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Abstract

:

The inclusion of fluorine motifs in drugs and drug delivery systems is an established tool for modulating their biological potency. Fluorination can improve drug specificity or boost the vehicle’s ability to cross cellular membranes. However, the approach has yet to be applied to vaccine adjuvants. Herein, the synthesis of fluorinated bioisostere of a clinical stage immunoadjuvant—poly[di(carboxylatophenoxy)phosphazene], PCPP—is reported. The structure of water-soluble fluoropolymer—PCPP-F, which contains two fluorine atoms per repeat unit—was confirmed using 1H, 31P and 19F NMR, and its molecular mass and molecular dimensions were determined using size-exclusion chromatography and dynamic light scattering. Insertion of fluorine atoms in the polymer side group resulted in an improved solubility in acidic solutions and faster hydrolytic degradation rate, while the ability to self-assemble with an antigenic protein, lysozyme—an important feature of polyphosphazene vaccine adjuvants—was preserved. In vivo assessment of PCPP-F demonstrated its greater ability to induce antibody responses to Hepatitis C virus antigen when compared to its non-fluorinated counterpart. Taken together, the superior immunoadjuvant activity of PCPP-F, along with its improved formulation characteristics, demonstrate advantages of the fluorination approach for the development of this family of macromolecular vaccine adjuvants.
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1. Introduction


The inclusion of fluorine atoms in drugs and drug candidates remains one of the most indispensable tools for researchers in the field of medicinal chemistry [1,2,3]. Due to its small size and strong electron-withdrawing property, fluorine is widely used to effectively modulate biologically relevant properties of pharmaceuticals. Fluorination can enhance potency and specificity of a drug, modify its metabolic pathways and moderate the dissociation constants of proximal functionalities, therefore creating molecular analogs—bioisosteres, which offer significant advantages [1,2]. The field, which is driven by a deeper understanding of this remarkable element and its ability to improve the pharmacokinetic and pharmacodynamics profiles of drugs, continues to grow. In 2021 only, nine out of fifty new drugs approved by the FDA featured fluorine-containing groups, illustrating the importance of the approach [4].



The insertion of fluorine motifs in macromolecular agents also proves beneficial for drug and vaccine delivery applications, such as gene transfection [5,6]. Fluoropolymers display a superior ability to penetrate cell membranes due to the extremely low free energy of water-interface transfer and limited miscibility with phospholipids, which minimizes their retention within the cell membrane [5,7]. Recent reports also suggest the advantageous effects of omniphobic fluoropolymers for the efficient cytosolic delivery of proteins [7]. Moreover, fluoropolymer-based nanoparticles show an enhanced ability to promote vaccine antigen transportation into the cytosol of dendritic cells, leading to effective antigen cross-presentation [8]. Therefore, fluoropolymers may offer potential advantages for the development of vaccines, for which cross-membrane delivery, dendritic cell activation and antigen presentation constitute essential features of their mechanism of action.



Induction of robust immune responses by subunit vaccines has become increasingly reliant on the aid of immunoadjuvants [9,10,11,12,13]. Water-soluble ionic polyphosphazenes—hybrid organic–inorganic macromolecules—are potent vaccine adjuvants which realize in vivo activity via synergistic antigen delivery and immunostimulation mechanisms [14,15]. Poly[di(carboxylatophenoxy)phosphazene] (PCPP) is an important representative of this class of immunoadjuvants, which has demonstrated its safety and potency in clinical trials [16,17,18,19] and continues to show significant potential with newly emerging antigens or with alternative administration routes, such as microneedle-based intradermal vaccination [20,21,22,23,24,25]. The ability of PCPP to promote immune responses of enhanced magnitude, breadth and durability is closely associated with its exceptional capability to spontaneously self-assemble with antigenic proteins under physiological conditions [21,25,26,27,28]. However, mechanistic aspects of its immunoadjuvant activity are yet to be thoroughly investigated. To that end, synthesis of structural analogs of PCPP presents an important strategy not only for the potential improvement of its in vivo and formulation performance, but also in terms of studying the structure–activity relationship in the system and enhancing our knowledge of the mechanistic aspects of its action as an immunoadjuvant.



The present study reports on the synthesis and physico-chemical characterization of a fluorinated derivative—the bioisostere of the PCPP immunoadjuvant. The results demonstrate that fluorination of polymer side groups resulted in improved formulation characteristics of the macromolecular system without affecting its main biophysical features, such as self-assembly with antigenic protein and ability to undergo hydrolytic degradation at near physiological conditions. In vivo studies with Hepatitis C virus (HCV) antigen revealed the potential of the fluorinated immunoadjuvant in boosting both the magnitude and the quality of the immune response. The results create a basis for further exploration of the fluorinated bioisosteric modification strategy for this class of macromolecular adjuvants.




2. Results


2.1. Synthesis and Characterization of PCPP-F


PCPP-F was synthesized via a three-step procedure involving ring-opening polymerization of hexachlorocyclotriphosphazene, macromolecular substitution of the resulting polydichlorophosphazene (PDCP) with methyl-2-fluoro-4-hydroxy-benzoate and base-catalyzed hydrolysis of ester functions to yield acid functionalities in the side group (Figure 1a). Although the synthetic route was similar to the one previously described for PCPP [29,30], more mild substitution conditions (50–60 °C vs. 150–160 °C for PCPP) were used in an effort to avoid potential degradation of the polymer. Addition of aqueous potassium hydroxide to the substituted polymer resulted in the formation of precipitate, which was dissolved in water and purified via repeated precipitations in ethanol.



PCPP-F structure and complete substitution/deprotection of the polymer were confirmed using 1H, 31P and 19F NMR spectroscopy (Supplementary Materials, Figure S1). Size-exclusion chromatography (SEC) and dynamic light scattering (DLS) analysis revealed the high molar mass of the polymer and its unimodal distribution (Figure 1b,c and Table 1). The UV spectrum of PCPP-F is practically identical to that of PCPP, although a slight blue shift may be observed for the fluorinated derivative (Figure 1d). This may be indicative of a higher ionization degree of PCPP-F at neutral pH polymer, as hypsochromic shift is typically observed upon dissociation of hydroxybenzoic acid [31].




2.2. Aqueous Solubility of PCPP-F


The solubility of PCPP is generally limited to neutral and basic solutions, which imposes some restrictions on its use with slightly acidic vaccine formulations. Therefore, it was important to evaluate the ability of PCPP-F to resist pH-induced aggregation. Molecular size distributions of PCPP-F and PCPP in solutions of various pHs were compared using the DLS method. Similarly to PCPP, the fluorinated polymer displayed excellent solubility in basic solutions, maintaining its monomodal size distribution (Figure 2a,b). However, the pH response of polymers under acidic conditions revealed substantial differences. While the threshold of aggregation of PCPP was at pH 5.8, PCPP-F showed much stronger resilience, and its phase separation was only observed under significantly more acidic conditions—pH 3.8 (Figure 2a–c). No difference in salt-induced aggregation of polymers was detected (Figure 2d).




2.3. Protein-Binding Capability


The immunoadjuvant potency of PCPP is closely associated with its ability to spontaneously self-assemble with vaccine antigens in aqueous solutions [21,25,26]. Protein-binding characteristics of PCPP-F were evaluated using a model antigenic protein—hen egg lysozyme, which has been intensively studied for its interactions with PCPP [28,32]. Non-covalent association of lysozyme with PCPP is typically manifested in a rise of DLS-detected hydrodynamic dimensions of the complex, with an increase in protein load above a certain threshold. The same general trend was observed for PCPP-F (Figure 3a). Although the dependence of the z-average hydrodynamic diameter of the PCPP-F complex with lysozyme on protein concentration was very similar to that of PCPP, the onset of aggregation was somewhat higher (Figure 3b).



Further analysis of lysozyme binding was conducted using fluorescence spectroscopy by comparing the ability of PCPP and PCPP-F to quench the intrinsic fluorescence of lysozyme. Both polymers were able to significantly decrease the fluorescence intensity of the protein; however, the fluorinated derivative was somewhat less effective than PCPP (Figure 3c and Supplementary Materials, Figure S2). Quenching efficiencies of PCPP and PCPP-F, which were defined as ratios of complex and protein intensities multiplied by 100 and subtracted from 100, are shown in Figure 3d.




2.4. Hydrolytic Degradation of PCPP-F


Hydrolytic degradation of polyphosphazene immunoadjuvants is an important prerequisite for their use as injectables [14,33]. The breakdown of the PCPP-F macromolecule in aqueous solution was studied by monitoring its molar mass using SEC and its molecular dimensions using DLS, and the results were compared to the degradation profile of its non-fluorinated analog—PCPP. As the kinetics of PCPP degradation at physiological temperature is relatively slow [29,33], the experiment was conducted under accelerated conditions at 80 °C.



As seen from Figure 4, SEC and DLS methods show similar degradation trends for PCPP-F. Fifty percent and twenty-five percent decreases in either molar mass or molecular diameter were observed at two and twenty days, correspondingly. The unimodal distribution of molar masses and molecular dimensions was maintained during the degradation process, which is consistent with the data previously reported for PCPP [29,33] However, the kinetics of PCPP-F degradation was notably faster than that observed for non-fluorinated PCPP (Figure 4b). The degradation of both polymers was accompanied with the release of hydroxybenzoic acid (HBA), 2-fluoro-4-hydroxybenzoic acid (F-HBA) (Figure S3) or their low-molecular-weight derivatives, as detected using SEC. As seen from the figures, the faster molar mass loss of PCPP-F in comparison with PCPP was accompanied by a greater release of the side group.




2.5. Hemocompatibility of PCPP-F


Prior to conducting animal experiments, the hemocompatibility of PCPP-F was evaluated using porcine red blood cells [34,35]. As with PCPP, no hemolytic activity was detected for the fluorinated derivative in the 6.0–7.5 pH range, which suggests a negligible effect of fluorine on polymer hemocompatibility (Figure 5).




2.6. In Vivo Activity of PCPP-F


In vivo activity of PCPP-F was evaluated in mice in formulations with soluble Hepatitis C virus (HCV) E2 antigen. The immunoadjuvant potency of PCPP-F was compared with that of non-fluorinated PCPP. The immunization schedule included a prime and three boosts.



As seen from Figure 6a, IgG titers induced by PCPP-F formulated E2 were statistically significantly higher than those induced by PCPP adjuvanted formulations. An important objective in the development of immunoadjuvants is achieving cell-mediated (T helper 1, Th1) immunity. To that end, IgG subclasses—IgG2a and IgG1 isotypes, which are commonly used as surrogate markers of Th1 and Th2 responses in mice [36,37,38]—were also monitored. Figure 6b shows that PCPP-F formulations were more effective than those of PCPP in shifting the isotype ratio towards a desirable Th1 response. Serum neutralization titers against the homologous HCV isolate (H77) show that PCPP-F formulations were characterized by a tighter clustering of neutralizing responses with less variation within the group of mice (Figure 6c). Elicitation of a more uniform and potent response to the formulated E2 antigen may be a key attribute of the PCPP-F analog.





3. Discussion


Synthesis of fluorinated molecules is one of the most common approaches in medicinal chemistry, having proved successful in boosting potency and modulating properties of small drugs [1,2,4]. Fluorination has also been reported to be advantageous in increasing the efficacy of intracellular delivery vehicles [5,7,8]. To that end, introduction of omniphobic, electron-withdrawing fluorine atoms in a vaccine adjuvant presented interest for both potentially boosting its potency and establishing a structure–activity relationship in this class of macromolecules. Copolymers of PCPP containing trifluoroethoxy side groups have been synthesized previously and displayed the appropriate water solubility [39]. However, the random distribution of hydrophobic and hydrophilic segments, along with the established hydrolytic stability of poly[bis(trifluoroethoxy)phosphazene], does not constitute an adequate basis for their use as biodegradable vaccine adjuvants and the establishment of a structure–activity relationship in the system. In contrast, PCPP-F—a water-soluble fluorinated bioisostere of PCPP adjuvant—is a homopolymer which contains two fluorine atoms in each repeat unit. In the present study, the selection of the fluorine atom’s position on the aromatic ring (Figure 1a) was mainly dictated by an intent to achieve its maximal exposure to the antigenic protein in the self-assembly process and to minimize potential complications in the macromolecular substitution step of the polymer synthesis. The polymer was successfully synthesized using the modified synthetic process developed for PCPP and displayed several distinct features differentiating it from the “parent” polymer.



Somewhat counterintuitively, the incorporation of the fluorine atom in the polymer side group, which is expected to enhance omniphobic characteristics of macromolecules, leads to a better polymer stability against aggregation induced by the acidic environment. It was suggested that the inferior solubility of PCPP may result from the unique spatial arrangements of neighboring side groups in the polymer structure [29], which are stabilized by aromatic–aromatic (π–π) association of benzene rings [40,41]. Therefore, it may be hypothesized that the incorporation of fluorine atoms in aromatic rings disturbs such attractions between aromatic systems and reduces their desolvation effect. Regardless of the mechanism, the observed improved solubility of PCPP-F in acidic solutions may prove beneficial for its applications as immunoadjuvant. Typically, it is desirable that the pH of vaccine formulations be kept close to the isoelectric point of the antigen, and therefore, a slightly acidic environment can boost the stability of some vaccines [42,43]. Furthermore, the ability of the immunoadjuvant to withstand microenvironmental pH changes may also be important when there is a need to create combination adjuvants [43].



The key feature of polyphosphazene vaccine delivery systems is their ability to effectively bind an antigenic protein payload [14]. This property of PCPP-F was assessed by studying its interactions with lysozyme using DLS and fluorescence spectroscopy. Lysozyme is a model, well-characterized protein which is frequently used as a model vaccine antigen [44,45,46]. Supramolecular dimensions of lysozyme–PCPP-F complexes monitored using DLS over a range of protein concentrations revealed similar profiles for fluorinated and non-fluorinated macromolecules, indicating comparable avidity of both polymers to lysozyme. The insight on the potential differences between PCPP and PCPP-F was further gained using the quenching effect of two polymers on protein fluorescence. The intrinsic fluorescence of lysozyme, which is mainly derived from its tryptophan residues [47], has been a convenient tool for studying the mechanism of interactions with both polymers and small molecules [48,49,50,51]. For example, dextran was reported to quench lysozyme fluorescence by modulating the local environment of tryptophan without affecting the global structure of the protein [51]. Figure 3d and Figure S2 show that although both polymers are effective in decreasing the fluorescence of lysozyme, the quenching efficiency of PCPP-F is lower than that of its non-fluorinated analog. Taken together with data on a somewhat higher threshold of complex aggregation detected using DLS (Figure 3b), it is reasonable to suggest that although the avidities of both polymers to lysozyme are comparable, there could be some distinctions in the conformational behavior of complexes, resulting in a lower proximity of PCPP-F side groups to tryptophan residues which needs to be explored further.



Another important feature of any macromolecular drug which is intended as a component of an injectable pharmaceutical formulation is its ability to undergo hydrolytic degradation. The ability of PCPP-F to undergo molecular breakdown was independently verified using SEC and DLS methods (Figure 4). Both methods showed similar kinetics of the hydrolysis and maintenance of a unimodal distribution of molar mass and molecular diameter. However, the rate of hydrolytical breakdown of PCPP-F was significantly higher than that observed for the breakdown of PCPP under the same conditions. It has been previously established that the mechanism of degradation for PCPP, with its mixed substituent copolymers and structural analogs, includes the release of side groups [29,33,52,53]. Molecular breakdown of PCPP-F was also accompanied by the release of the pendant group—F-HBA. Both molar mass loss (Figure 4b) and the release of side groups (Supplementary Materials, Figure S3) were faster for PCPP-F than for the non-fluorinated analog. The greater hydrolytic instability of PCPP may be discussed in the framework of the established concept of “good leaving group” in the hydrolysis of phosphate esters—a “good” or electron-withdrawing group can be more easily displaced to generate an anion in water [54]. The strong electron-withdrawing effect of the fluorine atom in substituted phenols is well documented and results in a higher dissociation rate of fluorinated derivatives—the pKas of m-fluorophenol and phenol are 9.33 and 9.88, correspondingly [55]. Taken together, the lower pKa of the fluorinated side group (F-HBA is a “better leaving group”) and the faster degradation rate of PCPP-F are consistent with the suggested mechanism of polyphosphazene degradation, which critically depends on the hydrolytic cleavage of the side group for the initiation of the macromolecular breakdown process [33]. The release of the side group in polyphosphazenes is then followed by the generation of the macromolecular hydroxyl derivative, the formation of the unstable phosphazane structure and ultimately the degradation of the polymer chain [33,56].



Immunoadjuvant activity of PCPP-F was evaluated using HCV E2 antigen and was compared to that of PCPP. The results show that the fluorinated macromolecule was significantly more potent in the induction of total IgG titers than its non-fluorinated counterpart (Figure 6a). Directed modulation of the immune response is yet another important objective in the development of immunoadjuvants. Effective vaccines induce both humoral and T cell responses to engender protective antibody and cellular immunity [13]. To that end, achieving T helper 1 (Th1) mediated immunity is highly desirable. Since IgG2a and IgG1 isotypes are usually employed as surrogate markers of Th1 and Th2 responses in mice, respectively [36,37,38], these subclasses were also monitored. Figure 6b shows that PCPP-F was able to shift the response toward a desirable balanced Th1/Th2 immunity, as evaluated using antibody isotype ratio (IgG2a/IgG1).



Taken together, the in vivo and in vitro evaluation of the effect of fluorination on the polyphosphazene adjuvant demonstrate substantial improvements in both the activity and formulation aspects. It needs to be emphasized that the first synthesized fluoro-derivative contained only two fluorine atoms per repeat unit of the polymer. It can be expected that further advancement of this approach can lead to even more profound alterations in biologically relevant properties of the adjuvant. Another potential advantage of fluorination may lie in the application of advanced imaging techniques to explore the mechanistic aspects and metabolic pathways of these adjuvants. Fluorinated molecules are widely used as MRI-detectable tracers for advanced in vivo visualization or for monitoring cellular processes [57,58,59]. The radiolabel tracer atom 18F has also been established as a useful positron-emitting isotope in the exquisitely sensitive Positron Emission Tomography (PET) in vivo imaging [2,3].



Although the potential of the approach appears to be substantial, further synthetic efforts need to be conscious of the drawbacks of extensive fluorination, such as decreased polymer solubility or introduction of protein-repellent properties. Therefore, the appropriate fluorination patterns should be identified in order to find the desirable balance between potential advantages of fluorinated polyphosphazene adjuvants and maintenance of their unique features—the ability to self-assemble with vaccine antigens and aqueous formulation homogeneity and stability.




4. Materials and Methods


4.1. Materials


Propyl paraben, sodium hydride, n-heptane, diglyme, ethanol, sodium phosphate monobasic dihydrate, lysozyme from chicken egg white (Sigma-Aldrich, Saint Louis, MO, USA), phosphate buffered saline, PBS (Thermo Fisher Scientific, Waltham, MA, USA) and hexachlorocyclotriphosphazene (Fushimi Pharmaceutical Co. Ltd., Kagawa, Japan) were used as received. Polydichlorophosphazene (PDCP) was synthesized using a ring-opening polymerization reaction, as described previously [30]. Methyl-2-fluoro-4-hydroxy-benzoate (Accela ChemBio Inc., San Diego, CA, USA) was dried under a vacuum for five days.




4.2. Synthesis of Poly[di(4-carboxylato-3-fluorophenoxy)phosphazene)], PCPP-F


An anhydrous methyl-2-fluoro-4-hydroxy-benzoate (11 g, 64.66 mmol) was dissolved in 50 mL of anhydrous diglyme. A suspension of sodium hydride (1.47 g, 61.42 mmol) in 10 mL of diglyme was slowly added to the methyl-2-fluoro-4-hydroxy-benzoate solution. The resulting sodium salt was added dropwise to PDCP (0.25 g, 4.32 mEq of chlorine atoms) in 20 mL of diglyme and placed in a 500 mL three-neck round-bottom flask equipped with a magnetic stirrer, after which the reaction mixture was kept overnight under nitrogen upon stirring at ambient temperature. The next day, the temperature was increased to 50–60 °C and the reaction was allowed to continue under nitrogen with stirring for 48 h. Aqueous potassium hydroxide (5 mL, 13 M) was added to the reaction mixture, stirred for 1 h and kept overnight at room temperature. The resulting precipitate was collected using centrifugation, redissolved in deionized water (10 mL) and purified repeatedly via precipitating in ethanol (200 mL). The resulting polymer was air-dried at ambient temperature. The yield was 0.625 g (75.3%). The structure of PCPP-F was confirmed using 1H NMR, with peak assignments shown below. The single 31P NMR peak demonstrates the absence of any residual side groups in the polymer.



1H NMR (400 MHz, D₂O): δ [ppm] 6.1 ppm (br, 1H Ar-H), 6.2 ppm (br, 1H Ar-H), 7.1 (br, 1H, Ar-H).



31P NMR: δ [ppm]—19.7 ppm.



19F NMR: δ [ppm]—111.5 ppm.




4.3. Physico-Chemical Characterization


1H NMR (400 MHz), 31P NMR (161.92 MHz) and 19F NMR (376.03 MHz) were recorded using an Ascend Bruker NMR spectrometer (Bruker Biospin Corp, Billerica, MA, USA). Dynamic light scattering (DLS) measurements were conducted using a Malvern Zetasizer Nano series (Malvern Panalytical, Malvern, UK) and data analysis was performed using Malvern Zetasizer 7.10 software (Malvern Instruments Ltd., Worcestershire, UK). Fluorescence spectra were recorded using a BioTek synergy neo2 multi-mode reader (BioTek Instruments, Inc., Winooski, VT, USA). UV-vis spectral analysis was conducted using a NanoDrop2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Size-exclusion chromatography (SEC) analysis of molecular masses and polymer degradation studies were conducted using an Agilent 1260 Infinity II Binary LC system equipped with a G7112B binary pump, G7167A Multisampler, G7116A multicolumn thermostat, G7117C diode array detector, G7121A fluorescence detector (Agilent Technologies, Inc., Santa Clara, CA, USA) and TSKgel GMPW size-exclusion column (Tosoh Bioscience, LLC, King of Prussia, PA, USA); PBS with 10% acetonitrile was used as a mobile phase.




4.4. Hydrolytic Degradation Studies


Degradation studies were carried out using 0.25 mg/mL solutions of PCPP and PCPP-F in PBS (pH 7.4) at 80 °C. Each formulation was dosed in a 10 mL glass vial, sealed and placed in the Thermolyne Dri-Bath Incubator (Thermo Fisher Scientific, Waltham, MA, USA). Aliquots (100 μL) were taken periodically and analyzed via DLS and SEC-HPLCs. The calibration curve was obtained using narrow poly(acrylic acid) standards ranging from 900 Da to 1500 kDa (American Polymer Standards Corporation, Mentor, OH, USA).




4.5. Hemolysis Assay


The hemocompatibility of PCMP was evaluated using a hemolysis test with porcine red blood cells (RBCs, Rockland Immunochemicals, Inc., Limerick, PA, USA) [34,35].




4.6. Animal Vaccination


Two groups of five female BALB/c mice (Charles River, Wilmington, MA, USA), age 6 to 8 weeks, were immunized intraperitoneally with 50 μg sE2 formulated with 50 μg of either PCPP-F or PCPP (day 1). Animals then received three booster vaccinations with 10 μg sE2 formulated with 50 μg of either PCPP-F or PCPP on days 7, 14 and 21. Blood samples were collected prior to vaccination on day 1 (pre-bleed) and day 28, processed for serum by centrifugation and stored at −80 °C until analysis was performed.



The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee (IACUC) of Noble Life Sciences Inc., a Maryland, USA-based contract research organization (protocol number: NLS546; approval date: 15 August 2022).




4.7. Serological Antibody Detection


To detect sE2-specific total IgG, IgG1 and IgG2a responses in mouse serum, 96-well plates (MaxiSorp, Thermo Fisher, Waltham, MA) were coated overnight with 5 μg/mL Galanthus Nivalis Lectin (Vector Laboratories, Burlingame, CA, USA) at 4 °C. Plates were washed (PBS + 0.05% Tween 20) and coated with 200 ng/well E2 for 2 h at room temperature. After blocking with Pierce™ Protein-Free Blocking Buffer (Thermo Fisher, Waltham, MA, USA) for 1 h, serially diluted sera from mice were added to the plate and incubated for 2 h. The binding of sE2-specific antibodies was detected with 1:5000 dilutions of HRP-conjugated goat anti-mouse secondary antibodies to detect total IgG (H+L), IgG1 and IgG2a (Southern Biotech, Birmingham, AL, USA) with TMB substrate (Bio-Rad Laboratories, Hercules, CA, USA). Absorbance values at 450 nm (SpectraMax M3 microplate reader) were used to determine endpoint titers, which were calculated using curve fitting in GraphPad Prism software and defined as four times the highest absorbance value of pre-immune sera. Significance comparison was performed using a Kruskal–Wallis one-way ANOVA.




4.8. Neutralization Assays


Appropriate dilutions of mouse serum were mixed with HCVpp and incubated at 37 °C for 1 h. The HCVpp–serum mixture was then added to the Huh-7 cells in 96-well plates and incubated at 37 °C for 5 h. After removing the inoculum, the cells were incubated for 72 h with DMEM containing 10% fetal bovine serum (ThermoFisher, Waltham, MA, USA) and the luciferase activity was measured using a Bright-Glo™ assay system (Promega, Madison, WI, USA). Neutralizing antibody (nAb) titers in animal sera were reported as 50% inhibitory dilution (ID50) values.





5. Conclusions


The advantages of fluorination, which is widely exploited in the field of small-molecule drugs, have yet to be fully explored for vaccine delivery systems. To the best of our knowledge, PCPP-F is the first fluorinated polyphosphazene homopolymer which shows excellent solubility in aqueous solutions and maintains key features of the vaccine delivery vehicle characteristic of clinical stage PCPP. This includes its ability to self-assemble with an antigenic protein and to undergo hydrolytic breakdown in aqueous solutions—an important prerequisite for the development of injectable macromolecules. Most importantly, the insertion of just two fluorine atoms in the repeat group of PCPP results in an improved adjuvant activity in vivo. Further research is needed to establish the boundaries of the aqueous solubility of this class of omniphobic macromolecules—limits within which they can improve biological potency, confirm preclinical safety and elucidate the role fluoropolymers can potentially play in establishing a structure–activity relationship in this class of immunoadjuvants. Furthermore, it can be expected that the presence of adequate levels of fluorine atoms in these macromolecules can advance in vivo visualization using MRI and PET imaging technologies—an invaluable approach for establishing the mechanistic aspects and metabolic pathways of polyphosphazene immunoadjuvants.
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Figure 1. Synthesis and characterization of PCPP-F. (a) Synthetic scheme for PCPP-F synthesis, (b) SEC-HPLC, (c) DLS and (d) UV-profiles of PCPP-F (DLS: 0.5 mg/mL; UV: 0.05 mg/mL PCPP-F; 100 mM phosphate buffer, pH 7.4; typical UV spectrum of PCPP is shown as a dashed line for comparison purposes). 
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Figure 2. Solubility of PCPP-F. DLS profiles of (a) PCPP-F and (b) PCPP in aqueous solutions of different pHs and z-average hydrodynamic diameter of PCPP and PCPP-F (c) vs. pH of solution (0.5 mg/mL polymer; 100 mM phosphate buffer) and (d) vs. concentration of sodium chloride (0.05 mg/mL polymer, pH 7.4). 
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Figure 3. Interactions of PCPP-F with lysozyme. (a) DLS profiles of lysozyme–PCPP-F mixtures at different protein concentrations and (b) z-average hydrodynamic diameters of lysozyme–PCPP-F and lysozyme–PCPP complexes as a function of protein concentration (0.5 mg/mL polymer, PBS, pH 7.4); (c) effect of PCPP-F on the fluorescence of lysozyme (0.05 mg/mL PCPP-F, λex—300 nm, 100 mM phosphate buffer, pH 7.4); (d) comparison of quenching efficiency of PCPP and PCPP-F on lysozyme fluorescence (0.2 mg/mL polymer, 100 mM phosphate buffer, pH 7.4). 
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Figure 4. Hydrolytic degradation of PCPP-F. (a,b) SEC results: (a) SEC chromatograms of PCPP-F after polymer incubation in aqueous solution for various time periods and (b) residual molar masses of PCPP-F and PCPP as a function of degradation time; (c,d) DLS data: (c) DLS profiles of PCPP-F after polymer incubation in aqueous solution for various time periods and (d) residual z-average hydrodynamic diameter of PCPP-F and PCPP as a function of degradation time (residual molar mass and residual diameter are expressed as percentages of the corresponding value at the beginning of the degradation study; 0.25 mg/mL polymer; 80 °C; PBS, pH 7.4). 






Figure 4. Hydrolytic degradation of PCPP-F. (a,b) SEC results: (a) SEC chromatograms of PCPP-F after polymer incubation in aqueous solution for various time periods and (b) residual molar masses of PCPP-F and PCPP as a function of degradation time; (c,d) DLS data: (c) DLS profiles of PCPP-F after polymer incubation in aqueous solution for various time periods and (d) residual z-average hydrodynamic diameter of PCPP-F and PCPP as a function of degradation time (residual molar mass and residual diameter are expressed as percentages of the corresponding value at the beginning of the degradation study; 0.25 mg/mL polymer; 80 °C; PBS, pH 7.4).



[image: Molecules 28 04218 g004]







[image: Molecules 28 04218 g005 550] 





Figure 5. Hemolytic activity of PCPP and PCPP-F in solutions of various pHs (RBCs, PBS, 0.025 mg/mL polymer; pH 7.4, 1 h, 37 °C; errors represent standard deviation, n = 3). 
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Figure 6. In vivo potency of PCPP-F. Antibody responses induced by PCPP-F and PCPP adjuvanted HCV E2 formulations in vivo: (a) serum IgG, (b) IgG2a/IgG1 ratio and (c) ID50 values against homologous HCV isolate (H77) (BALB/c mice, day 28 post immunization, individual values and the geometric mean for the distribution). P values for between-group endpoint titer values were calculated using Kruskal–Wallis analysis of variance with Dunn’s multiple-comparison test, and significant p values for comparisons of results between the immunization groups are shown (*, p ≤ 0.05; **, p ≤ 0.01). 
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Table 1. Molar masses and dimensions of PCPP-F (PBS, pH 7.4).
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Molar Mass 1

	
Molecular Dimensions 2




	
Mw (kDa)

	
Mn (kDa)

	
Đ

	
Dz (nm)

	
Pdi






	
750

	
622

	
1.2

	
69

	
0.41








1 as determined by SEC-HPLC, 2 as determined by DLS (Mw—mass-average molar mass; Mn—number average molar mass; Đ—dispersity; Dz—z-average hydrodynamic diameter; Pdi—polydispersity index).



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
a b
L 10 | PCPP oH
— 10.0
I — 8.0
9 S pH 5. =58
h 6 S— 6 "
2 2
£ &
& S 4 |
g4 £ 4
2 2 L
0 - 0 - l
10 100 1000 10 100 1000
Diameter (nm) Diameter (nm)
c d
PCPP
PCPP
1500 | ] 2000
E E
= =
T |
£ 1000  peppr 2
§ £ 1000
a o]
500 +
0 : : 0
3 4 5 6 7 8

2
NaCl (%)






nav.xhtml


  molecules-28-04218


  
    		
      molecules-28-04218
    


  




  





media/file2.png
0‘Nal F O F O
7 O®
cl. ci A 0 0
¥, C o F 0o
AT I 0
N ~ N | L 1 & KOH ]
3 l o NaCl R=Nj; T Rl
CI—/P\N,;,P\—CI Cl e O e 0]
Cl Cl 0 K@ @O
& -~
Trimer PDCP PCPP-F-Me PCPP-F
O F O F
120
b HPLC = DLS G
100 | . ~
= =)
=) I <
% 80 3 E
g 60 | 2 4 H
3 g £
5 2 S
5 40 £ 2l 2
20 |
0 0 i
0 5 10 15 20 1 10 100 1000
Time (min) Diameter (nm) Wavelength (nm)






media/file5.jpg
" b
LS
" - pepp
g
z s
P PP
= W
2
o o
0 10 0w o0s o o1s
Diameter (nm) Lysozyme (mgimi)
¢ 4w
g Lysozyme € w
2 7 pepp
- § ool T
i5 ]
8 10 P onfrteregries
i . pePPF
H ¢ Fluorescence
o »
o 0.1 02 0.0 o1 02
Lysozyme (mg/mL) Lysozyme (mg/mL)






media/file3.jpg
10 100 1000 10 100 1000
Diameter (nm) Diameter (nm)
c d
pepp
popp
1500 2000
B g
3 5 PPF
5
§ 1% [ pcrrr H
5 jo
500
o o
4 s 6 7 o 2 4
oH NaCl (%)






media/file1.jpg
o
& )@,Lﬂ/ 09,
W
,{&N s s ¥ g on o
R (PN} P-n)
e £ e
o N 2,
Trimar PoCP. = rerpeme O PCPPE
T [
LR e . s
§ : § .
N st






media/file7.jpg
200 100
a —s
160 02 2671 0ms -
220 fa
z H
) w©
H £
40 22
SEC ! SEC
o o
T s s 0 n_ 4w
Time (min) Time (days)
o 0
© 7w 20 o
s g
g H
z 3%
i :
£ Fa
2 &
DLS DLS
o »
s ) s n @
Diameter (nm) Time (days)






media/file10.png
Hemolysis (%)

X PCPP
¢ PCPP-F

Hemolysis

4 |

3
2 L

1

X X
0 < lI‘.;. O
6.0 6.5

7.5





media/file12.png
Endpoint Titer (log,,)

w

Total IgG

* %k
—_—

PCPP PCPP-F

lgG2allgG1

0.3

0.2

0.1

0.0

IgG2al/lgG1
: .- |
L
°
Pe e ®oe
PCPP PCPP-F

IDg, (logyg)

H77C

@ @

®e
gl
@

L

e®
PCPP PCPP-F






media/file9.jpg
Hemolysis (%)

Hemolysis

x PCPP
© PCPPF

75





media/file0.png





media/file8.png
200 10
a —_—-
160 0 2 26 71 Days < 80
5 2
= 120 e 60
z 5
<)
ﬁ 80 £ 40
c ®
3
40 E 20
SEC o
0 1 L 0 1 1 !
8 9 10 1
Time (min)
10 [ - 100
C 71 30 2 0 Days
8 | £ 80
8
- i o
< ° E(:‘0
2 =
2 4| =
2 B
- ‘w 40
2 L @
DLS
0 20 . : '
50 50 20 40 60
Diameter (nm) Time (days)






media/file11.jpg





media/file6.png
a4 [ b
1 DLS DLS e
12 | Ciysoryme (mg/mL) 300
..... 0
e 10 F __ 005 3
. . 0.075 c
— 200
%‘ 8 I 0125 | = v
€ g _6.175:_ 'E
t ;
2 I . .
0 .t " ."t‘ 0 1 i 1
10 100 0.00 0.05 0.10 0.15
Diameter (nm) Lysozyme (mg/ml)
c d 10
‘7° —
- 20 Lysozyme SR
> > PCPP
= Q ® R
w15 L - e ey —-
c o 80 | Koegg—i —-—
S5 'E-’
= Lysozyme -
L
S 10 | PCPP-F E,m-?gﬁqsg‘fq?Q
c " —
g [ PCPP-F
o 5 t S 60 ¢
o 3
E Fluorescence o = Fluorescence
D ]
0 0.1 0.2 0.0 0.1 0.2
Lysozyme (mg/mL) Lysozyme (mg/mL)






