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Abstract 

Poly[di(carboxylatomethylphenoxy)phosphazene], PCMP - a new member of 

polyphosphazene immunoadjuvant family is synthesized. In vitro assessment of a new 

macromolecule revealed hydrolytic degradation profile and immunostimulatory activity 

comparable to its clinical stage homologue - PCPP, however PCMP was characterized by a 

beneficial reduced sensitivity to the ionic environment. In vivo evaluation of PCMP potency was 

conducted with Human Papillomavirus (HPV) virus-like particles (VLPs) based RG1-VLPs 

vaccine. In contrast with previously reported self-assembly of polyphosphazene adjuvants with 

proteins, which typically results in the formation of complexes with multimeric display of antigens, 
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PCMP surface modified VLPs in the composition dependent pattern, which at a high polymer-to 

VLPs ratio led to stabilization of antigenic particles. Immunization experiments in mice 

demonstrated that PCMP adjuvanted RG1-VLPs vaccine induced potent humoral immune 

responses, in particular, on the level of highly desirable protective cross-neutralizing antibodies, 

and outperformed PCPP and Alhydrogel adjuvanted formulations. 
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Introduction 

New challenges in the development of contemporary vaccines, which increasingly rely on 

highly purified, but weakly immunogenic antigens, intensify quest for novel immunoadjuvant and 

vaccine delivery mechanisms.1, 2 The ability of immunoadjuvant systems to shape humoral and 

cellular responses to vaccine antigens  plays a critical role in the induction of strong and robust 

protective immunity.3 Although the majority of immunoadjuvants are based on emulsion, hydrogel, 

and nanoparticulate formulations, and frequently include multiple components, there is a growing 

interest to well-defined synthetic systems, in which immunostimulatory activity can be controlled 

and modulated through changes in their molecular structures.4, 5  To that end, a family of 

polyphosphazene immunoadjuvants, which are based on water-soluble macromolecules 

consisting of biodegradable inorganic backbone and negatively charged organic side groups, 

presents particular interest due to apparent simplicity of their macromolecular structure and 

clinically demonstrated potency.6-14 The most advanced representative of this group - 

poly[di(carboxylatophenoxy)phosphazene], PCPP (Figure 1) is a high molecular weight linear 

polyelectrolyte, which attains its biological performance by spontaneously self-assembling itself 

with vaccine antigens into water-soluble supramolecular constructs and exerting 

immunostimulatory activity.15-19 Another polyphosphazene adjuvant - 

poly[di(carboxylatoethylphenoxy)phosphazene], PCEP, which only differs from PCPP by two 

methylene groups (Figure 1) was also synthesized, and induced, somewhat unexpectedly, not 

only higher antibody levels to vaccine antigens, but also shifted the response towards desirable 

balanced Th1/Th2 immunity.10, 20-22 The mechanistic cause of such different biological behavior of 

these two structurally similar macromolecules is still not evident. It is established that the physical 

and biological properties of polyphosphazenes are critically dependent on the types of side groups 

present and on the ratios of different side groups along the same chain. This inspires synthesis 

of new macromolecules of this homologous series, in particular a polymer with a single methylene 
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group bridge between phenoxy and carboxylic acid moiety - 

poly[di(carboxylatomethylphenoxy)phosphazene], PCMP (Figure 1), which can potentially 

facilitate the establishment of structure activity relationship (SAR) in this family of adjuvants. 

PCMP is also promising candidate in terms of potential clinical safety. It is well-established that 

the degradation pathway for polyphosphazene immunoadjuvants, such as PCPP, leads to the 

release of side group and small amounts of ammonium phosphate.23 Thereby, rationally designed 

macromolecules should rely on side groups, which are physiologically benign and display known 

metabolism profile. To that end, PCMP side group - 4-hydroxyphenylacetic acid, HPA is a 

constituent of numerous foods, such as olives, cocoa beans, oats, beer, and is well-known for its 

antioxidant properties.24-29 It can be also found throughout all human tissues and biofluids.26, 27, 30, 

31 

Antigens based on virus-like particles (VLPs), which are formed by structural viral proteins 

and mimic the morphology of the pathogen, present an increasingly popular strategy for the 

development of contemporary vaccines.32-35 VLPs are efficiently taken up by dendritic cells (DCs), 

followed by DC activation, maturation, and stimulation of CD4+ T helper cells, leading to the 

induction of strong humoral and cellular immune responses.32, 33 Recently, a novel chimeric VLP-

based human papillomavirus (HPV) vaccine was developed, which uses RG1-VLPs as an 

antigenic component, and is comprised of 72 HPV16-L1 pentamers with each L1 subunit 

engineered to express a 20 amino acid sequence from the HPV16-L2 capsid protein termed RG1 

representing a type-common cross-neutralization epitope.36 When adjuvanted with aluminum salt 

formulations such as Alhydrogel,36 the RG1-VLP vaccine provides protection against a broad 

repertoire of HPV types. 

Present paper reports synthesis of a novel homologous member of polyphosphazene 

immunoadjuvant family - PCMP and compares its in vitro activity with parent macromolecule of 

this class - PCPP. In vivo potency of both adjuvants is evaluated with novel HPV VLPs-based 
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vaccine. We observe spontaneous self-assembly of polyphosphazene adjuvants with VLPs and 

describe the mechanism as surface modification, which is in contrast with previously reported 

multimerization of conventional protein antigens by polyphosphazenes. We demonstrate that in 

vivo immunoadjuvant potency of this new rationally designed PCMP macromolecule with HPV 

VLPs is superior to its PCPP counterpart and other adjuvants used in the study. 

Methods 

Synthesis of PCMP  

All anhydrous procedures were carried out under an atmosphere of dry nitrogen using Labstar 

Pro glovebox workstation (M. Braun Inertgas-Systeme GMBH, Garching, Germany) and standard 

laboratory glassware.  Ethyl 4-hydroxyphenylacetate, EHPA (24.9 g; 0.138 mol) in diglyme (100 

mL) was heated at 110°C for 30 min under nitrogen and then cooled to room temperature. A 

suspension of sodium hydride (3.15 g, 0.131 mol) in diglyme (0.01 L) was slowly added to the 

solution of EHPA while stirring under nitrogen. The reaction mixture, which became clear, was 

kept at ambient temperature for 1 h. The temperature was then increased to 50°C, and the 

solution of polydichlorophosphazene, PDCP (0.53 g, 0.0046 mol) in 0.03 L of diglyme was slowly 

added. The mixture was brought to 120°C, and the reaction was let to continue at this temperature 

for 10 h while stirring. The reaction mixture was then cooled to 90°C, and 0.3 L of aqueous 

potassium hydroxide (12.7 N) was added. The reaction was vigorously stirred for an additional 30 

min at 90°C. The precipitated polymer was recovered by decanting the liquid layer, dissolved in 

0.1 L of deionized water, and precipitated by adding 6N hydrochloric acid. It was then redissolved 

in deionized water by adding 1 N aqueous sodium hydroxide.  The purification was repeated. The 

pH of resulting solution was adjusted to pH 8.5 by adding 1 N hydrochloric acid. The solution was 

filtered using 0.45 mm polyether sulfone membrane unit, dialyzed using biotech-grade cellulose 

ester membrane with 50 kDa cut-off, and lyophilized. The yield was 0.98 g (55 % of theoretical).  

Physico-chemical characterization methods 
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NMR spectra were recorded using 400 MHz AscendTM instrument (Bruker Biospin Corp, 

Billerica, MA). Gel permeation chromatography (GPC) characterization was carried out using La 

Chrome Elite system (Hitachi, San Jose CA) with PBS as a mobile phase and poly(ethylene oxide) 

as molecular weight standards (American Polymer Standards Corporation, Mentor, OH).37 

Analysis of formulations was conducted by DLS using Zetasizer Nano series (Malvern 

Instruments Ltd., Worcestershire, UK) instrument and Asymmetric Flow Field Flow Fractionation, 

AF4 with AF2000 MT instrument (Postnova Analytics GmbH, Landsberg, Germany).37  

In vitro immunostimulatory activity and hemocompatibility 

Mouse macrophage reporter (RAW BLUE) cells (Invivogen, San Diego, CA, USA) were 

maintained in culture in 1X DMEM (containing glucose and L-glutamine) supplemented with 10% 

Fetal Bovine Serum (FBS), 1% Penn Strep and 100 µg/ml normocin. Samples and controls were 

added to assay wells with 100,000 cells/well in a 96 well plate and incubated at 37°C, 5% carbon 

dioxide for 20 h. Culture supernatant at one-tenth total volume was added to pNPP reagent and 

color development read at 405 nm using a Thermo scientific SpectraMax plate reader (Molecular 

Devices, San Jose, CA, USA). The hemocompatibility of PCMP was evaluated using a modified 

hemolysis test with porcine red blood cells (RBCs).38, 39 

Formulations for in vivo studies 

RG1-VLPs were manufactured by Paragon Bioservices and were combined with Alhydrogel 

(InvivoGen, San Diego, CA) at 40 µg/ml RG1-VLPs and 1 mg/ml Alhydrogel and incubated on a 

rocking platform for 1 h at 4 °C with final dose of 2 µg RG1-VLPs and 50 µg Alhydrogel per 

injection before equilibration to ambient temperature and administration to mice.  Stock solutions 

of PCMP and PCPP were prepared by dilution into ambient temperature 1X PBS, combined with 

RG1-VLPs, and vortexed 30 sec for final dosing of 2 µg RG1-VLPs and 25 or 50 µg PP adjuvant.  

Gardasil-9 (Merck, recombinant 9-valent HPV vaccine) was used as a positive control comparator 

at 2 µg HPV16-L1 VLPs per dose. 
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In vivo mouse vaccination studies 

8-weeks-old female BALB/c mice (Charles River, Wilmington, MA) were randomized into 

groups of 8 animals/group and immunized on days 0, 21, 42 (3-weeks intervals).  Mice were 

anesthetized with isoflurane before intramuscular (i.m.) injection into the quadriceps muscle with 

50 µl dose volumes.  No adverse effects were detected. Terminal bleeds on isoflurane-

anesthetized mice were performed via cardiac puncture on day 56 and were collected in serum 

separator tubes (Fisher Scientific, Waltham, MA) at ambient temperature and centrifuged at 6000 

g for 1.5 min.  Cell-free sera was collected and stored at -80 °C.  

Animal care was provided in accordance with the procedures outlined in the “Guide for Care 

and Use of Laboratory Animals” (National Research Council; 2011; National Academy Press; 

Washington, D.C.). NCI-Frederick is accredited by AAALAC International and follows the Public 

Health Service Policy for the Care and Use of Laboratory Animals.  

HPV16-L1 VLP and HPV16-L2 RG1 peptide ELISAs  

Mouse sera were subjected to quantitation by ELISA of antibodies specific to HPV16-L1 VLPs 

and to the HPV16-L2 RG1 epitope.40  For HPV16-L1 antibody quantitation, Maxisorp 96-well 

plates (Thomas Scientific, Swedesboro, NJ) were coated with HPV16-L1 VLPs at 2.7 µg/ml in 

coating buffer (1X PBS + 0.2% Proclin 300 (Sigma-Aldrich, St. Louis, MO) and used within 3-5 

days after incubation at 4 °C.  ELISA plates were incubated with blocking buffer (4% skim milk, 

0.2% Tween 20 in 1X PBS) 1.5 h then washed 5 times with wash buffer (0.25% Tween 20 in 

saline buffer) using a BioTek EL405 plate washer.  Sera samples were diluted in blocking buffer 

at 1:2500 dilution and then serially diluted 1:2 on the plate for 7 more wells for a final volume of 

100 µl/well.  Sera used for standards and positive controls were generated from mice vaccinated 

with RG1-VLPs + Alhydrogel, and BALB/c naïve mouse sera (Innovative Research) was used for 

negative controls.  Incubation of sera samples was for 1 h at ambient temperature, gently shaking 

(300 rpm), followed by plate washing.  The secondary antibody conjugate goat anti-mouse IgG-
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horseradish peroxidase (HRP) (Sigma-Aldrich, St. Louis, MO) was added to the plates at a dilution 

of 1:10,000 at a volume of 100 µl/well and plates were incubated again 1 h, ambient temperature, 

gently shaking.  After washing, freshly prepared TMB solution was added at 100 µl/well and plates 

were incubated 25 min at ambient temperature protected from light.  Reactions were stopped by 

the addition of 100 µl/well of 0.36N H2SO4.  Plate optical density (OD) values were measured at 

450/620 nm with a SpectraMax M5 (Molecular Devices, San Jose, CA) instrument and data 

processed by SoftMax Pro 6.3 (Molecular Devices, San Jose, CA).  Antibody levels, expressed 

as ELISA units (EU/ml), were then calculated by interpolation of OD values from the standard 

curve by averaging the calculated concentrations from all dilutions which fell within the range of 

the standard curve. 

For HPV16-L2 RG1 epitope-specific Ab quantitation, the ELISA procedure is virtually the 

same as for the L1 ELISA except for the use of NUNC streptavidin-coated 96-well plates (Thermo-

Fisher, Waltham, MA) that were coated with 250 ng/ml N-terminal-biotinylated L2 peptide (L2 a.a. 

17-36) (JPT) in coating buffer (0.1 M Tris buffer, 0.15 M NaCl, 0.1% Tween 20) at 100 µl/well.  

Plates were used after 1-day incubation at 4 °C.  Sera samples were diluted in blocking buffer 

1:5,000 and then serially diluted 1:2.  The secondary antibody conjugate was diluted 1:20,000 

before being added to plates.  All other procedural steps were as in the L1 ELISA protocol. The 

use of polyclonal antibodies  

Furin-cleaved pseudovirion-based neutralization assay (fc-PBNA). LoVo-T cells (ATCC CCL-

229, human colorectal adenocarcinoma line) grown to 70-90% confluency were removed by 

Trypsin/EDTA treatment and seeded at 7500 cells/well in a 96-well flat-bottom plate and 

incubated for 24 h at 37 °C, 5% carbon dioxide.41  Pre-diluted (1:25) mouse sera samples were 

serially diluted 4-fold in DMEM + 10% FBS media in another 96-well plate, including positive and 

negative control samples derived from RG1-VLP/Alhydrogel-vaccinated mice and naïve mice, 

respectively.  Furin-cleaved pseudovirion (fc-PsV) particles (from HPV types 16, 18, 39, 6) were 
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synthesized and diluted to pre-determined concentrations (1:1500 for HPV16/39, 1:500 for HPV6, 

1:125 for HPV18 based on titration assays) and added to 96-well round-bottom plates followed 

by equal volume of serially diluted serum samples, and the plates were then incubated for 2 h at 

37°C. After incubation, the serum/fcPsV particle mixtures were added to the 96-well flat-bottom 

plates previously seeded with LoVo T cells, and the plates were then incubated at 37 °C 5% 

carbon dioxide for 72 h, after which cell supernatants were transferred to 96-well Optiplates 

(Perkin-Elmer, Waltham, MA) and incubated at 70 °C for 45 min. Optiplates were then incubated 

on ice for 5 min and centrifuged briefly, before SEAP (secreted alkaline phosphatase) substrate 

(Cayman Chemical, Ann Arbor, MI) was added, followed by 30 min incubation at ambient 

temperature, protected from light. Plates were read on a SpectraMax M5 microplate reader. The 

PBNA titers are reported as the reciprocal of the dilution that caused a 50% reduction in SEAP 

activity in comparison to the fcPsV-infected cells without added sera. 

Results 

Synthesis and physico-chemical characterization of PCMP 

The synthetic pathway to PCMP involved polymerization of hexachlorocyclotriphosphazene 

(I) to produce macromolecular precursor PDCP (II), substitution of diglyme-stabilized PDCP with 

EHPA to produce water-insoluble polyorganophosphazene (III), and basic hydrolysis of ethyl ester 

groups of this polymer to yield water-soluble PCMP (Figure 2). This approach, and hydrolytic 

deprotection of (III) using potassium hydroxide in heterogeneous system in particular, allowed 

simple and efficient recovery of precipitated PCMP from the reaction mixture. GPC analysis of the 

polymer revealed high molecular weight peak with unimodal distribution (Supplementary 

materials, Table S1 and Figure S1).  DLS measured z-average hydrodynamic diameter of PCMP 

in PBS (75 nm), which is typically important for applications of polyphosphazenes as vaccine 

delivery system, was in the same range of that for PCPP - 60-80 nm.19, 42 PCMP structure was 

confirmed by 1H and 31P NMR (Supplementary materials, Table S1, Figures S2 and S3).  
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Biologically relevant in vitro properties of PCMP  

PCMP was first evaluated for in vitro properties, which are relevant to its potential application 

as an immunoadjuvant. The ability to undergo hydrolytic degradation is one of the key 

characteristics of polyphosphazene adjuvants.23 Kinetics and mechanism of degradation has 

been extensively studied for clinical stage macromolecule, PCPP, and involves pH and 

temperature dependent hydrolysis with the release of side group and ammonium phosphate as 

degradation products.23 The potential of PCMP to degrade under physiological conditions was 

assessed by monitoring the decrease in weight average molecular weight of the polymer in PBS, 

pH 7.4 (Figure 3A). Similarly, to PCPP studies, we investigated hydrolysis under accelerated 

(80°C), physiological (37°C), and storage (4°C) conditions.23 The half-life of the polymer in 

solution at 80°C was approximately two days (Figure 3A), which proves its ability to completely 

degrade with the release of low molecular weight products. As expected, the degradation rate 

was significantly reduced at physiological temperature and the molecular weight loss was less 

than 25% at 4°C within the timeframe of the experiment (Figure 3A). The half-life under near 

physiological conditions (PBS, pH 7.4, 37ºC) was 16 days and the weight average molecular 

weight of degradation products after six months was 18 KDa - well below the general threshold 

of renal filtration of polymers - 30-50 kDa.43 Overall, the results demonstrate the ability of PCMP 

to degrade in a PCPP-like mode, which is generally characterized by long solution shelf-life under 

refrigerated conditions, adequate in vivo half-life to exert vaccine delivery capacity, and complete 

eventual destruction of the backbone with the release of low-molecular weight products.23 

We investigated the effect of various concentrations of sodium chloride on hydrodynamic 

diameters of PCPP and PCMP in solutions (Figure 3B). As seen from the Figure, while PCPP 

severely aggregates in the presence of two-fold of physiological sodium chloride concentration, 

PCMP does not display similar vulnerability and remains completely free of aggregates even in 

50 mg/ml sodium chloride solutions. The hemocompatibility of a new polyphosphazene derivative 
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was verified using hemolysis test with porcine RBCs.38, 39 The results indicate the absence of 

inherent cytotoxicity of both anionic polyphosphazenes at neutral pH: PCPP and PCMP. This is 

in a contrast with pronounced hemolytic activity of a typical cationic polymer - polyethyleneimine, 

which was used for comparison purposes (Supplementary materials, Figures S4 and S5). 

Immunostimulatory activity of polyphosphazene adjuvants is yet another characteristic that is 

important for their physiological performance.16, 19 To that end, PCMP was compared to PCPP 

using RAW Blue cells - an engineered mouse macrophage cell line, which has been increasingly 

used for evaluation of immunoadjuvants.44-50 These immune cells contain Toll-Like Receptors 

(TLRs) and integrate Secreted Alkaline Phosphatase (SEAP) reporter inducible by Nuclear Factor 

kappa-light-chain-enhancer of activated B cells (NF-kB) to allow screening of innate immune 

activation. The ability of polyphosphazene adjuvants to non-specifically interact with TLRs was 

demonstrated previously.16 Figure 3C confirms dose-dependent immunostimulatory activity of 

PCMP in these assays, which is generally of the same level as that of PCPP. It has to be noted 

though, that the immunostimulatory effect of polyphosphazenes is only one of two arms, in which 

they exercise their immunoadjuvant potency. Perhaps, even more important is the way these 

macromolecules assemble with and deliver vaccine antigens,15, 16, 18, 19 which is investigated next.  

Self-assembly of polyphosphazene adjuvants with HPV VLPs  

Adjuvant and vaccine delivery capacity of PCMP and PCPP were evaluated and compared in 

formulations with RG1-VLPs, which is the antigenic component of a novel chimeric HPV 

vaccine.36 It was important to understand if similar self-assembly processes will occur in such 

systems and if so, what will be the potential spatial arrangement and size of such assemblies. 

DLS analysis of both, PCPP and PCMP formulations with VLPs (Figures 4A and 4B), showed no 

aggregation with only minor increase in size compared to the size of either component, when the 

polymer was used in excess (Figures 4A, 4B, and 4C). The lack of aggregation was independently 

confirmed by electron microscopy (Figure S6). However, the results were dramatically different 
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when the deficiency of either PCPP, or PCPP was used (Figure 4C). The inset in Figure 4C shows 

severe aggregation in both systems when VLPs were present in excess.  

RG1-VLP formulations with polyphosphazene adjuvants were further investigated using 

asymmetric flow field flow fractionation (AF4) method.16, 19, 51  This technique performs effective 

separation of analytes by size, but unlike most chromatography methods, allows analysis of 

supramolecular assemblies of practically unlimited sizes.51 AF4 fractograms of PCMP and PCPP 

(Figures 4D and S7) were consistent with previously reported results on formulations of 

polyphosphazene adjuvants.16, 19 Somewhat unexpectedly, we were not able to detect any signals 

for RG1-VLP using this technique (Figure 4D). This may be attributed to non-specific interactions 

of VLPs with analytical membrane and resulting adsorption of particles under conditions of the 

experiment. However, modification of RG1-VLPs with PCMP leads to the emergence of higher 

elution time - larger size shoulder on the polymer peak (Figures 4D). Likewise, AF4 fractogram of 

VLP-PCPP formulation displays a separate peak (26 min) with a larger elution time than PCPP 

(17 min) indicating presence of larger size PCPP modified VLPs. Both of these results appear to 

be consistent with size increase observed based on DLS analysis (Figures 4A and 4B).  

Short-term stability of PCMP-VLPs formulations 

 Short-term stability of polyphosphazene formulations with RG1-VLPs was studied by DLS. 

Figures 5A and 5B show representative DLS profiles of PCPP-VLPs and PCMP-VLPs 

formulations before and after 44-hour incubation in PBS (pH 7.4) at 4°C. As can be seen from the 

Figure, no changes were observed in the size distribution profile by intensity for PCMP adjuvanted 

formulation. Although no aggregation was observed for PCPP formulation either, some increase 

in the diameter of the formulation was detected (Figure 5A). The dependences of hydrodynamic 

diameters of polymer-modified VLPs on the incubation time in the 70-h range are shown in Figure 

5C. The results indicate that PCMP based formulations show superior stability that its PCPP 

based counterparts. 
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In vivo immunoadjuvant activity of PCMP 

To investigate the in vivo potency of PCMP, we compared immunoadjuvant activities of PCMP 

and PCPP using HPV vaccination in mice.  We immunized BALB/c mice intramuscularly (prime 

and two boosts, three-week intervals between injections) with RG1-VLPs formulated with PCPP 

or PCMP (25 or 50 µg doses). All formulations were prepared at excess of polyphosphazenes 

and were free of aggregates. Polyphosphazene formulations were benchmarked against RG1-

VLPs formulated with 50 µg Alhydrogel (alum), unadjuvanted VLPs and Gardasil-9 vaccine. Both 

VLP/polyphosphazene formulations promoted statistically higher geomeans of HPV16-L1 

antibody levels compared to VLPs alone, which was not achieved in formulations adjuvanted with 

alum (Figure 6A). Furthermore, the 50-µg dose of both PCPP and PCMP achieved statistical 

relevance compared to alum. Induction of high L2-specific antibody levels is less challenging 

presumably due to the high affinity of the RG1 epitope, and all three adjuvants, alum, PCPP, and 

PCMP, were able to boost L2 antibody levels significantly above VLPs alone (Figure 6B). 

Moreover, the 50 ug dose of PCMP also increased L1 Ab levels higher than those achieved by 

Gardasil-9, which was also unable to induce any Abs specific to L2, due to the absence of the 

RG1 epitope. 

Pseudovirion-based neutralization assays (PBNA) were conducted to determine the extent of 

neutralizing antibody titers generated versus HPV16 and cross-neutralizing antibody titers versus 

HPV18, HPV39, and HPV6.  PCPP and PCMP outperformed alum in the induction of HPV16 type-

specific neutralizing antibody titers, and the 50 µg PCMP group achieved statistical superiority 

compared to alum and Gardasil-9 (Figure 7A).  PCMP-adjuvanted formulations also demonstrated 

high magnitude neutralizing titers to both HPV18 and HPV39 which were not achieved by either 

PCPP or alum (Figure 7B and 7C).  Polyphosphazene-adjuvanted groups showed higher HPV6-

neutralizing titers, and although the levels did not achieve statistical superiority over alum, unlike 

with alum, no non-responding mice were observed in the 50 µg polyphosphazene groups (Figure 
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7D).  These data demonstrate that PCMP not only may readily substitute for Alhydrogel in the 

context of a mouse VLP-based vaccine model, but can attain higher magnitude humoral 

responses, especially in the levels of highly desirable protective cross-neutralizing antibodies.  

Discussion 

Synthesis of PCMP was carried out using a reaction pathway, which was originally designed 

as a multi-step bench scale procedure and later modified for the three-step production process 

for a clinical-grade PCPP.20, 52, 53 The adaptation of synthetic processes, which were used in the 

manufacturing of clinical grade PCPP, to the synthesis of new members of this homologous 

series, is highly beneficial in terms of successful development of this class of immunoadjuvants.  

The new adjuvant demonstrated similar properties to PCPP in terms of its clinically relevant 

hydrolytic degradation and immunostimulatory properties, but showed superior stability in 

solutions with higher ionic content. Previous studies have shown that PCPP displays unusual 

sensitivity to sodium ions,53 which can result in undesirable agglomeration of its supramolecular 

complexes with some vaccine antigens, eventually leading to inferior in vivo potency.15 This 

“hyper” sensitivity manifests in phase separation and appears to be restricted to sodium ions only. 

Interestingly, it was not observed for formulations with other monovalent ions, such as potassium 

and lithium.53 It was hypothesized that the sensitivity results from the unique spatial arrangements 

of neighboring side groups in PCPP structure,53 which are stabilized by aromatic-aromatic (p - p) 

interactions of benzene rings.54, 55 Demonstrated lower sensitivity of PCMP to ionic environment 

appears to support this hypothesis. Moreover, it can be an important factor for improving stability 

of vaccine formulations as protein loaded polymer chains can become prone to aggregation even 

at a lower salt concentration.15 In fact, PCMP formulations display superior short-term stability 

compared to those of PCPP (Figure 5). It has to be noted that the general capacity of 

polyphosphazene polyelectrolytes to stabilize protein-based vaccine antigens has been 

previously reported.17, 56, 57 
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The ability of PCPP to spontaneously self-assemble with vaccine antigens via physiologically 

stable non-covalent interactions has been well-established in its formulations with antigenic 

proteins. PCPP coils, which can be compared to viruses in terms of their dimensions - 60-80 nm 

in diameter, can usually assemble and display multiple copies of proteins, which are significantly 

smaller in size compared to the polymer itself.15, 16, 18, 19 However, in formulations of VLPs with 

PCPP and PCMP, both the antigen and the polymer are characterized by comparable dimensions 

(Figures 4A and 4B) and are not likely to result in the established pattern of multimeric complexes 

(Figure 8A).15, 16, 18, 19 Both DLS and AF4 results suggest  the occurrence of interactions between 

soluble polyphosphazene adjuvants and VLPs with resulting assemblies displaying increase in 

dimensions compared to initial components (Figure 4). At low polyphosphazene-to-VLPs ratios, 

these non-covalent interactions manifest themselves in a drastic increase in size of assemblies 

(over 10-fold) indicating undesirable aggregation in the formulation. It can be hypothesized, that 

attachment of multiple particles to the same polyphosphazene chain causes significant 

destabilization in the system due to charge neutralization therefore resulting in aggregation effects 

shown in Figure 4C (inset). The suggested pathway can be schematically presented in Figure 8A 

(low PPZ:VLP ratio). The situation improves drastically when higher concentrations of 

polyphosphazenes are used (Figure 4C) and only minor (approximately 20%) increase in size 

compared to initial components is detected, which is unlikely to be caused by particle aggregation. 

Recent studies on covalent surface modification of VLPs with synthetic polymers also report an 

increase in size of modified particles describing the phenomenon as the formation of polymer 

shell around VLPs.58, 59 Similarly, it can be suggested that excess of polyphosphazenes compared 

to VLPs lead to the formation of polymer coatings around VLPs, although via non-covalent bonds. 

Since both PCPP and PCEP are negatively charged, electrostatic repulsions between such 

surface modified particles can effectively prevent aggregation. The ‘visualization’ of polymer 

treated VLPs in AF4 analysis (Figures 4D and Supplementary materials, S7) also supports this 

hypothesis, as negatively charged polymer coating should be effective in the prevention of non-



 16 

specific interactions with analytical membrane - the phenomenon observed for untreated VLPs. 

The discussed mechanism can be schematically presented in Figure 8B (high PPZ:VLP ratio). 

From the practical perspective, especially when it concerns further preclinical development, the 

results clearly demonstrate that formulation conditions are critical for the performance of 

polyphosphazene adjuvants, and they have to be controlled to avoid undesirable aggregation and 

potential loss of formulation activity.  

In vivo immunoadjuvant activity of PCMP was evaluated using HPV VLPs vaccine. RG1-VLPs 

are the antigenic component of a novel chimeric VLP-based HPV vaccine comprised of 72 

HPV16-L1 pentamers, each L1 subunit engineered to express a 20 amino acid sequence from 

the HPV16-L2 capsid protein termed RG1.36 Unlike L1 capsid sequences, the RG1 peptide of the 

L2 sequence is well-conserved among HPV types and is known to present a high-affinity B cell 

epitope for the generation of cross-neutralization antibodies in vivo. When adjuvanted with 

aluminum salt formulations such as Alhydrogel (alum),36 the RG1-VLP vaccine provides 

protection against a broad repertoire of HPV strains. In mice, PCMP adjuvanted formulations 

induced superior HPV16 type-specific neutralizing antibody responses compared to alum 

adjuvanted VLPs and Gardasil-9. Since HPV16-L1 serves as the backbone of the RG1-VLP 

vaccine, protection versus non-HPV16 types must rely on the cross-neutralizing potential of the 

RG1 epitope. To that end, PCMP, but not PCPP, formulations outperformed alum adjuvanted 

VLPs and Gardasil-9 in attaining high levels of specific neutralizing types of HPV (HPV18; HPV39 

and HPV39, correspondingly) demonstrating potential in the induction of highly desirable 

protective cross-neutralizing antibodies.  

The above results demonstrate an inspiring in vivo potency of a new PCMP adjuvant, its ability 

to form defined supramolecular assemblies with the antigen, and lay out the foundation for future 

development of structure-activity relationship in this important family of immunoadjuvants. 
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Appendix A. Supplementary data  

Supplementary materials for this article can be found online at 

Figure Legends 

Figure 1. Schematic presentations of PCMP and other members of homologous series of 

polyphosphazene immunoadjuvants - PCPP and PCEP. 

Figure 2. Three-step synthetic pathway to PCMP. 

Figure 3. (A) Hydrolytic degradation of PCMP expressed as a percent of weight-average 

molecular weight (Mw) change over time at 80°C, 37°C, and 4°C (0.5 mg/mL PCMP, PBS, pH 

7.4); (B) hydrodynamic diameter of PCMP and PCPP as a function of added sodium chloride 

(DLS, polymer concentration 0.5 mg/mL, PBS, pH 7.4), and (C) immunostimulatory activity of 

PCMP and PCPP (n =3, error bars - standard deviation).  

Figure 4. DLS profiles of (A) PCPP, VLP, and their formulation at PCPP:VLP=2.5:1 (w/w) ratio; 

(B) PCMP, VLP, and their formulation at PCMP:VLP=2.5:1 (w/w) ratio; (C) hydrodynamic diameter 

of PCPP and PCMP complexes with VLP versus polyphosphazene (PPZ) -to-VLP ratio; and (D) 

AF4 fractograms of PCMP, VLP, and their formulation (0.25 mg/mL PCMP, 0.1 mg/mL VLPs, 

poly(styrene sulfonic acid) standards, PBS, pH 7.4,). 

Figure 5. DLS profiles of (A) PCPP-VLP and (B) PCMP-VLP at 0 h and 44 h and (C) and 

hydrodynamic diameter of PCPP-VLP and PCMP-VLP assemblies versus time of incubation 

(PBS, pH 7.4, 4°C, 0.5 mg/mL PCPP or PCMP, 0.02 mg/mL VLPs).  

Figure 6. PCMP adjuvant for higher magnitude HPV16-L1- (A) and L2-specific (B) antibody (Ab) 

levels compared to alum.  Mice were immunized i.m. with 2 µg RG1-VLP alone or adjuvanted with 

50 µg alum +/- 25, 50 µg PCPP, 25, 50 µg PCMP, or Gardasil-9 on days 0, 21, 42 and peripheral 

blood sera samples derived on day 56.  Sera samples were tested for HPV16-L1- and HPV16-L2 
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RG1-specific IgG via ELISA.  Data are reported as geometric means + 95% CI.  Statistical 

comparisons are between VLPs alone and all groups or between alum and all groups (upper tier 

for (A)) and were generated using one-way ANOVA nonparametric analysis with the Kruskal-

Wallis multiple comparisons test.  ns, not significant (p > 0.05); *, p < 0.05; **, p < 0.01; ***, p < 

0.001; ****, p < 0.0001. 

Figure 7. HPV-specific neutralization titers induced by PCMP are superior to Alhydrogel.  Mice 

were immunized i.m. with 2 µg RG1-VLP alone or adjuvanted with 50 µg alum +/- 25, 50 µg PCPP, 

25, 50 µg PCMP, or Gardasil-9 on days 0, 21, 42 and peripheral blood sera samples derived on 

day 56.  Day 56 sera samples were analyzed for neutralizing titers via fc-PBNA specific for PsV16-

(A), PsV18-(B), PsV39-(C), and PsV6-SEAP (D).  Data are reported as geometric means + 95% 

CI.  Statistical comparisons are between VLPs alone and all groups or between alum and all 

groups (upper tier for (A)) and were generated using one-way ANOVA nonparametric analysis 

with the Kruskal-Wallis multiple comparisons test.  ns, not significant (p > 0.05); *, p < 0.05; **, p 

< 0.01; ***, p < 0.001; ****, p < 0.0001. 

Figure 8. Suggested mechanism of spontaneous self-assembly of polyphosphazenes (PPZs) with 

protein (A) and VLP (B) antigens. 
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Figure 1. 
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Figure 3. 

 



 21 

 

Figure 4. 
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Figure 6. 
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Figure 7 
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Figure 8. 
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Materials 

Ethyl 4-hydroxyphenylacetate, EHPA, diglyme, anhydrous, sodium phosphate monobasic 
dihydrate, potassium hydroxide, sodium hydride (Sigma-Aldrich, St. Louis, MO); 
hexachlorocyclotriphosphazene (Fushimi Pharmaceutical, Kagawa, Japan);  normocin 
(InvivoGen, San Diego, CA, USA); p-nitrophenylphosphate, pNPP (Millipore Sigma, St. Louis, 
MO, USA); phosphate buffered saline (PBS, pH 7.4); Dulbecco's modified eagle medium, DMEM; 
penicillin streptomycin, Pen Strep (Thermo-Fisher Scientific, Grand Island, NY, USA) were used 
as received. PDCP and PCPP were synthesized as described previously.1, 2 

 

Table S1. Physico-Chemical Characterization of PCMP. 

 

Mw* (kg/mol) 456 

Đ† 3.0 

1H NMR: 6.7 (br, 2H, C6H4); 6.6 (br, 2H, C6H4); 3.26 (br, 2H, −CH2−) ppm 

31P NMR: −19.0 ppm 

Dz‡ (nm) 75 
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Polydispersity index, DLS 0.45 

Z-potential -11.2 

 

*Weight average molecular weight; †Đ = Mw/Mn  – molecular weight dispersity (GPC, PBS, pH 7.4, 
polyethylene oxide standards), ‡Z-average hydrodynamic diameter (DLS, PBS, pH 7.4). 

 

 

 

 

Figure S1.  GPC profile of PCMP in PBS (pH 7.4). 
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Figure S2.  1H NMR of PCMP (D2O) 
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Figure S3.  31P NMR of PCMP (D2O). 
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Figure S4. Hemolytic activity of PCMP and PCPP at various concentrations (RBCs, PBS, pH 7.4, 
1h, 37°C, cationic polymer - polyethyleneimine was used for comparative purposes) 
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Figure S5. Hemolytic activity of PCPP and PCMP as a function of pH (10 mM phosphate buffer, 
0.9 % of sodium chloride). In contrast with PCEP, PCMP and PCPP do not show pH dependent 
membrane disruptive potential, which is typically correlated with endosomolytic activity. 
Differences in endosomolytic activity of PCPP and PCEP and how they can be potentially linked 
to in vivo behavior (Th1/Th2) of the adjuvant are discussed elsewhere.3 
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Figure S6. Electron microscopy images of (A) VLPs and (B) PCMP:VLPs formulation at 2:1 
(w/w) ratio. 
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Figure S7. AF4 fractograms of (A) PCPP, VLP, and their formulation and (B) of molecular weight 
standards (poly(styrene sulfonic acid) standards: 33 kDa (gray); 88 kDa (orange); 234 kDa (blue), 
1,200 kDa (green), elution times are shown). 

 

 

High variability of HPV39 neutralization titers 

HPV16 and HPV18 share more sequence homology in the RG1 epitope than HPV16 and HPV39. 
Therefore, neutralizing antibodies generated against the HPV16-L2 RG1 epitope may have higher 
affinity for the HPV18-L2 RG1 epitope and thus be more neutralizing. In contrast, neutralization 
of HPV39 through its RG1 epitope may be more challenging.  There may also be multiple B cell 
epitopes within the 20 amino acid RG1 epitope leading to diversified polyclonal responses that 
can still differ within syngeneic mice. 

Batch-to-batch reproducibility for two synthetic lots of PCMP  
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(data for first lot/data for second lot) 

Mw, GPC (456/400 Kg/mol);  

Đ, GPC (3/3);  

z-average diameter, DLS (75/73);  

polydispersity index, DLS (0.45/0.48). 
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