dependent on the process parameters for preparing the particles. However, the z-average decreased considerably when the L5 content was higher than 20% and the L5:TNF-α siRNA ratio was >7.5:1, and vice versa. There was a gradual increase in the PDI (from ~0.100 to 0.175) as the L5 content increased from 15 to 25% (Figure 3B). A minor increase in the PDI was observed when the L5:TNF-α siRNA ratio decreased at an L5 content of 15%. The zeta potential increased gradually from 6.7 mV to a maximum of 39.0 mV (Figure 3C). The encapsulation efficiency remained almost constant (64–78%) throughout the design space (Figure 3D), which may indicate that the encapsulation efficiency is more dependent on the process of preparing the LPNs rather than on the independent variables. The siRNA loading was affected by both independent variables (Figure 3E). The L5:TNF-α siRNA ratio displayed a greater impact on the loading, which was expected as a higher amount of siRNA would correspond to increased loading per weight of LPNs. To test the performance of the formulations loaded with TNF-α siRNA in a biologically relevant system, the IC50 values were calculated as a function of the TNF-α siRNA concentration in formulations responsible for half maximal inhibition of TNF-α mRNA expression in macrophages (Figure 3F). The IC50 values for transfection efficiency of all formulations ranged from 10.2 to 50.0 nM. Formulations displaying the highest L5:TNF-α siRNA wt. ratio, i.e., least amount of TNF-α siRNA relative to L5, at 15, 20, and 25% L5 had transfection efficiencies below 20 nM. The IC50 value for naked TNF-α siRNA was found to be 63.7 nM. Fold-change in TNF-α mRNA inhibition relative to naked siRNA was obtained by the ratio of IC50 values of TNF-α siRNA-loaded LPNs and naked TNF-α siRNA. This corresponds to an siRNA dose-reduction in obtaining similar responses. At a constant L5 content, the fold-change increased as per the quadratic model fitting (Tables 3, 4) from 7.5:1 to 15.0:1 ratio. When the L5:TNF-α ratio was kept constant, the fold-change generally increased with an increase in the L5 content. Interestingly, LPNs with an L5 content of 15 and 25% had similar IC50 values.
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FIGURE 3. Contour plots showing the effects of the independent variables on the z-average (A), polydispersity index (B), zeta potential (C), encapsulation efficiency (D), TNF-α siRNA loading (E), and TNF-α gene silencing (F). Data is based on the mean of three independent formulations (N = 3, n = 3) for (A–E), while for (F) it is based on mean of duplicates of transfection well and triplicates of qPCR reaction for one formulation.



Table 4. Model fitting parameters for significant responses*.
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Mathematical Modeling of Responses

The obtained responses (Supplementary Table 3) were fitted with an appropriate, non-aliased model using ANOVA. Although the model was significant for the z-average and the PDI (p = 0.0042 and 0.0177), the R2 was only −0.3 and 0.27, respectively, hence these responses were excluded from the analysis. For all modeled responses (Table 4), the adjusted R2 was in reasonable agreement with the predicted R2 (the difference was <0.2), while the adequate precision was higher than four. In addition, the lack of fit was not significant for all modeled responses. Formulations displaying an L5:TNF-α siRNA wt. ratio of 5.0:1 were excluded from the mathematical modeling because the IC50 values for gene silencing fit the model equations linearly from 7.5:1 to 15.0:1 ratio.



Identification of the Optimal Operating Space

A desirability plot was constructed with parameter inputs (Supplementary Table 3) from the QTPP (except cell viability, for which the IC50 could not be determined due to negligible effects if the formulations on cell viability) and the prediction model analyzed using ANOVA (Figure 4). The region shaded toward dark yellow (Figure 4A) constitutes the optimal L5 content and L5:TNF-α siRNA weight ratio where all the responses show the most optimal values. The edge of failure is the boundary between the dark blue region and the other colored regions, where either one or several responses do not fulfill the set criteria. The light blue shaded region (Figure 4A) indicates that all criteria defined in the QTPP were met but were less optimal relative to the green and yellow region. Ten formulations displaying a desirability score ranging from 0.671 to 0.796 were identified (Supplementary Table 4). An overlay plot (Figure 4B) was constructed, which shows all possible combinations of L5 content and L5:TNF-α siRNA ratio (Table 4). In other words, this is the OOS, and a formulation selected from this region is most likely to have the desired characteristics.
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FIGURE 4. Numerical optimization plot showing the desirability of the identified formulations in the optimal operating space (A) and graphical optimization plot displaying the optimal operating space (B) after setting the quality criteria.




Validation of Responses

Although the desirability scores (Figure 4A) show that the point formulations with the most desirable properties are 15%, 13.5:1 and 25%, 15.0:1, they do not account for the cell viability since the IC50 values could not be calculated due to lack of typical log dose-response relationship at the tested concentrations. To exclude potential cytotoxic formulations at the tested concentrations (Figure 2), two formulations having L5 contents and L5:TNF-α siRNA wt. ratios of 15 and 20%, 15.0:1 were formulated in triplicates to validate the OOS. The physicochemical properties of the formulations and the IC50 values for TNF-α gene silencing were determined and compared to the point formulations from numerical optimization using specific criteria (Tables 4, 5). Using one-way ANOVA, no statistically significant differences were observed between the z-average, PDI, and TNF-α gene silencing for these two formulations (Table 5). However, there was a significant difference between the zeta potential (p < 0.05). The IC50 values of TNF-α siRNA-loaded LPNs with L5 content of 15 and 20% having an L5:TNF-α siRNA ratio of 15.0:1 relative to non-encapsulated siRNA were 4.5 ± 1.2 and 3.2 ± 0.6-fold times lower, respectively (Table 5).


Table 5. Validation of two, point formulations from the optimal operating space.
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DISCUSSION

Adopting a QbD approach ensures the quality of medicines by employing statistical, analytical, and risk management methodologies in the design, development, and manufacturing of medicines (Lawrence et al., 2014). Such an approach helps in identifying all potential sources of variability that may affect a process and/or a formulation and aids in meeting the predefined characteristics from the very beginning. Thus, applying these principles when designing a formulation of TNF-α siRNA-loaded LPNs may ensure a high-quality and robust formulation displaying high siRNA loading, optimal physicochemical properties, high gene silencing efficiency, and low toxicity. Hence, the specific purpose of this study was to optimize the loading of TNF-α siRNA in LPNs using a QbD approach, where the L5 content relative to the PLGA content in the formulation was varied, along with the L5:TNF-α siRNA weight ratio, by keeping the total weight of the solids (L5 + PLGA) constant. This was followed by assessment of all formulations for their effect on TNF-α gene silencing and cell viability in activated RAW 264.7 macrophages.

The physicochemical properties of the LPNs were dependent on the starting amounts of lipid and siRNA. First, the effect of the L5 content on various responses was identified by keeping the L5:TNF-α siRNA ratio constant. Based on these one-factor-at-a-time experiments, it was established that the L5 content significantly affects the zeta potential and, in some cases, the z-average and PDI. The z-average for LPNs formulated using the optimized DESE method used in this study is expected to be ~200 nm. To confirm the effect on z-average and PDI at higher L5 content (30 and 40%) by keeping the L5:TNF-α siRNA ratio 15.0:1, two formulations were prepared, and it was found that the z-averages were 159.1 and 154.8 nm with PDIs of 0.216 and 0.272, respectively (Supplementary Table 2). These differences were statistically significant (p < 0.01). One explanation could be that as the amount of L5 is increased, the PLGA content decreases, which means a lower concentration of the latter in the organic phase during the preparation process and consequently a reduction in particle size. This may be attributed to a decrease in solvent viscosity, increase in diffusion coefficient, and the decrease in PLGA content in the droplets of the organic phase resulting in smaller particles after solvent evaporation (Feczkó et al., 2011). The PLGA concentration in the organic phase is shown to influence particle size. An increase in the lipid content could lead to a heterogeneous population of lipoplexes and LPNs, thus increasing the PDI. This can be explained by the fact that at a lipid:polymer weight ratio of 10:90, the amount of lipid is within a range to cover the entire surface of the hydrophobic PLGA core. Similar observations have been reported previously, where the excess lipids have been speculated to increase above the critical micellar concentration, resulting in the assembly of liposomes, hence suggesting the coexistence of liposomes and hybrid nanoparticles (Zhang et al., 2008).

The encapsulation efficiency remained in the range of 60-80%, which is similar to the encapsulation efficiency of enhanced green fluorescent protein (eGFP) siRNA-loaded LPNs as we have reported previously (Thanki et al., 2017). However, the inclusion of L5 in the nanoparticles significantly increased the encapsulation efficiency compared to the encapsulation efficiency in non-modified PLGA nanoparticles (data not shown), in agreement with previous reports (Thanki et al., 2017). PLGA is a hydrophobic polymer composed of lactic and glycolic acid monomers with pKa values of 3.86 and 3.83, respectively (Yoo and Mitragotri, 2010). The pH value of the water phase during LPN preparation is ~6.5. Hence, at this pH, the carboxylic acid end groups of PLGA exist in a deprotonated state. These anionic residues are not favorable for interaction with the negatively charged phosphate backbone of siRNA. Differences between z-average and encapsulation efficiencies were not significant and were within the desirable limits.

An increase in the L5 content from 15 to 25% resulted in ~2 to 4-fold increase in the zeta potential at all tested L5:TNF-α siRNA ratios (Table 3). The zeta potential is an indirect measure of the surface charge of the nanoparticles. It is one of the physicochemical properties that influences particle uptake by macrophages (Alexis et al., 2008). In one study, it was found that both positive and negative surface charges were promoting uptake of carboxymethyl hydrochloride-grafted polymeric nanoparticles (He et al., 2010). These results suggest that surface charge-dependent uptake is highly variable and depends on the type of formulation, uptake mechanisms, and the biological system. Since the LPNs are composed of cationic lipids, it is imperative to know the zeta potential as it can have a possible effect on the uptake of particles and for this reason, it was set to >0 mV in the QTPP (Table 2). In addition, the zeta potential is also a measure of particle colloidal stability, where higher magnitude suggests enhanced colloidal electrostatic stability (Shah et al., 2015). Furthermore, the intended site of action of these LPNs is the alveoli, which houses the alveolar macrophages (Byrne et al., 2015). These LPNs have been engineered as spray-dried particles intended for inhalable alveolar delivery to silence TNF-α gene in macrophages (Dormenval et al., 2019), thus circumventing the barriers of systemic delivery related to excess surface charge. Overall, the results are in agreement with previous reports where the zeta potential increased linearly with an increase in the molar composition of cationic lipids (Smith et al., 2017).

When keeping the L5 content constant and varying the L5:TNF-α siRNA ratio, it was observed that the siRNA loading decreased 3-fold when the L5:TNF-α siRNA ratio was increased from 5.0:1 to 15.0:1. The L5:TNF-α siRNA ratio displayed a greater impact on the siRNA loading, which was expected as a higher initial amount of siRNA would correspond to an increased loading per weight of the LPNs. The encapsulation efficiency increased (from 64.4 to ~80%) as the L5 content increased from 15 to 25%, highlighting the role of L5 in electrostatic interactions with siRNA. The relatively lower encapsulation efficiency could be due to the high pH (7.5) during the emulsification process as L5 might not be fully protonated (de Groot et al., 2018). In addition to the amount of cationic lipid, the overall performance of the system is also dependent on the dose of siRNA that reaches the cytosol of the cell. Thus, siRNA loading is a response worth investigating. The loading was expected to increase because even at the same weight ratio and a higher L5 content, the absolute amount of siRNA was higher. Thus, to have a direct comparison, formulations with L5 contents of 15 and 20% with L5:TNF-α siRNA ratios of 7.5:1 and 10.0:1, respectively, contained equal amounts of TNF-α siRNA (300 μg). No statistically significant differences were observed with respect to TNF-α siRNA loading between the two formulations. Similar results were obtained for LPNs loaded with an antisense oligonucleotide (ASO) (Thanki et al., 2019c). The encapsulation efficiency is important in terms of performance and pharmacoeconomics. Hence, a value higher than 60% was set for the encapsulation efficiency, while a higher siRNA loading (>6 μg siRNA/mg LPNs) would have a positive impact on the gene silencing effect and reduction in cytotoxicity. The increase in loading without compromising the particle properties suggests that the electrostatic charge condensation between the siRNA and the amine headgroups of L5 is not complete and that more siRNA could be complexed. However, in general, excess siRNA may not necessarily translate into higher gene silencing because the cationic character of the lipid decreases, eventually resulting in poor transport across the cell membrane and thus poor transfection (Fröhlich, 2012). Based on these observations, it is evident that both the L5 content and the L5:TNF-α siRNA ratio affect the physicochemical properties of the LPNs, hence they were included in the systematic QbD-based optimization of the LPNs.

Nucleic acid delivery has traditionally been hindered by the toxicity associated with their delivery systems. In the past years, novel carrier systems and analogs have been developed to overcome this problem (Love et al., 2010). In vitro studies using the MTT assay exhibit that the LPNs, in general, do not have a cytotoxic potential at the measured concentration ranges. The toxicity is predominantly induced by the positively charged lipid component of the nanoparticulate carrier. However, the use of synthetic lipids or lipidoids help overcome these delivery challenges (Akinc et al., 2008). No differences in cell viability were found (except at 11.2 nM) between the LPNs having the highest (5.0:1 wt. ratio, 6.5 ± 0.6 mV) and least amount of siRNA (15.0:1 wt. ratio, 20.4 ± 1.5 mV) highlighting that the zeta potential of a formulation measured in the dispersion medium is not the only determinant of the toxicity. Dose response of siRNA LPNs demonstrated lack of cytotoxic potential for different formulations tested at certain concentrations for gene silencing (Figures 2A–C), and only a few of them (15%, 10.0:1 and 7.5:1; 20%, 7.5:1; 25% 15.0:1) seemed to have cytotoxic potential. The possibility of potential apoptotic and necrotic effects of the particles should not be disregarded since it may not be apparent from the MTT assay. However, at TNF-α siRNA concentrations of 100 and 200 nM, no significant apoptotic or necrotic cells were observed for 15%, 15.0:1 LPNs (Jansen et al., 2019).

In the present study, we identified the effect of the independent variables on the cell viability where all the tested formulations had comparable siRNA concentrations. It was found that non-encapsulated TNF-α siRNA and scrambled siRNA did not affect the cell viability at the tested concentrations. Thus, the toxicity of the formulations is most likely caused by the L5 component. It has been reported that certain lipidoids. e.g., DLinDMA, at a concentration of 1 μg/mL of siRNA induce a significant increase in apoptotic macrophages (Basha et al., 2011). Cytotoxicity is highly affected by various factors, and one of them is the cell type (Nakamura et al., 2016). The concentration of TNF-α siRNA in the most optimal formulations required to knock down between 60 and 69% of TNF-α was found to be 27.8 nM, while a concentration of 55.8 nM was required for >80% knockdown. At these concentrations, none of the most optimal formulations displayed any cytotoxic potential. The TNF-α gene silencing profile was found to be quite similar to previously published results (Jansen et al., 2019).

To study the effect of the independent variables on the TNF-α mRNA expression, 12 formulations with different L5 content and L5:TNF-α siRNA ratios were tested at five concentrations of encapsulated TNF-α siRNA. All formulations, except the ones displaying an L5:TNF-α siRNA ratio of 7.5:1, exhibited IC50 values 2.6- to 4.6-fold lower than the LPNs loaded with negative control siRNA and the non-loaded TNF-α siRNA. These results show that using LPNs as a delivery system is clearly advantageous and the silencing is due to the specific sequence of TNF-α siRNA. This may be due to the fact that non-loaded TNF-α siRNA cannot cross the cell membrane (De Paula et al., 2007; Kim et al., 2010). The silencing mediated by non-encapsulated siRNA might be related to damage of the cell membranes upon harvesting, as the siRNA (and also the LPNs) are incubated with cells immediately after harvesting (Jensen et al., 2012). We found a linear increase in TNF-α gene silencing effect when the L5:TNF-α siRNA ratio was increased from 7.5:1 to 15.0:1 at 15, 20, and 25% L5 content. Interestingly, LPNs with a 5.0:1 ratio silenced TNF-α gene expression more efficiently than 7.5:1. We do not fully understand the reason for these results, which needs to be addressed in future studies. Although the IC50 values are quite different for every formulation, it is evident that at the highest tested concentration of siRNA, the gene expression of TNF-α in LPS-activated macrophages treated with LPNs containing 15, 20, and 25% L5 and having an L5:TNF-α siRNA ratio of 15.0:1 was only 19, 12, and 6%, respectively. Similar observations have been documented previously where increasing the lipidoid content resulted in more efficient silencing of Factor VII mRNA (Akinc et al., 2009; Basha et al., 2011). This suggests that the positive charge of the lipid is not the only determinant of transfection efficiency and thus gene silencing, and that endosomal escape can also be a greater factor governing the efficacy (Raemdonck et al., 2008). The IC50 values are highly variable and depend on many factors, including the composition of the formulation (Thanki et al., 2017) and the cell lines used (Nakamura et al., 2016), hence comparison seems valid when all other variables are kept constant. Based on the current observations, LPNs composed of 15, 20, and 25% L5 having an L5: TNF-α siRNA ratio of 15.0:1 were found to be most optimal for gene silencing in macrophages, as determined from their IC50 values (Table 3).

To date, several different lipid carriers have been studied for siRNA delivery. It is generally challenging to compare silencing and non-specific effects obtained in different studies due to highly variable experimental conditions, e.g., cell type, LPS concentration, incubation time, and presence of serum proteins. These tend to destabilize cationic nanoparticles and thus invalidate the observations, since the actual amount of siRNA that reaches the cytosol may vary (Buyens et al., 2010). In a recent study the 15%, 15.0:1 formulation was used a lead formulation to investigate critical formulation and process parameters involved in spray drying of liquid LPN dispersions into nanocomposite microparticles. The resulting spray-dried microparticles were resuspended and compared to the original liquid LPN dispersions, and no significant differences were found in their performance in terms of physicochemical properties and in vitro gene silencing (Dormenval et al., 2019). Also, this formulation was dosed at a TNF-α siRNA concentration of only 5.58 nM and was shown to have a remarkable gene silencing activity in vivo (Jansen et al., 2019). It is interesting to compare the OOS of TNF-α siRNA loaded LPNs with that of single-stranded ASO (Thanki et al., 2019c) and an siRNA directed against eGFP (Thanki et al., 2017). The z-average, PDI, zeta potential, siRNA loading, and encapsulation efficiencies are almost identical with the latter, which may be due to comparable nucleotide length and similar modification patterns (Supplementary Table 1), whereas the gene silencing effect depends on both the L5 content and the L5:TNF-α siRNA weight ratio as shown from the coefficients (Supplementary Table 5). Recently, we performed a detailed mechanistic evaluation of the release kinetics of fluorescently labeled siRNA from LPNs in vitro and in vivo after pulmonary administration, which demonstrated that the sustained release of siRNA from LPNs correlates well with cell uptake and in vivo biodistribution (Thanki et al., 2019a). It is expected that the optimal formulations identified in the current study display in vitro and in vivo release kinetics, which is highly comparable to our previously reported findings (Thanki et al., 2019a).

The OOS was constructed based on the results obtained from the above experiments and on the criteria set in the QTPP. Ten formulations displaying a desirability score from 0.671 to 0.796 were identified. The desirability values are between 0 and 1, the latter being the most desirable. However, this term may be misinterpreted because the desirability function is fully dependent on how close the upper and lower limits are set in the QTPP. The goal of optimization is how well the set conditions meet the goals and not about gaining the highest desirability (Desirability Function, 2018).



CONCLUSION

In conclusion, we demonstrate the application of a systematic QbD approach for loading therapeutic TNF-α siRNA into LPNs with optimal in vitro gene silencing effect and safety. We show that both the L5 content and the L5:TNF-α siRNA ratio significantly affect the zeta potential, siRNA loading and TNF-α gene silencing. It was also found that the responses to the independent variables were complex, but in general there seemed to be an optimal range for loading siRNA into LPNs. QbD with statistical analysis facilitated the modeling of these responses with a high coefficient of determination, which can be useful in predicting responses based on user input of the independent variables. The LPN formulations loaded with TNF-α siRNA showed a 1.3- to 4.6-fold reduction in the effective dose for in vitro gene silencing as compared to the dose required for gene silencing by non-encapsulated TNF-α siRNA, highlighting the importance of a delivery system. It was also shown that the zeta potential is not the only determinant of toxicity of a formulation and that reducing the positive surface charge does not necessarily imply reduced gene silencing in every scenario. We further show that higher siRNA loading does not necessarily correlate with higher gene silencing in vitro. Finally, an OOS was identified based on graphical optimization, and point formulations displaying L5 contents of 15 and 20% and L5:TNF-α siRNA weight ratio of 15.0:1 were identified that satisfied all the criteria set in the QTPP and had a balanced toxicity/efficacy profile. These results demonstrate the importance of systematic formulation design for loading therapeutic TNF-α siRNA in LPNs with optimal gene silencing and safety and support our ongoing efforts for TNF-α siRNA-mediated therapeutic management of COPD in preclinical animal models.
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Antigen formulation is the main feature for the success of leishmaniosis diagnosis and vaccination, since the disease is caused by different parasite species that display particularities which determine their pathogenicity and virulence. It is desirable that the antigens are recognized by different antibodies and are immunogenic for almost all Leishmania species. To overcome this problem, we selected six potentially immunogenic peptides derived from Leishmania histones and parasite membrane molecules obtained by phage display or spot synthesis and entrapped in liposome structures. We used these peptides to immunize New Zealand rabbits and determine the immunogenic capacity of the chimeric antigen. The peptides induced the production of antibodies as a humoral immune response against L. braziliensis or L. infantum. Next, to evaluate the innate response to induce cellular activation, macrophages from the peptide mix-immunized rabbits were infected in vitro with L. braziliensis or L. infantum. The peptide mix generated the IFN-γ, IL-12, IL-4 and TGF-β that led to Th1 and Th2 cellular immune responses. Interestingly, this mix of peptides also induced high expression of iNOS. These results suggest that the mix of peptides derived from histone and parasites membrane molecules was able to mimic parasites proteins and induce cytokines important to CD4+ T cell Th1 and Th2 differentiation and effector molecule to control the parasite infection. Finally, this peptide induced an immune balance that is important to prevent immunopathological disorders, inflammatory reactions, and control the parasite infection.

Keywords: mimetic peptides, cytokines, in vitro infection, vaccines, leishmaniasis


INTRODUCTION

Despite all the advances in the field of immunization and different strategies to identify new antigenic molecules, there is still no antigen capable of inducing Leishmania spp. control and protecting individuals against leishmaniosis. Moreover, the large number of Leishmania species, responsible for cutaneous and visceral forms, and the differences among them make the diagnosis of these pathologies harder (Maroof et al., 2012). Thus, it is essential to search for new technologies to develop antigen candidates for diagnosis or a vaccine to induce the control of these diseases in individuals who reside in at risk regions (De Brito et al., 2018).

Given this scenario, an attractive alternative is peptide-based antigens that use epitopes of immunogenic proteins, which can stimulate a long-lasting immune response against the pathogen. This approach is a promising strategy, since it could even promote protection against Leishmania, it is a potent therapeutic tool to treat the disease (Skwarczynski and Toth, 2016; De Brito et al., 2018), could be applied in diagnosis (Link et al., 2017), and used to develop antigens to stimulate cellular immunity for potential use in vaccine protocols (Hamrouni et al., 2020). Furthermore, peptides are easier to produce and show greater stability. These antigens are produced by chemical synthesis, reducing problems with biological contamination. Antigens can be characterized as chemical molecules, similar to classical drugs, their production is reproducible, simple, cost-effective and fast, and low cost to scale-up (Joshi et al., 2014). Concerning immunity, these antigens can be customizing to generate specific responses and can be combined to design multi-epitopes or multi-specific antigens to target different Leishmania species or immunogenic molecules from different stages of the parasite life cycle. Despite all the advantages, this approach has some challenges, such as enhancing the immunogenicity of the peptides. One of the strategies to overcome this challenge is to design a multi-epitope-based antigen, which consists of incorporating multiple epitopes that allows for better coverage of natural pathogen antigen diversity (Moyle and Toth, 2013; De Brito et al., 2018).

The effectivity of a vaccine to promote a long-lasting cell mediated immune response also depends on the molecules used as antigens in the different production approaches. A high diversity of virulent Leishmania molecules have been tested as antigens, including gp63 (glycoprotein leishmaniolysin), SLA (soluble Leishmania antigen), LPG (lipophosphoglycan), histones, and several other purified antigens (Khamesipour et al., 2006; Olivier et al., 2012; Chamakh-Ayari et al., 2014; Martínez Salazar et al., 2014; Link et al., 2017).

Among these molecules, histones are potential candidates against leishmaniosis, since they constitute structural proteins that are important in the organization and regulation of the parasite genes. There are four major Leishmania histone classes –H2A, H2B, H3, and H4– that are basic component units of chromatin, the nucleosome (Requena et al., 2000). These molecules are highly conserved antigens, produced by several Leishmania species, which are non-secreted, but are able to induce an intense immune response (Santarem et al., 2007). These proteins are released during the infection process after the elimination of intracellular amastigotes by active macrophages. Moreover, they can modulate the host immune response, since they do not suffer selective pressure by the host immunity, unlike surface secreted proteins of Leishmania (Chang et al., 2003).

The identification and selection of an epitope are crucial stages to develop a peptide-based antigen. It is necessary to map the whole protein of interest to identify suitable sequences that can induce a strong and permanent cellular immunity response against Leishmania parasites. These epitopes can be identified in silico and analyzed by bioinformatics tools that focus on T and B cell epitopes prediction, identification of conserved Leishmania species sequences, and location of the sequence on the protein quaternary conformation (Herrera-Najera et al., 2009; Freitas et al., 2016). The second approach is in vitro analysis of the epitopes by biotechnological and biochemical tools, such as phage display and spot synthesis techniques (Pini et al., 2005; Rhaiem and Houimel, 2016).

Our research group has been working in these areas to improve and develop diagnosis and prophylaxis techniques for the different neglected tropical diseases (NTDs). Some of these previous works have shown great promise regarding the evaluation of mimetic peptides as antigens for leishmaniosis diagnosis and vaccines (Seger, 2014; Link et al., 2017; Guedes et al., 2019). Based on previously obtained results with three mimetic peptides selected by phage display and chemically synthesized as soluble molecules, their potential as antigens was evaluated in skin tests. The peptides, individually (PA1, PA2, and PA3) or in a mix (PA1,2,3-Mix), were tested on an animal model (Cavia porcellus) immunized with dead L. amazonensis or L. braziliensis and compared with the standard skin test antigen. The results showed that the peptides, individually or in a mix, promoted induration reactions 48 and 72 h after inoculation (Guedes et al., 2019). These results indicate that these peptides can recruit and maintain a desired immune response and that they can be applied as antigens for immune prophylaxis purposes. Based on these findings, this work proposed the investigation of new active peptides derived from histone proteins of Leishmania spp. though the production of a chimeric molecule with the three peptides previously selected by our group. The biological activity of this chimeric molecule was investigated to verify its potential to activate a satisfactory immune response for diagnosis or as a candidate vaccine.



MATERIALS AND METHODS

The method used in this work consists of two main steps illustrated in Figures 1, 2. The first involved the selection, synthesis, and evaluation of peptides. The second included experimental procedures to evaluate the immunogenicity of these peptides by analyzing humoral and macrophages immune responses. Regarding the first step, seven intracellular immunogenic proteins from Leishmania spp. (histone classes H2A, H2B, H3 and H4, and HP1) were selected and spot synthesized, followed by the selection of reactive peptides by immunodetection assay (Figure 1, step 1). The reactive spots were analyzed by bioinformatics tools to evaluate their chemical and structural characteristics to verify protein regions that manifest epitope-like features (Figure 1, step 2). The selected peptides were chemically synthesized (Figure 1, step 3) and encapsulated in liposome structures (Figure 2, step 1), with the other three previously selected peptides, to formulate the peptide-based antigen (see section Results). In sequence, the peptide-based antigen was used to immunize a group of New Zealand rabbits (Figure 2, step 2) and in vitro analyses were performed to evaluate the capacity of the peptide-based antigen to stimulate humoral and macrophage responses against L. braziliensis or for L. infantum (Figure 2, step 3). Other analyses were performed to verify the peptide characteristics that contributed to their selection (Figure 2, step 3).
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FIGURE 1. Experimental processes for the selection, synthesis, and evaluation of the peptides. (1) Spot synthesis of the intracellular immunogenic proteins from Leishmania spp.; (2) Immunodetection assay of reactive spots; (3) their analysis by bioinformatic tools; and (4) application of the peptides in indirect ELISA method using human serum.
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FIGURE 2. Experimental processes for the production and evaluation of the peptide chimeric molecules. (1) Peptides encapsulation in liposomes. (2) Rabbits immunization with mix of six peptides (chimeric molecule) to produce anti-peptide polyclonal antibodies. (3) Evaluation of the peptides immunogenic capacity to induce immune response: (a) ELISA assay to evaluate IgG antibody production profile; (b) Evaluation of ALA scanning peptides with rabbit anti-peptide polyclonal antibodies; (c) in vitro experimental infection of macrophages from rabbits immunized with peptides; (d) Evaluation of cytokines mRNA expression profile by RT-qPCR.


All applicable international, national, and institutional guidelines for the care and use of animals were followed. The study was approved by the Research Ethics Committee of the Federal University of Parana (process no. 23075.085350/2015-54 and 107/11).


Peptide Selection

The proteins selected for this study were immunogenic intracellular molecules derived from L. amazonensis and L. braziliensis histones. The sequences of histones were accessed on the UniProt database and identified as HP1 (UniProt accession number: Q9NL78), HP2 (Q9NL77), HP3 (Q9BMY8), HP4 (A4H9W0), HP5 (A4HBV1), HP6 (O44009), and HP7 (A4HNK4). The homology of the protein sequences among Leishmania sp. (L. amazonensis, L braziliensis and L. infantum) were verified by EMBOSS Needle pairwise sequence alignment (Rice et al., 2000).

The seven selected protein sequences were spot synthesized by overlapping pentadecapeptides, with an offset of three amino acids, scanning aimed at selecting and evaluating the reactivity of epitopes on these sequences. The spot synthesis was performed on a cellulose membrane with fluorenylmethyloxycarbonyl (Fmoc) protection using an automated spot peptide synthesizer (Intavis Bioanalytical Instruments, Nattermannallee, Germany) (Frank, 2002). For the immunodetection assay to select and evaluate the reactive spots, the cellulose membrane was firstly blocked, for non-specific binding, by overnight agitation with 3% (w/v) casein and 0.5% (w/v) sucrose dissolved in TBS-T (0.1% Tween 20 (v/v) in TBS) at 4°C. Afterwards, the membrane was washed with 0.1% TBS-T for 10 min under agitation, and probed, for 90 min at 37°C, with patients serum containing antibodies for L. braziliensis or L. infantum, or negative control diluted 1:100 in blocking buffer (3% (w/v) casein, 0.5% (w/v) sucrose, and 0.1% TBS-T). The membrane was washed again and incubated with biotin-labeled secondary antibody (1:30,000) diluted in blocking buffer for 60 min at 37°C, followed by an incubation step with streptavidin (1:10,000) diluted in blocking buffer for 60 min at 37°C. After two washes, positive spots were visualized by electrochemiluminescence (ECLTM system).

To complement the selection of reactive peptides, the protein sequences were analyzed using bioinformatics tools such as Peptide 2.0 (https://www.peptide2.com/main_about.php), IPC (Kozlowski, 2016) and PepCalc (https://pepcalc.com/) to evaluate characteristics like molecular weight, isoelectric point, net charge, and hydrophobicity. Other tools, such as Epitopia server (Rubinstein et al., 2009), ABCpred (Saha and Raghava, 2006), and IEDB Analysis Resource (Vita et al., 2015), were used to verify protein regions that manifest epitope-like characteristics. Additionally, the 3D structure of proteins was obtained by a homology-modeling server, SwissModel (Guex and Peitsch, 1997), using the histones X-ray diffraction structure as templates and the predicted epitopes were analyzed by Swiss-Pdb Viewer (Guex and Peitsch, 1997). Analyses of the 3D structures of the proteins were performed to evaluate where the reactive peptides (their sequences) were located on the protein structure, which contributed to verifying whether they are more exposed or internal. Finally, the peptide sequences were BLASTed against Leishmania spp. protein sequences, using TriTrypDB to analyze the similarities between them (Aslett et al., 2010).



Chemical Synthesis of Selected Peptides

The peptides selected by immunodetection assay and analyzed by bioinformatics tools were chemically synthesized according standard protocol by Fmoc strategy (9-fluorenylmethyloxycarbonyl) using a resin as insoluble solid support (Merrifield, 1969) with a MultiPep RS automated peptide synthesizer (Intavis Bioanalytical Instruments, Nattermannallee, Germany). After the final synthesis cycle, the peptides were released from the resin by trifluoracetic acid treatment, filtered and precipitated with cold ethyl ether, yielding the peptides. After centrifugation, the ether was discarded and peptides were lyophilized, weighed, dissolved in ultrapure water, and stored at −20°C until the next step.

To reduce the number of peptides selected by the bioinformatics tools after chemical synthesis, they were tested by indirect ELISA (iELISA) for humoral response using serum from human patients with anti-L. braziliensis or anti-L. infantum antibodies. The aim was to determine whether the peptides induce a mimicked response to the parasite.



Reactive Peptides Encapsulation in Liposome

The immunogenic peptides (selected in this work by spot synthesis) plus three peptides previously selected by our research group (selection determined by phage display and hypersensitivity reaction named P1, P2, and P3 for detail, see Link et al., 2017; Guedes et al., 2019), were encapsulated in liposome according to Toledo-Machado et al. (2015), producing the peptide-based antigen. Briefly, the encapsulated peptides were produced by dissolving sphingomyelin (25 mg) and cholesterol (6.5 mg) in 5 mL solution containing methanol and chloroform (1:2). The solvent was removed by flash evaporation on a rotatory evaporator at 37°C and dried for 80 min under reduced pressure. Next, an aqueous phase containing the six peptides (500 μg of each peptide) diluted in 3 mL of PBS pH 7.4 was added to lipid film composing the liposome structures with the six peptides encapsulated. To dislodge and retrieve the liposomes they were treated three times with ultrasonic vibration for 20 s. To remove no encapsulated peptides, the liposome suspension was washed twice by centrifugation (10 min, 8,000 g at 4°C) and resuspended in PBS pH 7.4. After washing, the liposomes were lyophilized and stored at 4°C.



Polyclonal Antibody Production

To produce polyclonal antibodies, five adult female New Zealand White rabbits (NZW), weighing 2.1–2.6 kg were used. The rabbits were housed in single cages in a standard animal room (20°C and 55% humidity) and fed a balanced diet and water ad libitum. The rabbits were divided in three groups: Group 1, immunized with the adjuvant (aluminum hydroxide); Group 2, immunized with the peptides mix entrapped in liposome; and Group 3, no immunization (uninfected group). For the first immunization (day 0), Group 1 was submitted to intramuscular injection with 1 mL of aluminum hydroxide; Group 2 was submitted to intramuscular injection with 500 μg/rabbit (Melo et al., 2020) of entrapped peptides mix dissolved in PBS buffer (pH 7.4) and 1 mL of aluminum hydroxide (adjuvant); and Group 3 (negative control) was not immunized. The other immunizations were performed under the same conditions on days 15, 30, 45, 60, and 90 after the first immunization (a.f.i.). On day 90, the rabbits were bled, euthanized and macrophages were collected for the in vitro assay.

Blood samples for polyclonal antibody reactivity evaluation were obtained before every immunization (days 0, 15, 30, 45, and 60), by vein puncture from the marginal ear vein of the rabbits and transferred to vacutainer blood collection tubes. For cytokines evaluation, blood samples were collected at 48 and 72 h a.f.i. (day 0) and transferred to vacutainer blood collection tubes containing 200 μL of TRIzol. After each sample collection, they were centrifuged at 448 x g, for 10 min, at room temperature, resuspended in red blood cell (RBC) lysis buffer pH 7.3 (89.9 g of NH4Cl; 10 g of KHCO3; 2 mL of EDTA 0.5M), incubated for 5 min and centrifuged for 2 min, 1,008 x g at room temperature. The supernatant was discarded, and the pellet was resuspended in PBS, centrifuged for 2 min, 1,008 x at room temperature and resuspended in 400 μL of TRIzol. The samples were stored at −80°C.



Anti-IgG Antibody Production Profile

An indirect ELISA assay was performed to evaluate the profile of the polyclonal antibody reactivity obtained during the rabbits' immunization period. The microtiter plates were coated with L. braziliensis or L. infantum protein extracts at a concentration of 1 μg/well prepared according to Link et al. (2017). Rabbit sera, with anti-peptide polyclonal antibodies, and the second antibody (anti-rabbit IgG (whole molecule) peroxidase–Sigma Aldrich) were respectively diluted 1:200 and 1:7,500 in plates coated with L. braziliensis protein extract, and 1:100 and 1:10,000 in plates coated with L. infantum protein extract.



In vitro Experimental Infection of Macrophages From Rabbits Immunized With the Peptides Chimeric


Macrophages in vitro Infection With L. braziliensis and L. infantum Promastigote Forms

After 90 days post immunization, the rabbits were euthanized, and the macrophages were obtained by inoculation of 120 mL cold PBS buffer 1x (pH 7.4) in the peritoneal cavity. The PBS was collected and transferred to a tube and maintained on ice. The material collected was centrifuged at 1,800 x g, for 10 min at 4°C. The pellet was washed with PBS buffer 1x (pH 7.4), and centrifuged (1,800 x g, for 10 min at 4°C). The pellet was resuspended in RPMI 1640 + 20% FBS + 10% penicillin-streptomycin and counted in a Neubauer chamber. For in vitro infection, the parasites were obtained from cultures of L. braziliensis and L. infantum separately cultivated in biphasic brain heart infusion medium until stationary phage (5 days). The parasites were harvested from culture media, centrifuged twice with PBS for 15 min, 1,000 x g at 10°C, resuspended in RPMI 1640 + 20% FBS + 10% penicillin-streptomycin, and counted in a Neubauer chamber. For the in vitro infection, 500 μL of parasite suspension were added to each well containing the adhered macrophage cells (1 × 105 cells/well). The parasites were added in a proportion of 15:1 (parasites: cells) (1.5 × 106 parasites/well) and were incubated at 37°C and 5% CO2. Next, the RNA was extracted 48 and 72 h post infection (p.i.) to analyze cytokines, inducible nitric oxide synthase (iNOS) expression, and the parasite load.



Evaluation of Cytokines and iNOS mRNA Expression by Real Time PCR (RT-qPCR)

A reverse transcriptase and quantitative real time PCR (RT-qPCR) was performed to assess the expression of mRNAs of cytokines and iNOS in blood samples, collected between 48 and 72 h a.f.i. in rabbits, and the peritoneal macrophages from immunized rabbits (90 days a.f.i.) after the in vitro infection.

Total RNA of the samples was extracted using RNeasy Mini Kit (QIAGEN®), according to the manufacturer's instructions. To remove contaminating genomic DNA from RNA samples, a TURBO DNase-free kit (Invitrogen®) was used. The samples were quantified by spectophometers, and 150 ng of isolated RNA was reverse transcribed to cDNA using a First Strand cDNA Synthesis kit (Thermo Scientific®) with oligos dT15. Complementary DNA was mixed with 10 pmol of each gene-specific marker and 2.5 μL of SYBR Green PCR Master Mix (Applied Biosystem). The mRNA expression of cytokines and iNOS was assessed using StepOnePlus Real-Time PCR System (Thermo Scientific). Data analysis was performed by the Livak method (2−ΔΔCt) (Livak and Schmittgen, 2001) using the housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and beta-actin (ACTB) to normalize mRNA expression.



DNA Extraction From in vitro Macrophage Infection

Total DNA of samples was extracted using the Dynabeads™ DNA DIRECT™ Universal kit (Invitogen, Vilnius, Lituania), according to the manufacturer's instructions. The DNA eluate was stored at −20°C until its use in qPCR analysis.



Parasite Load by Quantitative Real-Time PCR (qPCR)

The qPCR reactions were performed with 5 μL DNA; 2X KAPA Probe Fast ABI Prism® from KapaBiosystem; 200 nM DpolyAF (5′ GACDGTGAATTACAGGHTGC 3′) and DpolyAR (5′ ATACTTGCAGCAGCACATCG 3′) primers and 100 nM DpolyAS probe (5′FAM- TCACTTGCACHCCAGATK -NFQ-MGB3′) specific for the DNA polymerase A of Leishmania sp. Cycling conditions were a first step at 95°C for 10 min, followed by 40 cycles at 94°C for 30 sec and 58°C for 30 min. The amplifications were performed in a QuantStudio™ 3 (Applied Biosystems, USA). Standard calibration curves were constructed by serial dilution of DNA extracted samples of L. braziliensis from 10 to 0.001 ng.




Statistics Analyses

The results were presented as means ± SD. Differences in antibody titers, parasite load and cytokine production were assessed by a two-way ANOVA followed by a Tukey HSD comparison test. All statistical analysis was performed using GraphPad Prism version 7.0 software. A p-value of <0.05 was considered statistically significant.




RESULTS


Peptide Selection: In silico and in vitro Analysis

First, the proteins HP1 and HP2 from L. amazonensis were compared with the protein HP6 from L. braziliensis; all three proteins correspond to the histone subunit H3. The analysis showed that between the proteins HP1 and HP6 similarity is 84.6% and identity is 94.6%. For proteins HP2 and HP6, similarity is 85.4% and identity is 95.4%. Consequently, the similarity and identity of the protein sequences were analyzed with L. infantum histone subunit fractions. The parameters of similarity and identity were not analyzed for HP3, because the protein sequence of histone subunit fraction H1 was not found for L. braziliensis and L. infantum.



Immunodetection

The spot synthesis of the seven histone sequences (HP1, HP2, HP3, HP4, HP5, HP6, and HP7) generated 302 spots, such that each spot was a different pentadecapeptide. The reactive epitopes were immunodetected by patient serum with anti-L. braziliensis antibodies. Twenty-two spots were selected, derived from almost all seven histone sequences analyzed. The 22 spots were named PH2, PH4, PH11, PH17, PH31, PH37, PH40, PH61, PH109, PH110, PH118, PH119, PH190, PH202, PH205, PH245, PH251, PH260, PH276, PH290, PH293, and PH294. The membrane was tested with serum from volunteer healthy patients, without antibodies for Leishmania spp., to verify that these reactions were specific (Figure 3).
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FIGURE 3. Histone proteins sequences were spot synthesized by overlapping pentadecapeptides offset by three amino acids aimed at selecting and evaluating the reactivity of epitopes on these sequences. Reactivity of peptides originated from histone proteins of Leishmania spp. with anti-L. braziliensis immunoglobulins G. (A) Reactivity of peptides with healthy patient serum without anti-Leishmania spp. IgG. (B) Reactive spots immunodetected by patient serum with antibodies for L. braziliensis and not cross-reacted with healthy patient serum (without anti-Leishmania spp. IgG). The arrows indicate the 22 peptides selected by the immunoassay.




In silico Analysis of Peptide Sequences

Bioinformatics tools (Peptide 2.0, IPC, PepCalc) enabled the analysis of peptide sequences and those with a hydrophobicity lower than 55% were selected for the next steps of the study (Table 1). In fact, hydrophobic peptides are insoluble hindering their use. The Leishmania spp. histone proteins sequences used in this study were 3D modeled using the X-ray diffraction structure of histones as templates. The structures of HP1, HP2 and HP6 were constructed by homology with histone H3. The tridimensional structure HP4 was constructed with histone H2B; histone H2A was used for HP5; and for HP7, the template was constructed by homology with histone H4.


Table 1. In silico analysis of reactive peptides.
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According to these alignments, the tridimensional structures of the proteins HP1, HP2, HP5, and HP7 were constructed (Figure 4). The alignment of HP1 and HP2 sequences was made with the same template from histone H3, so these two proteins have the same 3D structure. After constructing the tridimensional structures by homology modeling, the peptides were located on the structures using the Swiss-PDB Viewer program. For HP1, the reactive peptides PH11, PH17, PH31, PH37, and PH61 were highlighted on the histone protein structure. The same was performed for HP5 with peptides PH190 and PH202, and for HP7 with peptides PH276, PH290, PH293, and PH294. After these analyses, the reactive peptides were evaluated by Epitopia server (Figure 5) and IEDB Analysis Resource to verify their immunogenic characteristics (Table 1). After all these analyses, the amino acid sequences of the selected peptides were BLASTed against Leismania spp. histone proteins sequences to verify the identity between them.
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FIGURE 4. Tridimensional model of Leishmania spp. histones and the position of the immunodominant peptides selected. The colors indicate the different epitope regions of this sequence, which were immunodetected by anti-L. braziliensis IgG on the Spot Synthesis membrane. (A) Ribbon format and solid surface format of the protein HP1. In blue: PH11; in purple: PH17; in pink: PH31; in orange: PH37 and in green: PH61. (B) Ribbon and solid surface format of the protein HP5. In pink: PH190; in red: PH202. (C) Ribbon and solid surface format of the protein HP7. In yellow: PH276; in red: PH290; in orange: PH293; in light pink: PH294.
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FIGURE 5. Immunogenicity analysis of the reactive peptides. The letter e, in yellow and above amino acids, indicates a predicted exposed residue. The letter b, in green and above amino acids, indicates a predicted buried residue. A color scale indicates the immunogenicity of each amino acid, which is present in the figure. The immunogenicity was classified as 1 for low and 5 for high for each amino acid.




Chemical Synthesis of Selected Peptides and Their Evaluation by Indirect ELISA

The synthesis of peptides resulted in 2.5 mg of each soluble molecule, which were resuspended in 1 mL of ultrapure water. Each peptide was tested as an antigen in an iELISA assay at concentrations of 0.25, 0.5, and 1 μg/mL.

The results showed that all the peptides showed immunoreactivity in patient serum for anti-L. braziliensis (n = 13) and for anti- L. infantum (n = 10) antibodies. In the iELISA test for patient serum with anti- L. braziliensis antibodies, the best results were observed for peptides PH31, and PH293, which reached an absorbance 2.5-fold higher than the positive and negative controls. These results were observed for the peptides tested under the conditions of 0.25 μg/mL of antigen, 1:100 of serum and 1:7,500 of conjugate in the case of PH31; and of 0.5 μg/mL of antigen, 1:200 of serum and 1:10,000 of conjugate for PH293 (Table 2). For anti- L. infantum antibodies, the best results were observed for PH202 and PH293 under the same conditions of 0.5 μg/mL of antigen, 1:200 of serum, 1:10,000 of conjugate, where the absorbance was 2.5 times higher from positive and negative controls (Table 2). According to these test results, the peptides PH31, PH202, and PH293 were selected and analyzed in biological assays as antigen candidates.


Table 2. Indirect ELISA reaction parameters standardized for peptides PH31, PH202, and PH293.
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Production and Evaluation of Peptides Chimeric Structure

The encapsulation of peptides resulted in five samples of chimeric molecules at a concentration of 500 μg/mL. To formulate the antigen for animal immunization, each sample was resuspended in 1 mL of adjuvant resulting in a final concentration of 500 μg/mL. The antibody response with the entrapped mix of peptides, evaluated by iELISA test showed that producing anti-peptides polyclonal antibodies 15 days a.f.i. was feasible. This production was detected by all the kinetics evaluated (until 90 days a.f.i.) for both L. braziliensis and L. infantum protein extracted antigen (Figure 6).
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FIGURE 6. Reactivity of anti-peptide polyclonal antibodies against L. braziliensis and/or L. infantum protein extract antigen tested by indirect ELISA assay. Kinetics of IgG production for 90 days in: Group 1: rabbits immunized with aluminum hydroxide (adjuvant). Group 2: rabbits immunized with peptides mix entrapped in liposomes. Group 3: non immunized rabbits (negative control). The red line indicates the cut-off value 0.014 for L. braziliensis and 0.050 L. infantum. Statistical test two-way ANOVA followed by a Tukey HSD comparison test *P < 0.05.




Cytokines and Effector Molecule Induction by the Chimeric Molecules

To understand how the immunization could activate the immune response in the different groups, the expression of inflammatory Th-1 inductor cytokines (IL-12, IFN-γ), Th2 inductor cytokine (IL-4), regulatory cytokine (IL-10) and effector molecule (nitric oxide) inductor (iNOS) was measured 48 and 72 h a.f.i. in the blood of the rabbits. The peptide mix (Group 2) induced high expression of all the molecules evaluated 72 h a.f.i., compared with the other groups; this was significant, with a P-value > 0.01. High expression of IL-12 and iNOS was observed in the control group 48 h a.f.i. Group 1 (adjuvant) only induced iNOS expression 48 h a.f.i. (Figure 7A).
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FIGURE 7. Cytokine (IL-12, IFNγ, IL-4, and TGF-β) and iNOS mRNA expression were evaluated in blood samples (A) and macrophages from rabbits immunized with adjuvant, or peptides mix, and non-immunized (negative control) after infection by L. braziliensis (B) and L. infantum (C). All the results are presented as the mean ± SD. Statistical test two-way ANOVA followed by a Tukey HSD comparison test *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, a comparison was with negative control.


After the collection of peritoneal macrophages, from rabbits previously immunized with the peptides mix, infection in culture with L. braziliensis was performed and analyzed after 48 and 72 h. High expression was observed in the rabbits immunized with the peptide mix, showing a significant difference compared with the other groups (P-value > 0.01) at 48 h p.i., which decreased by 72 h p.i. In addition, the IFN-γ expression was increased in this group 72 h p.i. and showed a significant difference in relation to the negative control group, while iNOS expression was the same at both times evaluated. The peptide mix group (Group 2) also induced IL-4 and TGF-β 72 h p.i. and showed a significant difference in relation with the other groups (P-value > 0.1). The adjuvant group (Group 1) showed increased expression of all the cytokines evaluated and iNOS 72 h p.i., while the control group only induced the expression of iNOS 72 h p.i. (Figure 7B).

Peritoneal macrophages were also infected in culture with L. infantum and high expression of IL-12, TGF-β and iNOS was observed 48 h p.i., showing a significant difference compared with the other groups (P-value > 0.01), while IL-4 and IFN-γ also increased 72 h p.i. in the peptide mix group (Group 2). No significant expression was observed in the other groups after infection by this parasite (Figure 7C).

Regarding parasite load, a significant reduction in the load of Leishmania was observed in macrophages from rabbits immunized with the peptide mix in relation to the negative control and adjuvant group at 48 h (P-value > 0.0001) and 72 h (P-value > 0.1) (Figure 8). The parasitism in macrophages from the adjuvant group showed an increase compared with the negative control group, which is probably related to a non-specific cellular activation caused by this compound that favors Leishmania infection in these cells. Finally, these results indicate an activation of the macrophages by the peptide mix, facilitating the neutralization of Leishmania amastigotes.
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FIGURE 8. Parasite load from in vitro infection with Leishmania of macrophages from rabbits immunized with adjuvant, or peptides mix, and non-immunized (negative control), 48 or 72 h post-infection. All the results are presented as the mean ± SD. Statistical test two-way ANOVA followed by a Tukey HSD comparison test *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.





DISCUSSION

Leishmania spp. are intracellular parasites that have complex mechanisms to survive and multiply inside the host system of phagocytic mononuclear cells. The production of antibodies and/or cellular immunity during host infection is induced because most Leishmania antigens are recognized by the host system. However, the immune response to some of these antigens does not protect the host. In other cases, it may contribute to intensifying the pathological response, due to cross-reaction with the host's biomolecules (Handman, 2001). In addition, some studies report that the capacity to respond to Leishmania antigens varies from individual to individual. Thus, the diagnosis of our vaccine against leishmaniosis requires different antigens (polyvalent) capable of inducing a protective immune response in most of the population and which can be produced in large scale (Mukherjee et al., 2013).

To achieve higher antigenicity, proteins were selected to target antigenic epitopes and then constructing a chimeric molecule that has greater antigenicity. Thus, seven protein sequences of Leishmania spp. histones were selected, which are one of the intracellular immunogenic molecules from this parasite. The core histone of eukaryotic species comprises two paired dimers H2A/H2B and H3/H4 and a linker histone H1, which constitute some of the most well-conserved molecules among these organisms. For these characteristics, these molecules are good protein candidates to screen conserved immunogenic epitopes among the different Leishmania spp. (Baharia et al., 2014). The histone protein sequences derived from L. amazonensis were named HP1, HP2, and HP3, while those derived from L. braziliensis were named HP4, HP5, HP6, and HP7. The proteins HP1, HP2, and HP6 correspond to histone fraction type H3, protein HP3 corresponds to H1, HP4 to H2B; HP5 to H2A, and protein HP7 corresponds to H4. These sequences were evaluated according to the similarity and identity among them. The results showed that the sequences have more than 84% similarity and 90% identity. When compared with L. infantum histones, the score varies from 52 to 92% similarity and 49 to 82% identity. The results indicate good similarity and identity between the Leishmania species, which is desirable to enable the selection of epitopes with amino acid sequences that can be recognized by different species from the parasite and formulate an antigen capable of inducing an immune response for different Leishmania species. In the last few years, several studies have described the isolation and application of different biomolecules that present protective activity and are potentially good antigen candidates for a leishmaniosis vaccine (Singh and Sundar, 2012; De Brito et al., 2018; Thomaz-Soccol et al., 2018). These antigens are originated from proteases and other molecules actively secreted by the parasites or from membrane and intracellular proteins. Among these molecules are histones, which are highly conserved antigens produced by Leishmania spp. and even though they are not secreted by the parasites they can induce a potent immune response. These antigens are released during infection after the elimination of intracellular amastigotes by the active macrophage, or by the spontaneous cystolysis of amastigotes inside the infected cells (Carrión et al., 2009). Moreover, these antigens are capable of modulating the host immune response because they do not suffer from its immune selective pressure, unlike surface and secreted proteins (Chang et al., 2003).

The antigenicity of the core histones (H2B, H2A, H3, and H4) have been reported in studies as being recognized by sera from cutaneous (CL) and mucocutaneous leishmaniosis (MCL) human patients and by canine visceral leishmaniosis (CVL) (Soto et al., 1999; Meddeb-Garnaoui et al., 2010; Souza et al., 2013). The protein H2A has been described as the most antigenic core histone and one which can also be recognized by sera from VL human patients (Passos et al., 2005). Other studies report the analysis of histone H2A, H3, and H4 immunization against CL by applying the histones individually, in cocktails, or genetically fused to a plasmid. BALB/c mice genetically immunized with the individual histones showed a delay in the development of the lesion, and immunization with the plasmids encoding the histone and the cocktails provided protection against L. major (Carrion et al., 2008). A study by Iborra et al. (2004) evaluated the prophylactic activity of L. infantum histones in an animal model for cutaneous leishmaniasis, and reported that the animals immunized with a mixture of the four plasmids encoding the histones H2A, H2B, H3, and H4 developed a specific Th1 response associated with histone-specific production of IFN-γ. Carneiro et al. (2012) also analyzed the immune protection conferred by nucleosomal histones of L. infantum in murine model infected with L. braziliensis, and concluded that histone are potential targets for vaccine formulation against L. braziliensis since they showed significant inhibition activity for the disease.

To select the most reactive and antigenic peptides from spot synthesized histones, this study evaluated whether the reactive peptides were located in immunogenic regions of the proteins and whether they were able to manifest epitope-like characteristics. The results showed that all the peptides were located in regions with an immunogenicity score higher than 70% (Table 1) and the majority of the amino acids of the peptides were considered to be predicted exposed residues (Figure 6). In the last in silico analysis, the peptide sequences were BLASTed against Leishmania spp. protein to evaluate the identity rate between them and to analyze whether the peptide sequences were homologous to Leishmania histones. The results showed that all the peptides sequences analyzed presented more than 90% identity with histone proteins from different Leishmania spp., mainly for L. braziliensis and L. infantum. The results also confirmed the identity of each peptide sequence with its own original histone sequence.

All these in silico analyses resulted in the selection of the peptides PH11, PH17, PH31, PH37, and PH61 (histone H3), PH190 and PH202 (histone H2A), and PH276, PH290, PH293, and PH294 (histone H4), which presented a response score for in silico CD4 analysis ranging from 42.78 to 84.9 (Table 1). The results of the iELISA study showed that some peptides did not show a satisfactory difference between serum positivity and negativity. It may not be able to induce a mimetic response like the parasite. Thus, the peptides selected according to these specifications were PH31, PH202, and PH293. Peptide PH31 showed good reactivity against anti-L. braziliensis antibodies, as did PH202 for anti-L. infantum antibodies. Peptide PH293 showed good reactivity against anti-L. braziliensis antibodies and for L. infantum IgG. We have shown here that the humoral response (optical density) was low compared with serological tests, where the differences between positive and negative are 8 to 10 times greater. However, the peptides were able to mimic the antigen. The milestone in Leishmania histone antigenicity studies was the screening of cDNA expression libraries using sera from infected dogs. The first report on a specific immune response against histones during infection was the identification of histone H2A from L. infantum by immunoscreening with CVL serum (Soto et al., 1992). Later, a study by Soto et al. (1994) reported the isolation of a cDNA clone coding L. infantum histone H3 by a strong immunoreaction with VL sera. In a subsequent study, the authors demonstrated that the histones H2B and H4 from L. infantum were also recognized by VL sera (Soto et al., 1999). Moreover, a study by Lakhal et al. (2012) reported the diagnostic performance of a crude Leishmania histone used as antigen in an ELISA assay in which the reactivity was accessed by sera from VL patients. The results showed the ability of this antigen to discriminate between VL cases and healthy controls. These studies report the ability and capability of histone proteins at being recognized by humoral immune molecules, which affirms their antigenicity potential for use as antigen molecules in diagnosis. This also corroborates our results for the anti-peptide histone humoral response tests, in which the reactivity of the peptides against human patient serum with anti- L. braziliensis or anti- L. infantum antibodies was verified. The peptides did not achieve the expected yield, as shown by Leishmania protein extract or recombinant proteins. This is because, in comparison to peptides, the protein extracts and recombinant proteins offer a greater variety of reactive epitopes, which consequently can recruit a greater immune response. This hypothesis reinforces the need for testing different combinations of molecules/peptides designed for anti-Leishmania vaccines to induce a strong immune response (Alonso and Soto, 2014).

After this step, we selected three reactive peptides (PH31, PH202, and PH293) and added three more previously selected by our research group (Thomaz-Soccol et al., 2015; Link et al., 2017; Guedes et al., 2019), which were then encapsulated in liposome. This small vesicle structure was selected to encapsulate the peptides due to its properties of biocompatibility, low toxicity, size, and hydrophobic and hydrophilic character. Moreover, liposome structures avoid decomposition of the entrapped molecules and release them at designed targets, which make them promising systems for drug delivery (Akbarzadeh et al., 2013; Alavi et al., 2017). The antibody response with the entrapped mix of peptides, evaluated by ELISA test, showed that producing anti-peptide polyclonal antibodies 15 days after the first immunization was feasible and this production was detected by all the kinetics evaluated for both L. braziliensis and L. infantum protein extract antigen (Figure 6). In both situations, a characteristic curve of antibody response kinetics with plateau phase between 30 and 45 days of immunization was observed. The first 30 days of immunization characterize the primary immune response, where immature B cells are stimulated by the antigen and become active, which induces a more specific antibody for the antigen. With repeated infection (45 days), the secondary immune response is induced when the same antigen stimulates the memory B cells leading to the production of greater quantities of specific antibodies than observed in the primary response (Abbas et al., 2015).

The group immunized only with adjuvant (aluminum hydroxide) presented anti-Leishmania immune response, which confirms its capacity for use as an antigen. Aluminum-based adjuvants are widely used throughout the world, and among the variants, aluminum hydroxide is the chemical most commonly used as an adjuvant. An important function of aluminum hydroxide is stimulating T cells activation and the expression of co-stimulators on antigen-presenting cells (APCs) (Abbas et al., 2015). Aluminum hydroxide mechanisms of action include depot formation, which facilitate the continued release of antigens, the formation of particulate structures promoting antigen phagocytes by macrophages and B cells, and inflammation induction that results in the activation and recruitment of macrophages (Mutiso et al., 2010; He et al., 2015). Thus, aluminum-based adjuvants can help boost the humoral immunity response by providing Th2 cells and the injection of this adjuvant can result in the priming and persistence of Th2 cells producing IL-4, IL-5, and IL-10 (Awate et al., 2013; Beck et al., 2018).

Although the previous analyses were performed by selecting biomolecules that stimulate immune response type B, some tests were performed to evaluate the cytokine profile stimulated by these peptides. These evaluations of cellular immune response sought to verify whether the peptides were capable of inducing a profile of cytokines that can lead to their application as antigens for vaccines. A protocol of in vitro infection was developed to identify the pattern of cytokines expressed during the immunization period and to verify whether differentiated expression of these cytokines occurred to promote a cellular immune response generated by these peptides. The results showed that the peptides induced high expression of iNOS, IL-12, and IFN-γ, 72 h after first immunization, although there were also increases in the IL-4 and TGF-β expression. This means that the peptide mix was able to induce cellular immune response in rabbits with a cytokine profile that stimulated T helper 1 (Th1) and T helper 2 (Th2) responses, but the principal information is that this immunization induced the increase of iNOS, the main NO inductor. The expression of iNOS is induced by IFN-γ in macrophages and its activation contributes to controlling the death or replication of intracellular pathogens. High-levels of iNOS are associated with the adaptive phase of immune response and its function of co-factor can contribute to the activation of IL-12 and IFN-γ in natural killer (NK) cells (Bogdan, 2015). Although transforming growth factor–beta (TGF-β) is related to the regulatory functions of the immune system, it is known that multifunctional cytokines are implicated in a variety of biological processes by enhancing cellular proliferation, activation, and stimulating cytokines of effector Th17 cells. Th17 cells show an inflammatory profile with the recruitment of neutrophils. These cells are important at the onset of infection since they can recruit more cells to the infection site and favor control of the infection (Oh and Li, 2013; Okamura et al., 2015).

The differentiation of Th1 cells is promoted mainly by IL-12 and IFN-γ and occurs in response to pathogens that activate dendritic cells, macrophages and NK cells. This profile of cytokines stimulates phagocytosis, oxidative burst and intracellular pathogen killing, regulates the expression of major histocompatibility complex (MHC), classes I and II, and thus stimulates antigen presentation to T cells (Spelberg and Junior, 2001; Abbas et al., 2015; Cortés et al., 2017). Th2 differentiation is promoted by IL-4, which stimulates high titers of antibody production and activates B cell proliferation. Moreover, Th2 plays an important role in the inflammatory process by activating mast cells and eosinophils (Spelberg and Junior, 2001; Cortés et al., 2017). Both subclasses of CD4+ cells are important and desired for host defense against different infectious pathogens.

The quantification of interleukins expressed by macrophages in vitro infected with L. braziliensis or L. infantum, showed that the peptide mix was capable of inducing a cytokine profile, which presented an increase in all the cytokines tested compared with the control group. Our data also revealed that the levels of IL-12, IFN-γ and IL-4 mRNA expression by macrophages infected with L. braziliensis or L. infantum suggests the ability of these peptides to induce Th1 and Th2 polarization that can lead to a balanced response, no inflammatory pathologies, and protective immune response. According to the literature, the host immunity to a parasite is determined by a suitable Th1 response characterized by IL-12 and IFN-γ production, and induction of iNOS in infected macrophages, which contributes to the control of parasite proliferation (Costa et al., 2002). Regarding the use of biomolecules as vaccine candidates, some studies reported an increase in the levels of IL-12 and IFN-γ in animals immunized with ribosomal protein and infected with L. infantum and L. amazonensis (Chávez-Fumagalli et al., 2010). Martins et al. (2019) tested the immunogenicity of specific protein from Leishmania against L. major and L. braziliensis infection, and reported that the vaccination induced a Th1 response characterized by the production of IL-12 and IFN-γ.

Although immunity against Leishmania is well-known and defined as complex due to the mechanisms used by the parasite to survive in the host immune system. It is well-documented that Th1 response is responsible for inducing resistance to leishmaniosis through the production of inflammatory cytokines, such as IL-12 and IFN-γ, leading to the activation of macrophages and the killing of parasites. On the other hand, susceptibility to infection is related to Th2 development and IL-4 cytokine production, which leads to parasite resistance and replication (Chávez-Fumagalli et al., 2010).

The performance of immune response in immunopathology and the immunoprotection of leishmaniosis remain a paradox. For example, some studies report that, even though the Th1 response induces inflammatory cytokine production and plays a crucial role in the immunoprotection of leishmaniosis, their excessive production can lead to severe immunopathology in the disease (Sacks and Noben-Trauth, 2002; Martin and Leibovich, 2005; Nylén and Eidsmo, 2012). However, apart from inducing the persistence of the parasite at the site of injection, the Th2 response is able to induce anti-inflammatory cytokine production at lower levels, which can mitigate inflammatory reactions and accelerate the healing process (Nylén and Eidsmo, 2012; Pasparakis et al., 2014). These studies suggest that a balance between pro- and anti-inflammatory cytokines is essential, and desirable, to prevent immunopathological disorders and inflammatory reactions and can control the infection. This fact reinforces and corroborates our results that the peptide mix was able to induce the production of a cytokine profile that leads to a Th1 and Th2 immune response. In addition, the parasite load showed a reduction in the parasite. The next step of this study should be to evaluate the peptides in an in vivo model.



CONCLUSIONS

It was possible to encapsulate the peptides in the liposomes permitting the use of these molecules to entrap the peptides and delivering them for recognition as immunogenic epitopes by the immune mechanisms, while generating an appropriate immune response against these peptides. This indicates their ability to induce humoral immune response through the production of antibodies capable of reacting against L. braziliensis and L. infantum. They also demonstrate the ability to generate cellular immune response through the expression of cytokines that induce Th1 and Th2 polarization of T CD4+ cells, which leads to a balanced response, preventing immunopathological disorders and inflammatory reactions. Most of all, the peptides can lead to the expression of iNOS, the pivotal inductor of the effector molecule NO that controls parasite infection. Finally, these results suggest that the peptides can mimic the parasites proteins that present an important role in the host-parasite interaction, such as histones, and are targets to generate immunity against the parasites. In summary the mix of mimetic peptides tested in this work, by in vitro infection, demonstrated a satisfactory development for use as a potential candidate for leishmaniosis vaccines.
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Inhibition of the PI3K/Akt/mTOR signaling pathway represents a potential issue for the treatment of cancer, including glioblastoma. As such, rapamycin that inhibits the mechanistic target of rapamycin (mTOR), the downstream effector of this signaling pathway, is of great interest. However, clinical development of rapamycin has floundered due to the lack of a suitable formulation of delivery systems. In the present study, a novel method for the formulation of safe rapamycin nanocarriers is investigated. A phase inversion process was adapted to prepare lipid nanocapsules (LNCs) loaded with the lipophilic and temperature sensitive rapamycin. Rapamycin-loaded LNCs (LNC-rapa) are ~110 nm in diameter with a low polydispersity index (<0.05) and the zeta potential of about −5 mV. The encapsulation efficiency, determined by spectrophotometry conjugated with filtration/exclusion, was found to be about 69%, which represents 0.6 wt% of loading capacity. Western blot analysis showed that LNC-rapa do not act synergistically with X-ray beam radiation in U87MG glioblastoma model in vitro. Nevertheless, it demonstrated the selective inhibition of the phosphorylation of mTORC1 signaling pathway on Ser2448 at a concentration of 1 μM rapamycin in serum-free medium. Interestingly, cells cultivated in normoxia (21% O2) seem to be more sensitive to mTOR inhibition by rapamycin than those cultivated in hypoxia (0.4% O2). Finally, we also established that mTOR phosphorylation inhibition by LNC-rapa induced a negative feedback through the activation of Akt phosphorylation. This phenomenon was more noticeable after stabilization of HIF-1α in hypoxia.

Keywords: rapamycin, nanoparticles, radiation, hypoxia, mTOR, Akt, HIF-1α, cancer


INTRODUCTION

Glioblastoma (GB) is the most common and deadly primary brain tumor in adults (Ostrom et al., 2017). Despite remarkable advances in surgical techniques and treatment options including chemotherapy and radiotherapy, the prognosis of this disease remains very poor with a median survival under 15 months (Stupp et al., 2005, 2009). Therefore, the understanding of the molecular mechanisms that drive malignancy in glioblastoma is seriously needed for the development of new agents specifically targeting tumor cells and the tumor microenvironment (Touat et al., 2017; Najberg et al., 2019).

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mechanistic target of rapamycin (mTOR) intracellular signaling pathway plays a central role in the regulation of cell proliferation, growth, differentiation, and survival (Sonoda et al., 2001; Bjornsti and Houghton, 2004; Knobbe et al., 2005; Castellino and Durden, 2007; Jiang and Liu, 2009). Stimulation of this pathway results in the activation of a receptor tyrosin kinase (RTK) by a cytokine or a growth factor, which drive a sequential phosphorylation of PI3K, Akt, and mTOR. mTOR regulates cell growth and survival via two different multiprotein complexes, mTORC1 and mTORC2. The complex mTORC1 is composed of mTOR, regulatory-associated protein of mTOR (Raptor), mammalian lethal with Sec13 protein 8 (mLST8), proline-rich AKT substrate 40 kDa (PRAS40), and DEP-domain-containing mTOR-interacting protein (Deptor) (Saxton and Sabatini, 2017). mTORC1 activates the eukaryotic initiation factor 4E (eIF4E)-binding protein, releasing the transcription factor eIF4E and the p70 ribosomal S6 kinase 1 (S6K1 or p70S6K) implicated in translation (Heimberger et al., 2005).

This pathway can be activated through numbers of mechanisms, including growth factors, overexpression or amplification of Akt family members, inactivation of the inhibitory effects of PTEN (phosphatase and tensin homolog) tumor suppressor or by non-canonical Wnt pathway (Saxton and Sabatini, 2017). Furthermore, radiation can also activate mTOR signaling in vascular endothelium and in glioblastoma cell lines (Eshleman et al., 2002; Shinohara et al., 2005; Anandharaj et al., 2011). Consequently, mutations in the PI3K or AKT genes, loss of PTEN, epigenetic modifications, or constitutive activation of upstream tyrosine kinase receptors will lead to dysregulation of this pathway in a variety of tumors, including GB (Engelman, 2009; Bai et al., 2011; Wick et al., 2011; Mao et al., 2012). As such, there are marked associations between alterations in the PI3K/AKT/mTOR pathway and the poor clinical survival (Engelman, 2009). Therefore, inhibition of the PI3K/Akt/mTOR signaling pathway has been widely investigated as a potential therapy for cancer including glioblastoma (Li et al., 2016). Interestingly, tumor cells in which the PI3K/Akt/mTOR pathway is dysregulated are more susceptible to the inhibition of mTOR, the downstream effector of this signaling pathway, than normal cells (Courtney et al., 2010). Hence, mTOR inhibitors such as rapamycin and its derivatives provide a new class of active agents and therapeutics for GB.

Rapamycin (Sirolimus) is a natural macrolide antibiotic (firstly isolated from samples of Streptomyces hygroscopicus found on Easter Island), which binds to FK506 binding protein 12 (FKBP12). The rapamycin-FKBP12 complex inhibits mTOR and prevents further phosphorylation of proteins involved in the transcription, translation, and cell cycle control (Heimberger et al., 2005). Anandharaj et al. studied three PTEN-null GB cell lines and demonstrated that rapamycin combined with radiotherapy inhibited the inhibitor of apoptosis protein (IAP) family protein surviving through repression of phospho-Akt. Thus, targeting Akt through mTOR with rapamycin increased the radiation sensitivity (Anandharaj et al., 2011). Preclinical trials showed that PTEN deficient tumors and those dependent on PI3K overexpression were most sensitive to rapamycin (Bjornsti and Houghton, 2004). These results provide a strong basis for investigation of mTOR inhibitors as potential tumor-selective therapeutic agents. Rapamycin and its derivatives, CCI-779 and RAD001, specifically inhibit the function of mTOR by blocking the phosphorylation of downstream molecules, such as p70S6 kinase (p70S6K) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), leading to G1-phase cell cycle arrest. Accumulating evidence from preclinical and early clinical studies suggests that these mTOR inhibitors, alone or in combination, would be directly and indirectly effective as growth inhibitors against a broad range of tumors including GB (Mecca et al., 2018; Hsu et al., 2020; Wanigasooriya et al., 2020).

Despite the potency of rapamycin in preclinical studies, clinical development of rapamycin floundered due to the lack of suitable formulations. The low oral bioavailability (<15%) (Yatscoff et al., 1995) precludes tablet formulation except for low dosage treatments such as immunosuppression. Rapamycin's poor solubility in water, ca. 2.6 μg/mL, and common excipients make intravenous (i.v.) formulation difficult (Simamora et al., 2001). In addition, pharmacokinetic studies found that rapamycin strongly partition into the erythrocytes (Kd ca. 20) from where it may not readily access to solid tumors (Yatscoff et al., 1995). This led to the development of ester derivatives, e.g., Temsirolimus or CCI-779, which were more easily formulated. Despite the promise of CCI-779 for mTOR inhibition, intravenous formulations required ethanol that may cause hemolysis (Raymond et al., 2004). Furthermore, phase I trials established that the CCI-779 prodrug was rapidly hydrolyzed in the plasma back into rapamycin thus favoring again potential partition into erythrocytes and unsupportive for tumor accumulation. More recent evolutions with the derivative Everolimus in phase II leads to increase treatment-related toxicities (Chinnaiyan et al., 2018).

In order to improve rapamycine biodistribution, nanovectorization strategies have been developed. They provide a physical protection and allow freeing from solubility problems. In this work, lipid nanocapsules loaded with rapamycin (LNC-rapa) were developed as new nanocarriers for the treatment of GB. We demonstrated that encapsulated rapamycin keeps its biological effect and efficiently inhibits mTOR phosphorylation. LNC-rapa were more cytotoxics than rapamycin alone but, in association with 8Gy radiation, no synergistic effect were observed. This result could be explained by the complexity of the PI3k/Akt/mTOR in GB as demonstrated by activation of phosphorylated Akt with mTOR inhibition and dependence from oxic status.



MATERIALS AND METHODS


Materials

Lipoïd® S75-3 (soybean lecithin at 69% of phosphatidylcholine) and Solutol® HS15 (a mixture of polyethylene glycol 660 and polyethylene glycol 660 hydroxystearate) were kindly provided by LipoïdGmbh (Ludwigshafen, Germany) and BASH (Ludwigshafen, Germany), respectively. NaCl and DMSO were provided by Sigma Aldrich (St-Quentin, Fallavier, France). Deionized water was obtained from a Milli-Q plus system (Millipore, Paris, France). Lipophilic Labrafac® CC (caprylic-capric acid triglycerides) was provided by Gattefosse S.A. (Saint-Priest, France). Rapamycin was purchased from Interchim (Montluçon, France).Captex® 8000 (Triglyceride of caprylic acid), Transcutol® HP (Diethylene glycol monoethyl ether), and Miglyol® 812 (caprylic/capric triglyceride) were purchased, respectively, from Abitec (Janesville, WI, USA), Gattefosse S.A. (Saint-Priest, France) and Sasol Germany GmbH (Marl, Germany).



Reagents and Antibodies

Rapamycin was dissolved in DMSO. The final concentration of DMSO in the culture medium did not exceed 0.2%. Anti-phospho-mTOR (ab109268, diluted 1:2,000) and anti-HIF-1α (ab51608, diluted 1:2,000) were from Abcam (Cambridge, UK). Anti-phospho-Akt (#4058, diluted 1:1,000) was from Cell Signaling Technology (Beverly, MA, USA) and anti-HSC70 (sc7298, diluted 1:10,000) was from Santa Cruz biotechnology (Dallas, TX, USA). Peroxidase-conjugated anti-mouse (#32430, diluted 1:2,000) and anti-rabbit (#32460, diluted 1:2,000) secondary antibody were from ThermoScientific (Waltham, MA, USA). Lysis buffer: [50 mM Hepes (pH 7.5), 150 mM sodium chloride, 1 mM EDTA (pH 8), 2.5 mM EGTA (pH 7.4), 0.1% Tween 20, 10% glycerol, 0.1 mM sodium orthovanadate, 1 mM sodium fluoride and 10 mM β-glycerophosphate] plus Protease inhibitor cocktail (#539134 Calbiochem, Darmstadt, Germany), PMSF and Phosphatase inhibitor Cocktail Set II (#524636 Calbiochem).



Solubility Assays

Rapamycin solubility assays were performed in different oils: Captex® 8000, Labrafac® CC and Miglyol® 812. Five microgram of rapamycine were dissolved in 250 mg of oil and kept under magnetic stirring during 3 h at room temperature (RT) or at 90°C. Rapamycin concentration was determined by reverse-phase high-performance liquid chromatography (RP-HPLC) after 24 h settling at 4°C, using μBondapack C18 column (Waters Corporation, Milford, MA) with an ultraviolet detector at 278 nm. The mixture of 90% acetonitrile and 10% water (v/v) was used as a mobile phase, and delivered at a flow rate of 2.0 mL/min. The injection volume was 10 μL and the retention time was about 2.3 min.

For spectral analysis of the stability of rapamycin in Labrafac®, rapamycin was solubilized at 1 mg/mL in Labrafac® under magnetic stirring before being submitted to 3 to 6 short cycles of heating (70°C for <1 min) and cooling (RT) or incubated for 1 to 3 h at 70°C in Labrafac. Spectral analysis was then made by use of the CLARIOstar microplate reader (BMG Labtech, Champigny-sur-Marne, France).



Formulation and Physico-Chemical Characterization of Empty (LNCs) and Rapamycin-Loaded Lipid Nanocapsules (LNC-rapa)

LNCs were prepared according to a phase-inversion process adapted from Heurtault et al. (2002). This process involves the formation of an oil/water microemulsion containing an oily/fatty phase (triglycerides: Labrafac® WL 1349), a non-ionic hydrophilic surfactant (polyethylene glycol hydroxystearate: Solutol® HS15), and a lipophilic surfactant (lecithin: Lipoïd® S75-3). Briefly, 21 mg of Lipoïd® S75-3, 138 mg of Solutol® HS15, 345 mg of Labrafac®, 104 mg of NaCl and 898 mg of deionized water were mixed by magnetic stirring. 5 mg of rapamycin were added to other reagents for a final concentration of 1 mg/mL. Three cycles of progressive heating and cooling between 30 and 70°C were then carried out and followed by an irreversible shock, induced by addition of 3.6 mL of 0°C deionized water. Afterwards, slow magnetic stirring was applied to the suspension for 5 min. LNCs were filtered through a Minisart® 0.2 μm filter (Sartorius, Goettingen, Germany) and kept at 4°C. The average diameter and polydispersity index were determined using Malvern Zetasizer® Nano Serie DTS 1060 (Malvern instruments S.A., Worcestershire, UK).

Encapsulation of drug: For determination of drug encapsulation yield, three samples of filtrate were prepared by dissolution of an exact quantity of LNC dispersion in a 96/4 (v/v) methanol/tetrahydrofurane solution. Free rapamycin (non-soluble) was removed by the filtration performed through the Minisart® 0.2 μm filter and its concentration measured by spectrophotometry at 289 nm. Quantification was achieved by comparison between observed peak area ratios of rapamycin of the samples and a calibration curve performed using the same conditions. Samples were performed in triplicate and the loading capacity (LC) was calculated using the following equation:
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The encapsulation efficiency (EE) of rapamycin was calculated using the Equation (2):

[image: image]

For electrical conductivity measurements, an electrical conductivity meter (Cond 330i/SET, WTW, Germany) was used in non-linear temperature compensation mode according to EN 27888. The conductivity variations were followed as a function of temperature to determine the emulsion inversion zone.



Cell Culture and Exposure to Hypoxia

Human malignant glioma cell lines U87MG were purchased from American Tissue Culture Collection (Rockville, MD). Tumor cells were cultured in Dulbecco's modified Eagle's medium 4.5 g/L glucose and L-glutamine (DMEM, Lonza, Verviers, Belgium) supplemented with 10% of heat-inactivated fetal bovine serum (FBS, Lonza) and 1% antibiotics suspension (10 units/mL of penicillin, 10 mg/mL streptomycin and 25 μg/mL amphotericin B, Sigma-Aldrich, Saint-Louis, MO, USA). Tumor cells were incubated at 37°C in 5% CO2 and 21% (normoxia) or 0.4% O2 (hypoxia). Hypoxia conditions were obtained by use of an InVivO2 400 SCI-tive hypoxia workstation (Ruskinn Technology, Ltd., Leeds, UK).



Irradiation Procedure

Irradiation was performed with the CP-160 cabinet x-ray system (Faxitron, Edimex, Le Plessis Grammoire, Angers, France) which delivers a dose of 1,5 grays by min. Irradiation was performed during 5.33 min in order to reach the dose of 8 grays. Irradiation was performed with cells covered. Depending on the condition considered, the cells were placed throughout the experiment in a conventional 21% O2 incubator at 37°C/5% CO2 (normoxia) or 0.4% O2 (hypoxia) at 37°C/5% CO2 in an InVivO2 400 SCI-tive hypoxia workstation (Ruskinn); they are only placed in an isolated flask for the duration of the irradiations.



Cytotoxicity Evaluation

Two assays were performed to determine the cytotoxicity effect of LNC-rapa on the glioblastoma cell line U87MG:MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (Promega, Charbonnières, France) and clonogenic assay by crystal violet coloration (Sigma-Aldrich).

For the MTS assay, U87MG cells (5 × 104 cells/mL) harvested in the exponential growth phase were seeded in a 24-well plate in DMEM medium with 10% FBS, in humidified atmosphere (5% CO2) at 37°C. Once the cells incubated in the exponential growth phase, serum-contained medium was removed and replaced by serum-deprived DMEM supplemented with 1% N1 supplement (Sigma-Aldrich). Free rapamycin dissolved in DMSO (1/10,000, non-toxic) was applied at various concentrations (0.04; 0.2; 1; 5; 10; 20; 100; 200 μM) for 4 h. 8Gy radiation was performed 6 h after the onset of initial treatment by Faxitron CP-160 (Faxitron X-rays, Lincolnshire, UK). Medium was changed every day. Forty-eight hours following the treatment, MTS reagent was diluted (1:5) in U87MG cell medium and incubated for 2 h at 37°C. The absorbance was measured at 492 nm using Multiskan® microplate spectrophotometer (Thermo Scientific).

For the clonogenic assay, U87MG cells (103 cells/mL) harvested in the exponential growth phase were seeded in a 6-well plate in DMEM medium with 10% FBS, in humidified atmosphere (5% CO2) at 37°C. Once the cells incubated in the exponential growth phase, serum-contained medium was removed and replaced by serum-deprived DMEM supplemented with 1 % N1 supplement. Cells were treated for 4 h with rapamycin, LNC-rapa at 1 μM (IC50 LNC-rapa at 21% O2 corresponding to a 1/1,000 dilution from initial suspension) and with empty LNCs at the same dilution than LNC-rapa. 8Gy radiation was performed 6 h after the treatment by Faxitron CP-160. Ten days after treatment, colonies were colorized by crystal violet and their number was evaluated with ImageJ Software version 1.43.

Depending on the condition considered, the cells were placed throughout the experiment in a conventional 21% O2 incubator at 37°C/5% CO2 (normoxia) or 0.4% O2 (hypoxia) at 37°C/5% CO2 in an InVivO2 400 SCI-tive hypoxia workstation (Ruskinn); they are only placed in isolated flasks for the duration of the irradiations.



Western Blotting

U87MG cells (2.4 × 105 cells/mL) harvested in the exponential growth phase were seeded in dishes in DMEM medium with 10% FBS, at 37°C in humidified atmosphere containing 5% CO2 and 21 or 0.4% O2. Once the cells incubated in the exponential growth phase, serum-contained medium was removed and replaced by serum-deprived DMEM supplemented with 1% N1 supplement. Cells were treated with rapamycin, LNC-rapa at 1 μM and with empty LNCs at the same dilution than LNC-rapa. 8Gy radiation was performed 6 h after the treatment by Faxitron CP-160 (cf. section Irradiation Procedure).

Sixteen hours after rapamycin initial treatment (untreated, rapamycin, LNC, LNC-rapa), soluble proteins for immunobloting were harvested from tumor cells lysed in 300 μL lysis buffer on ice. Cells were scrapped and lysed by sonication for 10 s.

Equal amounts of protein from each sample, estimated by the Bio-Rad Protein Assay (Richmond, CA), were separated by electrophoresis through a 4–20% SDS-polyacrylamide gel (Mini-protean® TGX™ Ge, BioRad), transferred to PVDF membranes (AmershamHybond, GE Healthcare, Buckinghamshire, UK) and blocked with 4% non-fat dry milk in 1X TBS plus 0.1% Tween 20 at RT for 1 h. The membranes were washed and incubated with a primary antibody diluted in 2% BSA in 1X TBS plus 0.1% Tween 20 overnight at 4°C. The membranes were then washed and incubated again for 1 h at RT with peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody. The bound antibody was detected using the enhanced chemiluminescence reagent kit SuperSignal West Femto (Thermo Scientific, Waltham, MA, USA) and read with a bioluminescence detector Image Quant Las 4000 (GE Healthcare, USA).



Statistical Analysis

Three independent biological replicates were performed for all experiments described in this manuscript. Statistical analyses were performed with R software using two-way analysis of variance (ANOVA) test. Differences were considered significant if the p-value was ≤ 0.05.




RESULTS


Formulation and Physicochemical Characterization of Rapamycin-Loaded LNCs

As a lipophilic molecule with logP = 4.3, rapamycin can be encapsulated in the lipophilic core of lipid nanocapsules. The formulation of LNCs via a phase-inversion process described by Heurtault et al. (2002) involves three cycles of heating/cooling between 60 and 90°C. However, rapamycin degrades at higher temperatures as observed during the solubility assay. Three different oils were tested for the dissolution of rapamycin at room temperature (RT) and at 90°C: Captex® 8000, Miglyol® 812 and Labrafac®. Rapamycin concentration in the supernatant was determined by HPLC and the results are summarized in Table 1. At 90°C, rapamycin is completely degraded whatever the oil used. At RT, rapamycin has a comparable solubility in all three oils.


Table 1. Rapamycin solubility in different oils at RT and at 90°C.

[image: Table 1]

Finally, Labrafac®, pharmaceutically acceptable and in which the stability of rapamycin is confirmed during short cycles of heating and cooling at 70°C (Supplementary Figure 1), was used for the formulation of empty and rapamycin-loaded LNCs. Hence, a lower temperature (70°C) was employed in order to avoid rapamycin decomposition. To decrease the phase inversion temperature from 90 to 70°C, we increased the concentration of NaCl aqueous solution. Electrical conductivity of the micro-emulsion was measured as a function of temperature for the “classical formulation” with 0.5 M NaCl and for the formulation with 2 M NaCl (Figure 1). A steady state at a high conductivity value indicates that the continuous phase of the emulsion is water, whereas conductivity close to zero means that the continuous phase is oil. The region where the conductivity gradually changes with temperature represents the phase inversion from oil-in-water emulsion to water-in-oil emulsion. Figure 1 shows that the phase inversion occurs at lower temperature (70°C) when 2 M NaCl aqueous solution is used as compared to 0.5 M NaCl solution (90°C). Thus, increasing NaCl concentration allows us to perform rapamycin encapsulation in non-degrading temperature range between 30 and 70°C.


[image: Figure 1]
FIGURE 1. Micro-emulsion conductivity. Micro-emulsion conductivity during cycles of heating/cooling for LNCs formulation performed with 2 M or 0.5 M NaCl aqueous solution.


Empty and rapamycin-loaded LNCs were characterized in terms of their average size and zeta potential. These values are presented in Table 2. LNC-rapa have an average size of 112.6 ± 8.4 nm with a polydispersity index (PDI) of 0.044 ± 0.011. The zeta potential is of −5.5 ± 0.4 mV. Rapamycin encapsulation efficiency and loading capacity were determined using the equations 1 and 2, these values are also reported in Table 2. The encapsulation efficiency is of 68.8 ± 7.1 wt% thus representing a loading capacity of the nanoparticle of 0.6 ± 0.1 wt%. This encapsulation efficiency rate was considered in the calculation of rapamycin concentration in biological assays. Insofar as low temperature-made LNC can exhibit fluctuations in their long-term stability with regard to preservation methods not yet fully elucidated, the LNCs used throughout of this work were prepared extemporaneously (Supplementary Table 1).


Table 2. Physicochemical parameters of LNC-rapa.
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Effect of Rapamycin-Loaded LNCs (LNC-rapa) on mTOR Phosphorylation in U87MG Cells Depending on Oxic Condition and Exposure to Radiation Treatment

Rapamycin binds FKBP12 and the complex FKBP12/rapamycin inhibits mTOR phosphorylation that leads to 4E-BP1 dephosphorylation and inhibition of translation. To check if rapamycin encapsulated within LNCs keeps its biological proprieties, human U87MG glioblastoma cells, that are PTEN negative and thus overactivate Akt/mTOR signals, were treated with empty LNCs, LNC-rapa and free rapamycin dissolved in DMSO. The cells were cultured in serum-free medium in atmosphere containing either 21% O2 or 0.4% O2.

As cytotoxicity assay performed by MTS with free rapamycin demonstrated a toxic effect only at high concentrations, with more impact in normoxia than in hypoxia (IC50 of 20.54 μM at 21% pO2 and 34.65 μM at 21% pO2 and 0.4% pO2, respectively, Supplementary Figure 2), the choice to use a relevant far much lower concentration while using the LNC nanocarrier was made. Hence a concentration of 1 μM (corresponding to the IC50 LNC-rapa at 21% O2 and to a 1/1,000 dilution from the initial suspension while using LNC) was applied all throughout the work.

Western blot analysis was performed and relative phosphorylation was determined by volumetric ratio of p-mTOR/HSC70. The results presented in Figure 2A indicate that rapamycin-encapsulated within LNCs effectively inhibits mTOR phosphorylation (Ser2448) with modalities much more effective in hypoxia than in normoxia.


[image: Figure 2]
FIGURE 2. Effects of LNC-rapa assessed on mTOR phosphorylation in U87MG cells depending on oxic condition and exposure to radiation treatment. U87MG cells were treated with rapamycin, empty LNCs (LNC) or rapamycin-loaded LNCs (LNC-rapa), and maintained at two oxygenation conditions: 21 and 0.4% O2 before proceeding to western blot analysis. Relative phosphorylation of one representative experiment was determined by volumetric ratio of p-mTOR/HSC70. (A) 0Gy. (B) 8Gy irradiation.


This observation is consistent with the one made by Brugarolas and coworkers who notably showed that hypoxia induced mTOR inhibition through TSC1/TSC2 tumor suppressor complex and the hypoxia-inducible gene REDD1/RTP801. They demonstrated that in contrast to energy depletion, mTOR inhibition by hypoxia does not require AMPK or LKB1 but depend on increased expression of the hypoxia inducible REDD1 gene. They also showed that down-regulation of S6K, an mTOR target, phophorylation by Redd1 requires Tsc2 and Redd1 probably acts up-stream of the Tsc1/Tsc2 complex to down-regulate mTOR function in response to hypoxia (Brugarolas et al., 2004). Thus, at 0.4% oxygenation, mTOR is inhibited by rapamycin and hypoxia, with loaded-LNCs also exerting a higher effect in these conditions (Figure 2A).

As various synergies have been tested and since the conventional treatment of glioblastoma involves beam radiation, the impact of LNC-rapa on mTOR phosphorylation in U87MG cells was also tested after exposure to 8Gy irradiation. Similar results to the non-irradiated condition are obtained (Figure 2B).



Effect of LNC-rapa on U87MG Cell Growth Depending on Oxic Condition and Exposure to Radiation Treatment

To determine the effect of rapamycin encapsulated within LNCs on cancer cell survival and growth depending on the oxygen status and exposure to radiation treatment, a clonogenic assay was performed. Hence, U87MG cells were grown under two oxygenation conditions (21 or 0.4% O2) and treaded with either empty LNCs, LNC-rapa or free rapamycin at 1 μM before being exposed, 6 h later, to 0 or 8Gy irradiation. They were then maintained in culture for 10 days and colorized by crystal violet (Figure 3A). Under all the conditions tested, a very clear effect of the irradiations, in normoxia (21% pO2) as in hypoxia (0.4% O2), was observed (Figures 3B,C). Rapamycin, nanovectorized or as free, exerts only moderate effects, however significant at 0.4% O2, demonstrating the similarity of action of encapsulated LNC-rapa vs. the free form (Figure 3C). Interestingly, rapamycin and LNC-rapa do not exert any synergistic effect related to radiation treatment and even slight but significant inhibitory effects impacted radiation efficacy at 0.4% O2 (Figure 3C).


[image: Figure 3]
FIGURE 3. Effects of LNC-rapa assessed by clonogenic assay on U87MG cell growth depending on oxic condition and exposure to radiation treatment. (A) Photography of 6-wells plates containing U87MG cells treated with LNCs, rapamycin or LNC-rapa, radiated at 0Gy (top row) or 8Gy (bottom row) at 21 and 0.4% p02 and stained with crystal violet. (B,C) Cell survival was determined by measuring crystal violet staining of wells exposed to 0 and 8Gy at 21% pO2 (B) or 0.4% pO2 (C). Data show the average values from a combination of three independent experiments and error bars display the standard deviation. Two-way ANOVA test was performed between LNC-rapa condition compared to LNC condition (*p ≤ 0.05) or between rapamycin treatment condition and untreated control condition (°p ≤ 0.05) or between rapamycin treatment condition and untreated condition (#p ≤ 0.05).




Activation of Alternative Signaling Pathways in Response to Exposure to LNC-rapa in U87MG

The observed duality of the effects of rapamycin and LNC-rapa associating a strong inhibition of mTOR phosphorylation to a moderated cytotoxic effect whatever the environmental conditions used (low/high oxygen or irradiating) led us to focus on the mechanisms that control the PI3K/Akt/ mTOR pathway. Since HIF exerts negative feedback on mTOR (Brugarolas et al., 2004) and mTORC2 complex also exerts feedback control while capable to phosphorylate Akt (Sarbassov et al., 2005; O'Reilly et al., 2006), HIF-1α protein expression and phosphorylation of Akt on Ser473 (Akt-p) were evaluated. Western Blot presented in Figure 4A shows that HIF-1α protein expression is reduced when cells are treated with free rapamycin and LNC-rapa whatever oxygenation condition considered. Inversely, these treatments enhance Akt-p protein level. Figure 4B shows that at 8Gy, Akt-p protein expression is reduced related to HSC70 in comparison with the 0Gy control condition. Again the down regulation of HIF-1α protein expression by free rapamycin and LNC-rapa is observed concomitantly with the induction of phosphorylation of Akt, thus emphasizing the possible double edge sword impact of LNC-rapa due to the multiplicity of signals downstream mTOR inhibition.
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FIGURE 4. Activation of alternative signaling pathways in response to exposure to LNC-rapa in U87MG. (A,B) U87MG cells were treated with free rapamycin, empty LNCs or LNC-rapa, radiated at 0Gy (A) or 8Gy (B) and maintained at two oxygenation conditions: 21 and 0.4% before proceeding to western blot analysis. Relative phosphorylation of one representative experiment was measured by volumetry ratio of p-mTOR/HSC70.





DISCUSSION

This work demonstrated that a new safe formulation of rapamycin encapsulated in lipid nanocapsules at low temperature and without the use of organic solvent, allows keeping its activity while specifically inhibiting mTOR phosphorylation. These observations also established that the mechanism of action of rapamycin-loaded LNCs, to some extent like free rapamycin, involve distinct modalities of responses at 0.4 vs. 21% oxygenation. Indeed, protein expression analysis shows that, if mTOR phosphorylation inhibition is higher at 0.4% O2, the up-stream effector of PI3k/Akt/mTOR pathway, Akt phosphorylation, is higher too. Furthermore, free rapamycin and LNC-rapa inhibit HIF-1α expression at 21% O2 and to a lesser extent at 0.4% O2. This difference is linked to HIF-1α stabilization under hypoxia.


LNC-rapa as a New Safe Nanocarrier of Rapamycin

In the present study, we developed lipid nanocapsules capable to efficiently encapsulate rapamycin with yield close to 70%. The formulation was done between 30 and 70°C, a temperature range that protects rapamycin from thermal degradation. Capable to cope with poor water solubility of rapamycin and bioavailability due to their capability to effectively reached intracellular cell compartment (Paillard et al., 2010), rapamycin-loaded LNCs keep rapamycin biological proprieties with an effective inhibition of mTOR phosphorylation. Although this tool fulfills its role as a vector, it does not strengthen the activity of rapamycin or one of its selective aspects in our in vitro model tested as well as through multiple conditions (8Gy irradiation, 0.4% hypoxia, 21% normoxia).

In the plethora of new rapamycin nanovector formulations currently available, the loading capacities of each of them, their application methods and loco-regional bioavailability should make it possible to resolve the problem of efficiency and possibly synergy with conventional treatments. Thus a loading capacity of 0.6% for LNC-rapa remains low compared to other systems such as polysorbate 80-coated PLGA nanoparticles (Escalona-Rayo et al., 2019), lipid-polyaniline nanoparticles (Wang J. P. et al., 2016) or PEO/PDLLA electrospun nanofibers (Wang B. L. et al., 2016). Comparative studies in particular in vivo should make it possible to understand the rationale which makes one of these vectors an appropriate tool or not.

Forrest and coworkers have developed poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-PCL) micelles loaded with rapamycin and showed that this drug was efficiently loaded within PEG-PCL up to 10 wt% (more than 1 mg/mL) (Forrest et al., 2006). Other group also demonstrated that rapamycin encapsulation within poly(ethylene glycol)-Block-poly(2-methyl-2-benzoxycarbonyl-propylene carbonate) (PEG-b-PBC) micelles reduced its toxicity (Lu et al., 2011). Shi et al. (2013) developed elastin-based protein polymer nanoparticles loaded with rapamycin and decorated with its ligand FKBP. They showed that these objects slowed down the drug release as compared to non-decorated nanoparticles. Moreover, rapamycin elastin-like polypeptide nanoparticles decreased the gross toxicity and enhanced the anti-cancer activity on human breast cancer mice model (Dhandhukia et al., 2017a,b; Peddi et al., 2020). Finally, Tyler and coworkers incorporated rapamycin into biodegradable caprolactone-glycolide (35:65) polymer beads (Tyler et al., 2011). In vitro, rapamycin was cytotoxic toward 9L cells (rat glioma cells), causing growth inhibition at a concentration of 0.01 μg/mL. No in vivo toxicity was observed at 0.3, 3, and 30% loading doses implanted intracranially. Animals treated with the highest dose of rapamycin beads (30%) consistently demonstrated significantly longer survival duration than the control and placebo groups. They also showed that radiation therapy in addition to the simultaneous treatment with 30% rapamycin beads led to significantly longer survival duration than each therapy alone.



Vectorized Rapamycin: A Double-Edge Sword “Interactor” in Cancer Cells

The result we obtained on mTOR phosphorylation by rapamycin and LNC-rapa associated with of HIF-1α down regulation and Akt phosphorylation can be linked to the observation made by Hudson et al. who reported that rapamycin inhibits both stabilization of HIF-1α and the transcriptional activity of HIF-1 in hypoxic cancer cells and mTOR dependent signals stimulate HIF-1α accumulation and HIF-1 mediated transcription in cells exposed to hypoxia or hypoxia-mimetic agent (Zhong et al., 2000). Rapamycin-sensitive functions of mTOR are not essential for the accumulation of HIF-1α but are needed for maximal expression of this protein, as well as for optimal HIF-1-dependent gene expression under hypoxic conditions. The notion that mTOR is a nutrient sensor may be particularly relevant to HIF-1 function, since decrease oxygen tensions are almost inevitable accompanied by limited supplies of glucose and amino-acids in mammalian tissues (Hudson et al., 2002). In vivo, rapamycin enhance thrombosis and also an increase in the hypoxic zone (Weppler et al., 2007). Hypoxia causes activation of the TSC1/2 complex, which functions to inhibit mTOR. This can occur both via induction of the HIF-dependent gene REDD1, and/or through activation of AMPK (Brugarolas et al., 2004; Liu et al., 2006). Rapamycin may be less effective in hypoxic regions of tumors since mTOR may already be at least partially inactivated by TSC. Thus the amount of hypoxia present at the start of treatment may play a part in determining sensitivity to rapamycin in vivo (Weppler et al., 2007) (Figure 5).


[image: Figure 5]
FIGURE 5. Rapamycin a likely double-edge sword molecular interactor in U87MG glioblastoma cells. Nanovectorized rapamycin (LNC-rapa) or rapamycin as free, solubilized in DMSO, inhibits the stabilization and transcriptional activity of HIF1α which in turn inhibits the TSC1/TSC2 inhibitor and thus promotes the activation of mTOR. On the other hand, rapamycin inhibits mTORC1 but not mTORC2, which in turn induces Akt phosphrylation. Finally, by inhibiting mTORC1, rapamycin lifts the inhibition exerted by p70s6k on IRS-1, which stabilizes this protein and induces Akt phosphorylation via the IGF-1 receptor.


The higher Akt phosphorylation at 0.4% could also explain that cells are less sensitive to rapamycin than at 21%. Indeed, U87MG cell line is PTEN null that drives to a constitutive activation of the PI3K/Akt/mTOR pathway and could explains its radioresistance. Thus, mTOR inhibition could restore radiosensitivity but our results show that maximal cytotoxic effect was observed with 8Gy radiation and rapamycin or LNC-rapa were not sufficient to improve the cytotoxicity at the concentration of 1 μM. To well-understand this phenomenon, it is important to remind that mTOR exist in two complexes: mTORC1 and mTORC2. mTORC1 contains the mTOR, Raptor, mLST8/GβL, and PRAS40 proteins and controls cell size and protein translation via two major substrates, p70S6K and 4E-BP1. Activated S6 kinase causes feedback inhibition of insulin-like growth factor 1 (IGF-1)/insulin signaling by phosphorylating insulin receptor substrate 1 (IRS-1) and causing its degradation (Tremblay et al., 2007). mTORC2 has been shown to phosphorylate Akt at the serine 473 site, which enhances the catalytic activity of Akt already phosphorylated on threonine 308 (Sarbassov et al., 2005). Rapamycin binds to FKBP-12 and this complex then binds to and causes the allosteric inhibition of mTORC1. Rapamycin effectively blocks S6K phosphorylation and also induces Akt S473 phosphorylation and Akt activity (O'Reilly et al., 2006). Physiologic activation of PI3k/Akt signaling is regulated by mTOR-dependent feed-back inhibition of IRS expression and, consequently, IGF-1 receptor (IGF-1R)/insulin receptor signaling (Tremblay et al., 2007). Rapamycin relieves this feedback and induces Akt S473 phosphorylation in an mTORC2-dependent manner, leading to Akt activation, which may attenuate its therapeutic effects (O'Reilly et al., 2006). Furthermore, mTOR inhibitory drug rapamycin up-regulates IRS-1 protein levels and induces Akt phosphorylation that increase IGF—IR/IRS-1/PI3K signaling to Akt (O'Reilly et al., 2006) (Figure 5). In line with this, mTORC2, not inhibited by LNC-rapa, has recently been described as a downstream integrator of metabolic and epigenetic landscape leading to tumor cell survival and cancer durg resistance (Masui et al., 2019, 2020).

In response of those problems, Rodrik-Outmezguine et al. (2011) used a selective ATP-competitive mTOR kinase inhibitor AZD8055. This drug inhibits 4E-BP1 phosphorylation more effectively than rapamycin. It also inhibits mTORC2 and Akt S473 phosphorylation, which leads to Akt T308 dephosphorylation and suppression of Akt activity and downstream signaling. Unfortunately, even though mTORC2 inhibition is potent and persistent, inhibition of Akt T308 and Akt substrate phosphorylation is only transient. Authors demonstrated that this re-induction resulted from hyperactivation of PI3K. In cells in which mTOR kinase inhibitors relieve feedback inhibition of receptor tyrosine kinase, leading to activation of PI3K, the result is a new steady state in which mTORC1 is potently inhibited and Akt is phosphorylated on T308 but not on the S473. This Akt species is activated and able to phosphorylate key substrates in the cells. Induction of PI3K activation depends also from cell directory of activated tyrosine kinase receptors and from active ligands available (Rodrik-Outmezguine et al., 2011).

Alternatively, Kahn and coworkers showed in vitro that addition of AZD2014, another mTORC1/mTORC2 inhibitor, to culture media 1 h before irradiation enhanced the radiosensitivity of CD133+ and CD15+ glioblastoma stem-like cells (Kahn et al., 2014). The combination of AZD2014 and radiation delivered to mice bearing GSC-initiated orthotopic xenografts significantly prolonged survival of these animals as compared to individual treatments.

In parallel, dual PI3K/mTOR inhibitors were developed, notably the NVP-BEZ235. It demonstrated suppression of mTORC1 (S6K1, S6K, and 4E-BP1) and mTORC2 (AKT) downstream components resulting in cell cycle arrest and induced autophagy (Cerniglia et al., 2012). NVP-BEZ235 showed inhibited in vivo glioma proliferation and improved anti-tumor effects compared to rapamycin analogs. Mukherjee et al. (2012) showed that NVP-BEZ235 can inhibit DNA repair proteins ATM and DNA-PKC in GB that lead to a radiosensitizing effect. Nevertheless, because of the induction of autophagy that seems to be cytoprotective (Cerniglia et al., 2012), combination therapies with NVP-BEZ235 have been explored. One strategy utilized NVP-BEZ235 with autophagy inhibitor chloroquine to show a synergistic effect in in vivo tumor apoptosis (Fan et al., 2010). In line with this, Heinze et al., underlined that under hypoxia and nutrient-poor conditions, second generation mTORC1/C2 inhibitors displayed even stronder cytoprotective effect by reducing oxygen and glucose consumption (Heinzen et al., 2019).

However, those experiences were performed mainly in vitro and could yield different results in vivo. Indeed, some groups have reported that rapamycin sensitized U87MG xenografts to fractionated radiation therapy. Eshleman and coworkers also showed that there were no radiosensitizing effects of rapamycin on U87MG in the radiation clonogenic survival assays, nevertheless, they observed a great effect in the U87 xenograft and spheroids models (Eshleman et al., 2002). They proposed that other factors could also be important for the sensitizing effect of rapamycin. For example, rapamycin induces significant changes in glucose and nitrogen metabolism, and the starvation-like metabolic state induced by rapamycin could potentially decrease oxygen consumption in solid tumors and improve overall tumor oxygenation (Hardwick et al., 1999). Any decrease in the proportion of radioresistant hypoxic cells should significantly increase the efficacy of radiation. The authors also suggested that rapamycin could inhibit host-dependent processes that contribute to the profound sensitizing effect of rapamycin in xenograft model. Furthermore, rapamycin is a potent inhibitor of endothelial cell proliferation in vitro, therefore its systemic administration can inhibit angiogenesis. It reduces VEGF production by tumor cells and the inhibition of VEGF-induced proliferation in endothelial cells (Guba et al., 2002).

In the same way, Weppler et al. (2007) investigated the combination of rapamycin with short course of fractionated radiotherapy to minimize the anti-proliferative effect of rapamycin and thus evaluate its potential to contribute to the direct cytotoxic effect of radiation. They found that rapamycin did not significantly improve radiation response but increased variability in tumor response to radiotherapy, with several individual tumors showing large increases in growth delay. Thus, they underlined the importance to determine the biological factors that mediated this differential response in order to potentially identify patients that may benefit from combination treatment.




CONCLUSION

To conclude, rapamycin-loaded lipid nanocapsules for peripheral or loco-regional administration developed in this study represent a new safe nanocarrier of rapamycin capable to convey rapamycin and preserves its biological activity on cancer cells. We showed that activation of a negative feedback following mTOR phosphorylation inhibition is a serious brake on rapamycin cytotoxicity. The first solution could consist of changing rapamycin for dual PI3K/mTOR inhibitors like the NVP-BEZ235 which has demonstrated effectiveness in vivo (Cerniglia et al., 2012), or mTORC1/mTORC2 inhibitor is AZD2014 which radiosensitizes glioma (Kahn et al., 2014). Nevertheless, rapamycin radiosensitizer effect have been proved in vivo or using fractionated radiation protocol (Eshleman et al., 2002). Moreover, if patients are biologically screened to select the most responsive ones, as underlined by Weppler et al., LNC-rapa can potentially be effective with an adapted radiation protocol.
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Supplementary Figure 1. Spectral analysis of rapamycin stability in Labrafac®. (A) Labrafac spectra at RT. (B) Labrafac spectra after 3 h heating at 70°C. (C) Rapamycin spectra after 3 h at RT in Labrafac. (D) Rapamycin spectra after six short cycles of heating and cooling (70°C to RT) in Labrafac. (E) Rapamycin spectra after 1 h heating at 70°C in Labrafac. (F) Rapamycin spectra after 3 h heating at 70°C in Labrafac. (G) Spectra of rapamycin, previously dissolved in methanol (MeOH), after three short cycles of heating and cooling (70°C to RT) in Labrafac. (H) Spectra of rapamycin, previously dissolved in methanol (MeOH), after 3 h heating at 70°C in Labrafac. Each curve represents one representative analysis of a triplicate.

Supplementary Figure 2. Survival of U87MG cells in response of free-rapamycin treatment assessed by use of MTS assay. (A) U87MG cells were treated with free rapamycin at 21% (green curve) and 0.4% (red curve) oxygenation. (B) Calculated IC50 at 21 and 0.4% oxygenation following rapamycin treatment.

Supplementary Table 1. Stability of 50 nm blank and rapamycin loaded LNC during storage at different temperatures. Note the modification of size and loss of polydispersity after 7 days storage (boxes highlighted in gray).
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Track number Status Drug Disease Route of administration
siRNA therapy
NCT01960348 Phase Il Patisiran (ALN-TTR02) hTTR - mediated amyloidosis IV infusion
NCT01858935 Phase | ND-L02-s0201 Hepatic fibrosis IV infusion
NCT02227459 Phase | ND-L02-s0201 Hepatic fibrosis IV infusion
NCT01437007 Phase | TKM-080301 Primary liver carcinoma or metastatic Hepatic arterial infusion
liver cancer
mRNA therapy
NCT04416126 Phase | ARCT-810 OTC deficiency IV infusion
NCT04442347 Phase | ARCT-810 OTC deficiency IV infusion
NCT03323398 Phase | Phase Il mMRNA-2416 Solid tumors / Lymphoma / Ovarian Intratumoural
Cancer
NCT03739931 Phase | mRNA-2752 Solid tumor malignancies / Lymphoma Intratumoural
NCT04283461 Phase | mRNA-1273 COVID-19 IM injection
Others
NCT02971007 Phase Il CAMB Vulvovaginal candidiasis Oral
NCT02629419 Phase Il CAMB Mucocutaneous candidiasis Oral
NCT04148833 Phase Il Phase Ill Paclitaxel Aortic and coronary atherosclerotic IV injection
disease
NCT03823040 Phase | Oxiconazole Tinea pedis / Tinea versicolor/Tinea SLNs loaded gel for topical

circinate

application

CAMB, encochleated amphotericin B; HSP47, Heat Shock Protein; IM, intramuscular; IV, intravenous; OTC, ornithine transcarbamylase; PLK1, polo-like kinase-1;

TTR, Transthyretin.
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R? b
NE/PCT-SMT 0.92 0.22
NE/ALG-SMT 096 027

R2, coefficient of determination; b, shape of release curve.
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Inversion phase (°C)  Size (nm) Pdl Zeta-potential (mV)  Encapsulation efficiency (% w/w)  Loading capacity (%w/w)

LNC-rapa 70 1126+ 84  004+001 -55£05 68871 06+0.1
LNC 90 923+26 0.05 +0.02 -86+06 0 [

Average particle size, PDI, zeta potential, encapsulation efficiency (EE) and loading capacity (L.C) of empty and rapamycin-loaded LNCs.
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Lipid Research area Subjectof study  Immobilized Sensor chip and surface References
nanoparticle ligand/analytein  immobilization chemistry
solution
Liposomes  Molecular Interaction with Target protein/LNP  Au-GMD chip, amide coupling (3.1) Laukkanen et al., 1994; Nielsen
interactions involved  biological targets etal, 2002; Terada et al., 2007;
in drug delivery @.1.1) Mizrahy et al., 2011; Etzerodt et al.,
2012; Ding et al., 2015; Shi et al.,
2015a,b; Xiang et al., 2015; Gregori
etal., 2017; Huang et al., 2019
Au-alginate chip, amide coupling (3.1) Gobbi et al., 2010; Mourtas et al.,
2011
Au chip, biotinylated thiol layer (3.2) Viitala et al., 2012
Au-CMD chip, amide coupling, A-Ahmady et al., 2014
streptavidin (3.2)
LNP/target protein ~ Au 1-octadecanethiol SAM chip (3.3) Tamiaki et al., 2006

Obtention and
characterization of
LNP's formulations

Hybrid NPs ~ Obtention and
characterization of

LNP's formulations

Molecular
interactions involved
in drug delivery
Quantification and
molecular
characterization of
exosomes

Exosomes

SIN Molecular
interactions involved

in drug defivery

NLC Molecular
interactions involved
in drug delivery
Molecular
interactions involved

in drug defivery

VLP

Interaction with
serum proteins
@12)

Interaction with ECM
matrix (4.1.3)
Interaction between
components of the
formulations (4.2.1)

Response to organic:
molecules (4.2.2)

Interaction between
components of the
formulations (4.2.1)

Interaction with
biological targets
@.1.1)
Quantiication of
exosomes (4.3)

Identification of
exosomal proteins
“3)

Interaction with
biological targets
@.1.9)
Interaction with
serum proteins
@12
Interaction with
biological targets
(4.1.1)
Interaction with
biological targets
@.1.9)

Cell membrane
modeV/LNP

Cell/LNP

Bacterial
biofilm/LNP

LNP/protein

Protein/LNP

Protein/ LNP

LNP/protein

LNP/PEG
Protein/LNP
LNP/detergent

LNP/ glucose
Hybrid NP/targeting
peptide

Liposome/polymeric
NP

Hybrid NP/cell

Specific biotinylated
antibody/exosome

Streptavidin/
biotinylated
exosome

Specific biotinylated
antibody/exosome

Protein/LNP

Proteir/LNP

Protein/LNP

Cell membrane
model/LNP

Au chip, 11-mercapto 1- undecanol SAM
©3)

Aulipid- capture chip (3.3)

Au-CMD chip, amide coupling (3.1)

Au chip, incubation with diluted bacterial
culture suspensions

Aulpid- capture chip (3.3)
Au chip, 1-octadecanethiol SAM (3.3)
Au chip, biotinylated thiol layer,
streptavidin (3.2)

Au-CMD chip, amide coupling (3.1)

Au-aginate chip, amide coupling (3.1)
Au-CMD chip, amide coupling (3.1)

Aulipid- capture chip (3.3)

Auchip 3.4)
Au-CMD chip, amide coupling (3.1)
Aulpid capture chip (3.3)

Auchip 3.4)
Au lipid- capture chip (3.3)

Aulipid- capture chip (3.3)

Aulipid. capture chip (3.3)

Au chip, biotinylated thiol layer,
streptavidin (3.2)

Au chip, biotinylated thiol layer (3.2)

Au chip, thiolated PEG /streptavidin (3.2)

Au-aiginate chip, amide coupiing (3.1)

Au chip, 11-mercaptoundecanoic acid

SAM, amide coupling (3.1)

Au-CMD chip, amide coupling (3.1)

Aulipid- capture chip (3.3)

Sandoval-Altamirano et al., 2017

Cai et al.,, 2014; Wang et al., 2014

Guo et al., 2014
Sugano et al., 2016

Akita et al., 2015; Shibata et al.,
2015; Kari et al., 2017

Malmsten, 1999; Efremova et al.,
2000
Meierhofer et al., 2010

Crielaard et al., 2011
Canoviet al., 2012
Wadajkar et al., 2019

Rauscher et al., 2014; Skyttner
etal, 2019

Zhao etal., 2010
Yatuv et al., 2009
Shibata et al., 2012

Seong et al., 2003
Soman et al., 2008; Pan et al., 2011

Gaoetal, 2014

Soman et al., 2009

Rupert et al., 2016

Rupert etal,, 2014

Imetal., 2017

Gobbi et al., 2010

Dilanni et al., 2017

Rafique et al,, 2019

Jedynak et al., 2018

Parentheses indicate subsections where subjects of study and surface immobilization chemistries are described.
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Drugs Stage of the disease Administration via Adverse reactions References
WHO-recommended drug treatments
Pentamidine
VW\@\/ First stage Intramuscular Hyperglycemia or hypoglycemia, prolongation of the QT (Nok, 2003)
interval on electrocardiogram, hypotension, and
" = gastrointestinal features.
Suramin
A i OO First stage Intravenous Renal failure, skin lesions, anaphylactic shock, bone (Nok, 2003)
«BZ}\CI L Yl) marrow toxicity, and neurological complications such as
S i peripheral neuropathy
Melarsoprol
): Second Stage Intravenous Reactive arsenical encephalopathy (RAE) has been (Nok, 2003; Eperon et al., 2014)
N atiributed to the toxic effect of melarsoprol, peripheral
)‘\ /)\ neuropathy, cutaneous reactions, renal or hepatic
SRS dysfunction, allergic or hypersensitivity reactions
Eflornithine
- on Second stage. Only useful Intravenous Generally, are reversible after the end of treatment. (Burr, 2010; Alrol et al., 2013)
against T. b. gambiense Conwuisions, gastrointestinal symptoms such as nausea,
- ° vomiting, and diarrhea; bone marrow toxicity leading to
4 anemia, leukopenia, and thrombocytopenia
¢
Nifurtimox & Effornithine First and second stage Intravenous (eflornithine)  Convulsions, gastrointestinal symptoms such as nausea,  (Burr, 2010; Yun et al., 2010;
Oral (nifurtimox) vomiting, and diarrhea; Genotoxicity, neurotoxicity Kuemmerle et al., 2020)
Fexinidazole
First and second stage of .~ Oral Headache and vomiting (Tanral et al., 2014; Fairlamb, 2019;
b. gambiense infection ClinicalTrials.gov NCT01685827, 2020;
ClinicalTrials.gov NCTO3025789, 2020)
Acoziborole (SCYX-7158)
"N First stage Oral Diarrhea, constipation, nausea, vomiting, abdominal (ClinicafTrials.gov NCT01533961, 2020;
o . Second stage pain, headaches ClinicalTrials.gov NCT03087955, 2020;
\! Dickie et al., 2020)
P —
/
W
o
Fexinidazole
h P Firstand second stage of T Oral Results have not been disclosed yet (GlinicalTials. gov NCT03974178, 2020)

b. rhodesiense infection
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Drugs Stage of the disease Administration  Adverse reactions References
via
Drugs used to treat Chagas disease recommended by WHO
Benznidazole Acute phase oral Rashes, peripheral neuropathy, hypersensitivty syndromes with ~ (Bern et al., 2007; Mecca et al., 2008;
First ine of treatment Chronic phase fever, ymphadenopathy, exoliative dermatitis, anorexia, nausea,  Crespillo-Andjar et al., 2020;
[ vomiting, weight loss, and insomnia CinicalTrials.gov NCT03191162, 2020;
N)I\/" 7 CinicalTrials.gov NCT03981523, 2020)
o
Nifurtimox Acute phase oral Anorexia, weight loss, psychic disorders, iritabilty, insomnia, (Urbina and Docampo, 2003; Ben et al,, 2007;
W (for those patients who do nausea, darrhea Maya et al., 2007; Boiani et al., 2010; Hal et al.,

not tolerate benznidazole)

e
N
=
N
0,
N\

Undergoing clinical trials

2011; ClinicalTrials.gov NCT03981523, 2020)

Posaconazole Acute phase Oral Drug interactions related to CYP3A4 inhibition. Caution must be (Molina et al., 2014; Morillo et al., 2017; Urbina,
;/"k Chronic phase taken when coadministered with other CYP3A4 substrates. Care  2017; ClinicalTrials.gov NCTO1377480, 2020;
= must be taken when administered to a patient with arthythmic ~ Echeverria et al., 2020)
\(_Y“ disorders or taking proarrhythmic drugs
Acute phase Oral Headache and vomiting of acceptable intensity (Neal and van Bueren, 1988; Bustamante and
Chronic phase Tarleton, 2014; ClinicalTrials.gov
NCT02498782, 2020; ClinicalTrials.gov
NCT03687766, 2020)
Acute phase oral Not informed (Urbina et al., 2003; ClinicalTrials. gov
NCT01489228, 2020; CiinicalTrials.gov
NCT03378661, 2020; ClinicalTrials.gov
NCT03892213, 2020)
4
Chronic phase
Selenium For prevent Chagas Oral Not reported (Holanda et al., 2018; ClinicalTrials.gov
cardiomyopathy NCTO0875173, 2020)
Colghicine, For prevent Chagas oral Not reported (ClinicalTriels. gov NCT08704181, 2020)
”’ cardiomyopathy
oy !
e
Ar.r}fodarcne Oral Not reported (Bellera et al., 2013; Carmo et al., 2015;
ClinicalTrials.gov NCT03193749, 2020)
2\ i
N
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Drugs Stage of the disease Administration via

Adverse reactions

References

Drugs used to treat cutaneous and visceral leishmaniasis recommended by WHO
Amphotericin B, AmBD and liposomal Visceralleishmanasis v
amphotericin B, amphotericin B lipid complex,

and amphotericin B collidal dispersion

Nephrotoxicity, also myocarditis and death. The fiposoml,lipid and
coloidal formuiations show fewer side effects (tigors and chills)

(Freitas-Junior et al., 2012; ClinicalTrials.gov
NCT0265679, 2020; World Health Organization,
2020d)

o b P o
Pentavalent antimonials meglumine Visceralleishmaniasis and  Intravenous Gommon side effects are anorexia, vomiting, nausea, abdominal pain, ~ (Sundar et al., 2000; World Health Organization,
antimoniate and sodium stibogluconate cutaneous leishmaniasis Intramuscular malaise, myalgia, arthalgia, headache, metalic taste and lethargy.  2020c)

i N High cardiotoxicity, pancreatitis, nephrotoxicity, hepatotoxicity; high

“\n ¥a treatment failure (up to 85% in major epidemic areas)
megluming antimoniate
sodium stibogluconate
Paromomycin sulfate Visceral and cutaneous Intravenous Gastrointestinal symptoms including nausea, vomiting, diarrhea, and  (Ben Salah et al., 2013; ClinicalTrials.gov

. leishmaniasis Intramuscular abdominal discomfort, Nephrotoxicity and ototoxicity are rarely NCTO1140191, 2020; World Health Organization,
Topical produced 2020d)
Visceral and cutaneous Oral Gastrointestinal symptoms, nephrotoxicity, hepatotoxicity, (Dorlo et al., 2012; GiinicalTrials.gov
leishmaniasis teratogenicity NCT08129646, 2020; World Health Organization,
2020d)
Visceral and cutaneous Intravenous Diabetes melltus, severe hypoglycemia, shock, myocardilis, and (ClinicalTrials.gov NCT02919605, 2020; World
leishmaniasis. Intramuscular renal toxicty; | Health Organization, 2020c)
Undergoing clinical trials
Mitefosine + liposomal amphotericin B + Post Kala Azar Dermal Oral (miltefosine) Not reported yet (ClinicalTrials.gov NCTO3399955, 2020; Drugs for
paromomycin Leishmanioid Intravenous (iposomal Neglected Diseases iniiative, 2020g)
amphotericin)
Intramuscular
(paromomycin)
Mittefosine + paromomycin Visceralleishmaniasis Oral Not reported yet (ClinicalTrials.gov NCT03129646, 2020)
Mitefosine + paromomycin Cutaneous leishmaniasis  Oral (miltefosine) Topical (ClinicalTrials.gov NCT03829917, 2020)
(paromomycin)
DNDI-0690 Visceral and cutaneous Oral Not reported yet (ClinicalTrials.gov NGT03929016, 2020)
B leishmaniasis
Z A
[
N )
U
DNDH-6148 Visceral and cutaneous Oral Not reported yet (ISRCTN registry, 2020)
N o leishmaniasis
4 Ao J
sbages
w0
GSK3186899/DDDB53651 (suspended) Visceralleishmaniasis Oral Not reported yet (ClinicalTrials.gov NCT03874234, 2020)
f
" 0
Yi
Swi
&
GSK3494245/DDD1305143 Visceral leishmariasis Oral Not reported yet ClinicalTrials.gov Identifier: NCT04504435
. Not reported hitps:/dndi.org/wp-content/uploas/2020/06/

. ) Visceral and cutaneous Oral
] } %., leishmaniasis

DNDi-June2020-RDPortfolio.paff
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