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ABSTRACT

The development of successful vaccines has been increasingly reliant on the use of
immunoadjuvants - additives, which can enhance and modulate immune responses to vaccine
antigens. Immunoadjuvants of the polyphosphazene family encompass synthetic biodegradable
macromolecules, which attain in vivo activity via antigen delivery and immunostimulation
mechanisms. Over the last decades, the technology has witnessed evolvement of next generation
members, expansion to include various antigens and routes of administration, and progression
to clinical phase. This was accompanied by gaining important insights into the mechanism of
action and the development of a novel class of virus-mimicking nano-assemblies for antigen
delivery. The present review evaluates in vitro and in vivo data generated to date in the context
of latest advances in understanding the primary function and biophysical behavior of these
macromolecules. It also provides an overview of relevant synthetic and characterization
methods, macromolecular biodegradation pathways, and polyphosphazene-based multi-
component, nanoparticulate, and microfabricated formulations.
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1. Introduction

Generation of robust primary immune responses by successful vaccines has become
increasingly dependent on the aid of advanced immunoadjuvants. These additives are specifically
designed to enhance, prolong, and shape antigen specificimmune responses, as well as to enable
antigen dose sparing [1-6]. The term immunoadjuvant broadly includes “true”
immunostimulating compounds, such as Toll-Like Receptor (TLR) agonists (Monophosphoryl Lipid
A — MPL and CpG), as well as vaccine delivery carriers, which are typically represented by
aluminum-based hydrogels (Alhydrogel, Alum), emulsions, and nanoparticulate formulations,
including liposomes [5]. Although Alhydrogel remains by far the most widely employed
immunoadjuvant, a number of advanced systems, such as MF59, ASQ1, AS03, AS04, and AF03,
were introduced in licensed vaccines recently [5, 6]. The majority of these newer adjuvants are
multi-component, bi-phasic formulations, which include natural or semi-synthetic products, and
may require sophisticated formulation and production efforts [5]. Despite these advances, the
search for potent and safe immunoadjuvants continues.

Over the last two and a half decades, polyphosphazene technology has evolved as an
independent immunoadjuvant platform with a number of distinct features, which differentiate it
from other systems developed to date. The unique position of polyphosphazene adjuvants
appears to stem from an exceptional antigen-binding feature of these water-soluble
macromolecules, which also display molecular dimensions mimicking those of viruses - generally
between 30 and 140 nm [7-10]. In fact, the ability of polyphosphazene macromolecules to
spontaneously self-assemble with antigenic proteins in aqueous solutions resulting in multimeric
supramolecular assemblies is gaining an increasing experimental support in a number of recent
studies [7, 9-17]. Despite their virus-mimicking size and protein load, these assemblies retain
excellent water-solubility at near physiological conditions. Biodegradability of polyphosphazene
adjuvants - a mandatory requirement for using them as injectables, results from their hybrid
nature - an inorganic phosphorus-nitrogen backbone in these macromolecules is “decorated”
with organic side groups (Fig. 1A). These organic moieties are intentionally selected to be
physiologically benign as they constitute the main degradation product along with small amounts
of ammonium phosphate resulting from the backbone [18]. From a chemical standpoint, lead
polyphosphazene adjuvants - poly[di(carboxylatophenoxy)phosphazene], PCPP and
poly[di(carboxylatoethylphenoxy)phosphazene], PCEP, along with recently synthesized
poly[di(carboxylatomethylphenoxy)phosphazene], PCMP, are members of homologous family of
polyphosphazene polyelectrolytes (Fig. 1B).
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Fig. 1. Chemical structures of (A) generic polyphosphazene and (B) lead polyphosphazene
immunoadjuvants: PCPP, PCMP, and PCEP.

As reviewed below, polyphosphazene immunoadjuvants have been investigated in
numerous animal studies, in which they displayed the ability to enhance and modulate the quality
of immune responses, induce mucosal immunity, enable antigen dose sparing, and facilitate
protection in challenge studies. PCPP has also been studied in several clinical trials, in which its
safety and dose-dependent immunoadjuvant potency was validated in humans. The present
review intends to analyze research and clinical data accumulated over almost three decades of
technology development, in the context of recent advances in understanding biophysical
behavior of polyphosphazenes, principles of their self-assembly, and their potential mechanism
of action. The review also provides a summary of various polyphosphazene formulations,
including microneedle and nanoparticulate systems, polyphosphazene degradation pathways,
and a brief survey of synthetic and characterization methods relevant to these macromolecules.

2. Immunoadjuvant activity of polyphosphazenes
2.1. PCPP

The discovery of the immunoadjuvant effect of PCPP in the early-nineties [19] pioneered
the field of polyphosphazene adjuvants and, despite the evolvement of new derivatives, this
polymer remains the most investigated macromolecule of its class with approximately fifty
published studies dedicated only to its in vivo activity (Table 1) and clinical trials (chapter 3). This
remarkable synthetic polyelectrolyte (Fig. 1) was originally designed for the preparation of
ionically cross-linked hydrogels [20-24], but showed impressive immunoadjuvant activity in vivo
in both soluble and cross-linked forms [25-28]. Presently, in vivo potency of PCPP is documented
for over thirty-five bacterial, viral, and model antigens in seven animal models, including non-
human primates (Table 1). Even at the early stages of its development, it was noted that PCPP
not only enhanced the immune response, but also shifted its onset to as little as two-three weeks
after immunization (Figure 2A) [27-30], while sustaining antibody titers up to 41 weeks - the
length of the experiment [27]. Addition of PCPP also allowed achievement of significant antigen
dose sparing. PCPP adjuvanted influenza and HBsAg formulations were more potent than their
non-adjuvanted counterparts containing up to 25 times higher doses of the antigen [13, 29, 31].
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Fig. 2. Immunoadjuvant activity of PCPP: (A) The effect of PCPP on hemagglutination-inhibition
(HAI) antibody titers to trivalent influenza vaccine (A/Texas/36/91 (H1N1), A/Shangdong/9/93
(H3N2), B/Panama/45/90) in BALB/C mice. Reprinted from [27], Copyright 1997, with permission
from Elsevier. (B) Nasal turbinates viral loads 4 days post-challenge with RSV A2 in mice.
Infectious virus was detected by Plaque Assay on HEp-2 cells. Adapted with permission from [7].
Copyright 2017, American Chemical Society. (C) Rotavirus-specific serum IgA antibodies after
intramuscular immunization with rotavirus VLPs with or without PCPP. Significantly higher IgA
titers were observed in mice that received PCPP adjuvanted formulations (p < 0.002). (Reprinted
from [32], Copyright 2008, with permission from Elsevier).

Benchmarking of PCPP adjuvanted formulations against those containing Alum implied
superior performance of PCPP, both in terms of induction of antibody responses and protection
in animal challenge studies (Figure 2B) and other studies [28, 29]. In comparison with another
well-investigated adjuvant, CoG ODN, PCPP showed superior performance of PCPP in generating
IgG and IgA antibody-forming cells in the nasal passage, lung, and sub-mandibular glands when
administered intranasally with several vaccine antigens [33]. It was also noted that both
adjuvants displayed synergy when used in combination in formulations with HBsAg [30]. PCPP
was also compared with QS-21 and MPL-containing Ribi adjuvant systems, outperforming them
in the induction of IgG, IgA, and neutralization antibody responses to inactivated rotavirus [34].

Table 1

In vivo immunoadjuvant potency of PCPP

(ROA-route of administration; REF-references; SC-subcutaneous; IM-intramuscular; PAREN-parenteral; ID-
intradermal; IN-intranasal; IP-intraperitoneal; IV-intravenous; HBV-hepatitis B virus; HBsAg-hepatitis B Surface
antigen; HCV-hepatitis C virus; RSV-respiratory syncytial virus; EDIM-epizootic diarrhea of infant mice; HSV-herpes
Simplex Virus; BoHV-1-bovine herpes virus-1; BRSV-Bovine respiratory syncytial virus; HIV-human immunodeficiency
virus; SIV-simian immunodeficiency virus; Hib-haemophilus influenza type B; PRP-capsular polysaccharide; TT-
tetanus toxoid; TCP-toxin-coregulated pilin synthetic peptide; PspA-pneumococcal surface protein A; Ptd-pertussis
toxoid; BSA-bovine serum albumin; PSA-porcine serum albumin; HEL-hen egg lysozyme; VLPs-virus-like particles;
CpG-CpG oligodeoxynucleotide, c-di-AMP- bis-(3’,5')-cyclic dimeric adenosine monophosphate; IDR-cationic innate
defense regulator peptides; FI-BRSV-formalin-inactivated bovine RSV; CFA-complete Freund adjuvant; IFA-
incomplete Freund adjuvant; CTA1-DD-chimeric Al subunit of cholera toxin; LT-attenuated E. coli heat-labile toxin;
CRL-1005- poly(ethylene oxide-co-propylene oxide); poly I:C- polyinosinic:polycytidylic acid; Indol-host defense
peptide indolicidin)

Pathogen Antigen Animal ROA Comparison Adjuvants REF
Model
Viral Antigens

Influenza A/Texas/36/91 (H1N1); mice SC [27]
virus A/Shangdong/9/93

(H3N2);

B/Panama/45/90; X-31

A/Texas/36/91 (HIN1); mice SC [28]

A/Shangdong/9/93

(H3N2); B/Panama/45/90




X-31 mice SC CFA, PCPP copolymers [35,
36]
X-31, A/Aichi/68 (H3:N2)  mice SC Alum [29]
IN+SC PCEP [37]
A/Johannesburg (H3N2); mice PAREN [38]
A/Texas (HIN1); B/Harbin
rgA/Vietnam/ ferrets IM [13]
1203/2004 (H5N1)
PR8, inactivated mice IN CpG [33]
HBV HBsAg, plasma and mice SC Alum [28]
recombinant
HBsAg, recombinant mice SC PCEP [39]
protein pigs ID or IM [31,
40]
HBsAg, recombinant mice SC PCEP, CpG [30]
protein
HCV E2, envelope glycoprotein  mice IP Alum, R848, PCPP-R [9]
E2, envelope glycoprotein  mice IP Alum, Addavax, PCEP [10]
E2, multiple variants mice IP [41]
RSV RSV sF, postfusion mice IM Alum [7]
glycoprotein
FI-BRSV, RSV AF mice IN, SC CpG (42,
43]
Rotavirus EDIM, inactivated mice IM QS-21, QS-7, Ribi (MPL) [34]
VP6 (EDIM) mice IN CpG, QS-21, CTA1-DD, LT [44]
VLPs (Rf 8*-2/6/7) mice IM [32]
SCor [45]
ORAL
VLPs (various) pigs IN, [46]
IN+IM
inactivated mice IM [47]
HSV D2 glycoprotein mice SC [28]
BoHV-1 tgD glycoprotein sheep SC Emulsigen [48]
BRSV inactivated mice IN, SC CpG [49]
HIV HIV-1, whole inactivated macaques IV [50]
HIV-1, Tat toxoid and macaques IM, ID (3- IFA [51, 52]
protein 5x)
HIV-1 DNA and mice IM, IN [53]
recombinant protein
SIV Gag protein macaques IM [54]
Bacterial antigens
Clostridium T mice SC CFA [35]
tetani IN [35]
H. influenzae  Hib PRP conj. TT mice SC Alum [28]
Vibrio TCP mice SC CRL-1005 [55]
cholerae
Streptococcus  PspA mice IN CpG [33]
pneumoniae
Bordetella PTd mice IN CpG [33]
pertussis SC PCEP, CpG, IDR, combinations [56]




Bartonella inactivated cats SC Carbopol [57]
henselae

Model antigens

BSA mice SC Alum, PCEP [11, 29]
PSA sheep SC [48]
Ovalbumin mice SC PCPP, CpG, indol, combinations, [58-60]
Ca-PCPP
mice IN PCEP, poly I:C, c-di-AMP, IDR [61]
HEL calves SC CpG, indol [62]

PCPP adjuvanted formulations enabled protection against disease in multiple challenge
studies. In lethal challenge studies with the H5N1 influenza vaccine in ferrets - a well-established
preclinical animal model, the PCPP formulated vaccine afforded 100% protection from mortality,
whereas the non-adjuvanted formulation was not protective at a dose of at least 10 fold higher
[13]. Similar results were later obtained in mice [63]. Protective immunity afforded by PCPP
adjuvanted vaccines was also established against respiratory pathogens, cholera, and rotavirus
[7, 32-34, 55]. The immunoadjuvant activity of PCPP was proven with recombinant and plasma
proteins, peptides, nucleic acids, and inactivated virus particles among others, demonstrating the
high level of antigen compatibility and versatility of this adjuvant (Table 1). It is noteworthy, that
PCPP appears to work well with gentle antigenic constructs, such as virus-like particles (VLPs)
[32]. A single intramuscular dose of PCPP formulated rotavirus VLPs induced rotavirus-specific
serum IgG and IgA, fecal IgG titers that were enhanced 5-90-fold by the adjuvant (Fig. 2C).

Another interesting feature of PCPP is its apparent potential in the development of
vaccines for neonates or elderly adults. There is an unmet medical need for vaccine formulations
aimed towards generating immunity in the elderly population, newborns and young infants, who
are more susceptible to infections and/or less likely to develop protective immunity [64, 65]. To
that end, the ability of PCPP to facilitate induction of high antibody titers to the influenza vaccine
in aged 22-month mice was reported [27]. These results are noteworthy in context of established
PCPP potency in clinical trials in elderly subjects (Chapter 3). In vitro studies also demonstrated
that PCPP formulations are effective in promoting maturation, activation and antigen
presentation by both human adult and newborn dendritic cells (DCs) [14].

Taken together, the immunoadjuvant effect of PCPP can be characterized by modulations
in the onset, magnitude, and duration of immune responses, protection against viral challenge,
and antigen sparing effect. The ability of PCPP to modulate quality of immune responses remains
under discussion, with publications suggesting either biased Th2 [29] or mixed Th1/Th2
responses [7, 33] ,and appear to be antigen-dependent. This subject is reviewed in more detail
in Chapter 4.

2.2. PCPP-R

The innovative design of PCPP-R (Fig. 3A) may be viewed as a combination of PCPP and
R848 (resiquimod) adjuvants. However, from a polyelectrolyte chemistry standpoint, cationic
R848 merely serves as a counterion for a negatively charged PCPP and constitutes an integral
part of its macromolecular structure (Fig. 3A). What is remarkable is that this ion-paired system,
which is stabilized by hydrophobic interactions, resists dissociation under physiological



conditions and apparently performs as a single entity in vivo [9]. The design of this adjuvant was
inspired by some of the challenges faced by the potent small molecule TLR 7/8 agonist in its
development as a vaccine adjuvant. In particular, inconsistent and somewhat disappointing
performance of R848 as an immunoadjuvant is associated with its rapid clearance in vivo and
quick dissociation from the antigen upon injection [66, 67]. It was also noted that the reduction
of potential systemic toxicity of this cationic compound can be desirable [68].
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Fig. 3. Supramolecular assembly of PCPP-R848-HCV E2 antigen ternary complex: (A) chemical
structure of PCPP-R848; (B) AF4 fractograms of a complex and its components (Adapted with
permission from [9]. Copyright 2020 American Chemical Society). (C) Schematic presentation of
spontaneous self-assembly and resulting virus-size mimicking complex displaying antigen and TLR
7/8 agonist “danger signals” in their multimeric forms.

The molecular design of PCPP-R, which was extensively investigated using an array of
physico-chemical methods, carries over one thousand R848 moieties per a single PCPP chain and
retains about 250 of them even after in vitro release experiments at near physiological conditions
[9]. This PCPP-assembled multimeric form of the TLR7/8 agonist displays higher
immunostimulatory activity in vitro, as assessed in the engineered RAW Blue cell line, and
reduced toxicity in a hemolysis test [9]. When co-formulated with a vaccine antigen (HCV E2
envelope glycoprotein), a non-covalent ternary complex was spontaneously formed in aqueous
solution, which was clearly demonstrated by asymmetric flow field flow fractionation (AF4)
analysis (Fig. 3B). This virus-mimicking polymer assembly (Fig. 3C), in terms of size (60-70 nm)
and multiple copies of the associated antigen and TLR7/8 agonist (“danger signals”), was efficient
both in antigen display (assessed by antibody binding) and immune stimulation in cellular assays.
In vivo studies demonstrated that the PCPP-R adjuvanted HCV formulation induced higher serum
neutralization titers in BALB/c mice and shifted the response towards desirable cellular immunity,
as evaluated by antibody isotype ratio (IgG2a/IgG1) and ex vivo analysis of cytokine secreting



splenocytes (higher levels of interferon gamma (IFN-y) single and tumor necrosis factor alpha
(TNF-a)/IFN-y double producing cells).

PCPP-enabled non-covalent multimerization of R848 stands in contrast to previously
suggested delivery methods for this compound, which involve covalent conjugation or
encapsulation [69-81]. The ion-pairing concept can be extended to different members of the
polyphosphazene homologous series, such as PCMP and PCEP, as well as other representatives
of the imidazoquinoline family, such as gardiquimod and newer derivatives [82], or TLR 7/8
agonists of the oxoadenine series [83] among others. It can be further suggested that the stability
and persistence of these assemblies can be modulated through careful selection of side groups
on the polyphosphazene backbone, most likely by their hydrophobic modification.

2.3. PCEP

Molecular design of a new generation polyphosphazene immunoadjuvant - PCEP [39, 84],
was contemplated with the following objectives. First, to amplify antigen binding to
polyphosphazene - a key feature of the PCPP delivery modality [11], through increased
contribution of hydrophobic interactions and hydrogen bonds. Second, to alleviate the observed
high sensitivity of PCPP to sodium ions [85], which was deemed to be responsible for insufficient
stability of its complexes with some antigens [11]. It was anticipated, that introduction of two
methylene groups between the benzene ring and the carboxylic acid moiety (Fig. 1) will increase
hydrophobicity of a new macromolecule, reduce the dissociation constant, and distort the
molecular configuration of PCPP, which shows unique affinity to sodium, but not lithium or
potassium ions [85]. In vitro studies revealed higher stability of antigen - PCEP complexes at near
physiological conditions when compared to those formed by PCPP [10]. Interestingly, this
relatively minor alteration in polyphosphazene structure resulted in pH dependent membrane
destabilizing activity of PCEP within a pH range of early endosomes, which PCPP does not display
[15]. The potential importance of these findings will be more thoroughly reviewed in Chapter 4.
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frequency of X:31-specific INFy and IL-4 secreting cells in mice splenocytes as determined by
ELISPOT assay in the same experiment (SC, 16 weeks. All reprinted from [29]. Copyright 2006,
with permission from Elsevier).

Immunoadjuvant potency of PCEP in vivo generally shows superiority over PCPP in the
induction of antibody titers, which is exemplified for HBsAg and influenza antigens in Fig. 4A and
Fig. 4B, correspondingly. Remarkably, minor structural alterations that differentiate PCEP from
PCPP appear to be sufficient to shift the immune response, which, as mentioned above, is mainly
Th2 for PCPP, to a balanced Th1/Th2 immunity. This was demonstrated in multiple studies [29,
39, 86, 87] and is illustrated in Fig. 4C and Fig. 4D, which show IgG2a titers and antigen specific
cytokine secreting cells in mice splenocytes for X:31 influenza antigen. It needs to be noted that
a recent study appeared to indicate that the ability of PCEP to promote balanced response is not
universal for all antigens [88]. Table 2 summarizes currently available publications, in which PCEP
was investigated as an immunoadjuvant in vivo. It is important to note however, that this Table
only includes studies, which investigated PCEP as an individual adjuvant, whereas a significant



part of research conducted on this macromolecule included it as part of a combination with other
adjuvants, which will be discussed in Chapter 7.

Table 2

In vivo immunoadjuvant potency of PCEP

(ROA-route of administration; REF-references; SC-subcutaneous; IM-intramuscular; ID-intradermal; IN-
intranasal; IP-intraperitoneal; HBV-hepatitis B virus; HBsAg-hepatitis B Surface antigen; HCV-hepatitis C virus;
IBHV- inclusion body hepatitis virus; SwiIV-swine influenza virus; Ptd-pertussis toxoid; OmlA-outer membrane
antigen; BSA-bovine serum albumin; CpG-CpG oligodeoxynucleotide; c-di-AMP- bis-(3',5’)-cyclic dimeric
adenosine monophosphate; IDR-cationic innate defense regulator peptides, Ca-PCPP-calcium cross-linked
PCPP, poly I:C- polyinosinic:polycytidylic acid)

Pathogen Antigen Animal ROA Comparison adjuvants REF
Model
Viral antigens
Influenza X-31, A/Aichi/68 mice IN, SC, PCPP [29, 37, 39, 89]
(H3:N2) ORAL
HBV HBsAg, recombinant mice SC PCPP, CpG [30, 39]
HCV E2, envelope mice P Alum, Addavax, PCPP [10]
glycoprotein
IBHV Recombinant or native  chicken IM, in avian beta defensin 2, [90, 91]
hexon protein, ovo combination
inactivate virus
SwiV H1N1, Inactivated pigs ID, IM Emulsigen [92, 93]
Bacterial antigens
Bordetella PTd mice SC CpG, IDR, PCPP [56, 94]
pertussis
Actinobacillus  OmIA pigs SC CpG, Emulsigen [86]
pleuropneum
oniae
Model antigens
BSA mice SC Alum, PCPP [29]
Ovalbumin mice SC, IN PCPP, CpG, Ca-PCPP, poly [58, 61]

I:C, c-di-AMP, IDR,
combinations

2.4. PCMP

PCMP is the most recently synthesized member of the polyphosphazene homologous
series (Fig. 1). The side group of PCMP - 4-hydroxyphenylacetic acid is a constituent of numerous
foods, such as olives, cocoa beans, oats, and beer, and is well-known for its antioxidant properties
[95-100]. It can be also found throughout all human tissues and biofluids [97, 98, 101, 102]. The
synthesis of this polymer extends the lineup of structurally similar macromolecules, which
intends to facilitate the establishment of structure-activity relationship for this adjuvant class
[84]. In vitro, PCMP displays pH-dependent membrane disruptive activity and antigen-
complexation profiles resembling PCEP, rather than PCPP. In vivo evaluation of PCMP potency

10



was conducted with Human Papillomavirus (HPV) VLPs based vaccine. Immunization experiments
in mice demonstrated that the PCMP adjuvanted RG1-VLPs vaccine induced potent humoral
immune responses and, in particular, on the level of highly desirable protective cross-neutralizing
antibodies. It also outperformed PCPP and Alum adjuvanted formulations.

2.5. Other polyphosphazene derivatives

In an attempt to establish the structure - activity relationship for polyphosphazene
adjuvants, a series of copolymers containing ionic carboxylatophenoxy groups along with
electrostatically neutral oligo(ethylene glycol) side groups, such as methoxyethoxy (PCPP-MEP)
and methoxyethoxyethoxy side groups (PCPP-MEEP), were synthesized [36]. The
immunoadjuvant effects of these PCPP derivatives was investigated with the influenza antigen in
mice and compared both with those of PCPP and of a water-soluble homopolymer containing
only neutral methoxyethoxyethoxy side groups - MEEP (Fig. 5). MEEP alone did not display any
immunostimulating capacity confirming that ionic moieties are needed to enable this feature in
the polymer. Somewhat surprisingly, introduction of 20 % (mol) of “inactive” MEEP side groups
in PCPP structure (PCPP-MEEP) resulted in a significant boost of immunoadjuvant activity, which
was somewhat reduced when the content of neutral side groups was increased to 40 % (Fig. 5).
Furthermore, a copolymer containing 20% (mol) of shorter methoxyethoxy side groups (PCPP-
MEP) showed even higher immunostimulating activity than PCPP-MEEP. The above results
suggest that the activity of PCPP and other polyphosphazene immunoadjuvants can be further
enhanced by optimizing environment of “active” ionic moieties and polymer microstructure. In
particular, introduction of non-polar, but hydrogen-bond forming side groups can be beneficial.
The composition and structural dependences above indicate that optimal hydrophilicity-
hydrophobicity balance, along with polymer solvation with water molecules is essential. These
parameters are most likely to affect the way polyphosphazenes interact with vaccine antigens
and may be critical for overall stability of the resulting complexes. Molecular interactions aspects
are more thoroughly discussed in Chapter 4.

PCPP copolymers with various content of ethylpyrrolidone side groups [103] and analog
of PCPP containing sulfonic acid groups instead of carboxylic [104] were also synthesized,
however their immunoadjuvant activity has yet to be investigated.

11



T ®
HAI Titers _éN=T)n
0-CH;-CH,-O-CH;
PCPP-MEP
3000
Ot
_GN T)n— 0 .
2000 c-a° N
o CH,-CH,-0-CH,-CH,-0-CH, 9=CH,CH,-0~CHa-GHy-0-CHs —éN P@ ’
I
—n= P) % PCPP-MEEP DOE & ne®
0 CH3-CH3-0-CH;-CHz-0-CHg
s PCPP
MEEP
wemn— - B
0
-COO 0 1] 60 80 100 % mol

Fig. 5. Serum hemagglutination (HAI) titers after immunization of mice with split X-31 influenza
adjuvanted with PCPP derivatives (5 pg antigen, 30 ug polymer doses; geometric mean titers of
5 BALB/C mice; *statistically significantly different from PCPP, P = 0.0121; **statistically
significantly different from PCPP, P = 0.0733; compiled from data published in [36]).

A series of PCPP polymers, containing various amounts of unsubstituted hydroxyl groups,
were synthesized with the objective of investigating how these structural irregularities affect the
mechanism of its hydrolytic degradation [85]. These polymers were also evaluated in animal
studies, but no comparison with completely substituted PCPP was attempted [43, 49, 60, 62].
Since the molecular structure of these polymers is no different than that of PCPP with the
exception of minute quantities of hydroxyl groups, the references to these studies are included
in Table 1.

Along with other derivatives, it is worth mentioning an amphiphilic polyphosphazene
containing N,N-diisopropylethylenediamine and poly(ethylene glycol) side groups, which was
used for the preparation of ovalbumin (OVA) containing polymersomes [105]. The resulting
formulation induced enhanced IgG titers and isotypes compared to protein alone, however the
polymer itself or other comparative adjuvants were not evaluated.

3. PCPP in clinical trials

Published results on clinical trials involving PCPP remain somewhat limited. A Phase | trial
was conducted with an influenza vaccine and tested three PCPP doses (100, 200, and 500 pg) in
comparison with a non-adjuvanted formulation [38]. Ninety-six subjects were enrolled including
forty-one participants over 60 years old and they were followed for twelve months. Overall,
authors state that the adjuvanted vaccine showed improved results both in young and elderly
subjects. In particular, the immunogenicity of the A/H3N2 influenza strain adjuvanted with PCPP
was greatly improved in an adjuvant dose-dependent manner in respect to all serological
parameters - geometric mean titers, seroconversion, and seroprotection (Fig. 6). No serious
adverse events related to the adjuvanted vaccine were observed [38].
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in GMTs compared to day 0); (B) seroconversion, and (C) seroprotection data versus PCPP dose
(strain-specific immunogenicity for A/Johannesburg/33/94 (H3N2) influenza, days 0 and 21
results are shown, 96 subjects). Figures plotted based on the data published in [38].

A phase | study with PCPP adjuvanted RSV A vaccine was conducted in healthy young
adults, who received either Alum adjuvanted vaccine (10 participants) or RSV-PCPP vaccine (30
participants) [106]. One month after immunization, a 4-fold or greater increase in neutralizing
antibodies was detected against RSV A or RSV B in greater than 77% of the participants. Both
PCPP and Alum formulations were noted to have comparable safety and immunogenicity profiles
[106].

PCPP was also tested in Phase 1/2 trials of ALVAC-HIV (vCP1521) recombinant canarypox
vector vaccine, in which it was used in boost immunization with oligomeric envelope
glycoprotein, ogp160 [107]. The authors concluded that the prime-boost regimens tested in this
study appear to be safe and well tolerated displaying cell-mediated immune responses consistent
with those in other trials of canarypox vectors [107].

A randomized phase 1 clinical trial to assess the safety and immunogenicity of ogp160
MN/LAI-2 HIV vaccine adjuvanted with either PCPP or alum following priming with live
recombinant canarypox vector, ALVAC-HIV (vCP205) was conducted [108]. The vaccines were
safe and well-tolerated, with no vaccine-related serious adverse events reported. The responses
in the PCPP adjuvanted prime-boost groups were higher than those in protein-only and Alum-
adjuvanted prime-boost groups. PCPP adjuvanted groups induced significantly higher end-of
study responses than Alum, and durability improved with a higher-dose PCPP adjuvanted boost.
Furthermore, among ogp160 recipients, those who received PCPP adjuvanted formulations were
more likely than those who received Alum to have serum that neutralized resistant tier two
viruses (12% vs 0%) [108].

Taken together, these findings demonstrate the immunoadjuvant potential of PCPP in
humans with several different vaccine antigens and suggest that PCPP containing vaccine
formulations are safe and well-tolerated.
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4. Mechanistic insights

Although the mechanism of action for polyphosphazene adjuvants is yet to be fully
elucidated, there is sufficient experimental evidence that these macromolecules spontaneously
self-assemble with antigens in the formulation, thereby providing vaccine delivery modality. They
also display intrinsic immunostimulatory activity in vitro and appear to create local
immunocompetent environment at the injection site. This dual functionality of
polyphosphazenes is discussed below.

4.1. Vaccine delivery modality - virus-mimicking supramolecular assemblies

The ability of PCPP to present the antigen to the immune system over an extended period
of time was noted in the early stages of PCPP development. Maintenance of high antibody levels,
antigen “dose sparing” effect, and long-lived IgM response were construed as indirect lines of
evidence to support this hypothesis [27]. Furthermore, it was found that the excision of the
injection site had no effect on the immune response, indicating that PCPP moves out of the site
of injection within 24 hours [27]. These results constituted a strong basis for considering PCPP as
a water-soluble vaccine delivery vehicle, which differs drastically from other bi-phasic antigen
carriers, such as Alum, emulsions, or liposomes. It was also noted that conventional
polyelectrolyte adjuvants, such as polyacrylic acid, show immunoadjuvant activity, but only when
covalently conjugated with the antigen [109]. High activity of PCPP in a simple physical mixture
with the antigen suggested presence of non-covalent interactions in the polyphosphazene
system. However, it was not until recently that direct evidence of antigen binding by
polyphosphazenes through non-covalent mechanisms was established [11, 14, 15].

Analysis of antigen-containing polyphosphazene formulations by dynamic light scattering
(DLS), AF4, and HPLC with diode array detection provides unambiguous proof that, upon mixing,
vaccine antigens spontaneously self-assemble with the polyphosphazene immunoadjuvant into
supramolecular structures. Although these complexes are predominantly formed through
electrostatic forces established between negatively charged polyphosphazene and positively
charged patches on the protein surface, it was also demonstrated that hydrogen bonds and
hydrophobic interactions play an important role in stabilizing these structures [15]. To date, the
formation of protein-loaded polyphosphazene assemblies has been demonstrated for at least
twenty vaccine antigens or model proteins [7, 9-16]. Depending on the type, dose, and whether
multiple antigens are required, there could be several scenarios of self-assembly (Fig. 7). Small
water-soluble antigens, such as proteins, can be assembled on PCPP or PCEP in multiple copies
(multimeric assemblies) with resulting dimensions (z-average hydrodynamic diameter by DLS)
generally corresponding to the size of unloaded polymers - 60-70 nm (Fig. 7A). When more than
one antigen is used in the formulation, antigens can be added simultaneously or sequentially to
form multivalent assemblies, which can also have multiple copies of each (Fig. 7B). Particulate
antigens, such as VLPs, which are comparable in size to polyphosphazenes, undergo surface
modification with a flexible polymer, essentially resulting in the formation of a polyphosphazene
corona around the antigen with the size of up to 150 nm (Fig. 7C). In all cases, polyphosphazene-
based assemblies display virus-mimicking features in terms of their dimensions and
multimericity. Importantly, the flexibility of the polyphosphazene chain, which resembles a
“cloud” due to segmental motions of the polymer, allows efficient display of antigens as
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confirmed by ELISA and AF4 analysis [7, 9, 10]. The dimensions of polyphosphazene assemblies
appear to be optimal for antigen presentation. It has been reported that the size of delivery
vehicles can affect internalization of antigen by DCs, trafficking to the draining lymph nodes, and
induction of antibody and cytotoxic T cell responses, with smaller particles (up to 200 nm)
generally performing more favorably than the larger ones [110].

70 nm

MULTIMERIC

MULTIVALENT
MULTIMERIC

CORONA

150 nm

Fig. 7. Schematic presentation of supramolecular assemblies of polyphosphazene adjuvants with
antigens: (A) multimeric complexes containing multiple copies of the same adjuvant, (B)
multivalent (containing more than one antigen)/multimeric complexes, and (C) corona (surface
modified particulate antigen) assemblies formed with VLPs (bars represent approximate
dimensions).

Generally, PCPP adjuvanted vaccine formulations are extremely easy to prepare, as no
biphasic systems are formed, display excellent stability, and can be lyophilized and redissolved.
Their water-solubility also allows for the efficient use of advanced physico-chemical
characterization and quality control methods. However, in relatively rare cases of strong antigen-
polymer interactions, which can potentially lead to some aggregation or complex compaction
resulting in reduced activity, consideration should be given to optimizing formulation conditions
or use of a microfluidics mixing technique while performing mandatory monitoring of the system
by DLS and AF4 [7, 10, 11, 16].

4.2. Intrinsic immunostimulatory activity in cellular assays

Intrinsic immunostimulatory activity of polyphosphazene adjuvants were established in
vitro, utilizing human newborn and adult dendritic cells (DCs) [14]. In these studies, PCPP was
benchmarked to Alum, the most commonly used vaccine adjuvant. PCPP induced dose
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dependent cytokine production (release of danger signals) from both newborn and adult DCs. Up
to a 1000-fold increase compared to unstimulated cells was detected, which was in contrast with
Alum, which only induced a marginal increase - less than 10-fold (Fig. 8A). Both PCPP and its
supramolecular complex with model antigen -HIV-Gag induced release of mixed Th1/Th2
cytokine responses, promoting both cellular and potentially humoral responses to PCPP
assembled antigen. PCPP and its complex containing 10 molecules of HIV-Gag, but not the
antigen alone, also induced maturation of DCs as assessed by surface expression levels of co-
stimulatory markers - CD83 and CD86 (Fig. 8B). Importantly, interactions between PCPP and the
antigen were observed to be gentle enough not to interfere with effective antigen internalization
and presentation (Fig. 8C). It is particularly noteworthy that PCPP induced comparable levels of
maturation and activation in both newborn and adult DCs, apparently bypassing the well-
documented distinct early life impairment in Thl-polarizing cytokine production observed in
response to multiple immune stimuli, which may have additional applicability for early life
immunization [14].
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Fig. 8. (A) PCPP-induced newborn and adult DC maturation profile is superior to Alum’s; (B) DC
maturation profile as percentage of the total population of gated DCs per condition; (C) HIV-Gag
- PCPP assemblies are internalized by human newborn and adult DCs. (All reprinted from [14],
Copyright 2014, with permission from Elsevier). (D) Endosomolytic activity of PCEP as determined
by hemolysis assay. (Reprinted with permission from [15]. Copyright 2016 American Chemical
Society). (E) The effect of E2 antigen loading on the immunostimulatory activity of complexes as
evaluated in macrophage reporter cell lines. (Reprinted with permission from [10]. Copyright
2020 American Chemical Society)

In a separate study, PCPP and PCEP were shown to directly stimulate production of
cytokines in mouse spleen cells in the absence of antigen [30]. IL-4, IL-12 and IFNy responses
were assessed and PCEP showed superior activity to PCPP. It should be noted, that PCEP induced
direct activation of naive mouse splenic B-cells in a dose dependent manner [111].
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PCPP and PCEP were investigated for their ability to induce TLR activation using
engineered HEK293 reporter cells with overexpressed human TLRs, specifically TLR2, 3,4, 5, 7, 8,
and 9 [15]. Although it is clear that both PCPP and PCEP were able to stimulate similar cellular
responses, they do not appear specific as negative control cell lines also showed some activation.
This underlines non-specific ionic type of interactions of polyphosphazene adjuvants with
receptors on cell surfaces. AF4 experiments, which analyzed interactions of these polymers with
soluble TLRs at near physiological conditions, revealed that both PCPP and PCEP effectively
formed supramolecular complexes with all tested receptors [15].

The above results suggest that the differences observed for structurally similar PCPP and
PCEP in terms of their in vivo performance (Chapter 2) are less likely to be derived from the
distinctions in their interactions with specific receptors and that some physico-chemical features
are probably responsible. One notable difference between the two polymers lies in their behavior
at the pH range corresponding to the pH environment of early endosomes. PCEP, but not PCPP,
displays pH-dependent membrane disruptive activity at pH below 6.8, as determined using red
blood cells as endosomal membrane models (Fig. 8D). This can potentially result in different
abilities of thetwo adjuvants to facilitate cross-presentation of the antigen. In fact, it has been
previously noted that some vaccine delivery carriers are capable of increasing the amount of
antigen that escapes from endosomes into the cytoplasm resulting in its more efficient direction
into the major histocompatibility complex (MHC) class | antigen presentation pathway [112-114].
The other potential line of investigation to explain superior in vivo activity of PCEP may require
more comprehensive investigation of the physiological stability of antigen loaded
polyphosphazene assemblies. PCPP, but not PCEP, is well-known to show some sensitivity to
sodium ions, which can potentially result in ion-induced phase separation [24, 85]. This
phenomenon can be significantly amplified when some charges, which usually facilitate water-
solubility of polyelectrolytes, are consumed in ionic interactions with protein antigens. It was
reported [10] that immunostimulatory activity of HCV E2 antigen-loaded PCPP complexes in an
engineered mouse macrophage reporter cell line assay decreases with increased antigen load,
whereas PCEP complexes follow the opposite direction (Fig. 8E). The observed trend for PCPP
complexes was correlated with increasing aggregation of PCPP complexes at higher antigen load
[10]. Further combined physico-chemical, in vitro, and in vivo studies are required to better
understand substantial differences observed for the two lead polyphosphazene adjuvants.

4.3. In vivo studies on the mechanism and structure-activity relationship

Early studies on the structure-activity relationship of ionic polyphosphazene
macromolecules had a main objective of establishing to what extent their charge or molecular
size had any influence on in vivo activity of these macromolecules. Studies, in which carboxylic
acid groups of PCPP were partially replaced by non-ionic ester functionalities, reveal that the
immune response was directly proportional to the content of ionic groups (charge) in the polymer
(Fig. 9A). Since the ability of PCPP to form complexes with proteins is based primarily on
electrostatic interactions, these results may be interpreted in favor of the importance of PCPP as
a delivery vehicle. Similarly, immunoadjuvant activity of PCPP is directly dependent on the size
of the complex with maximum activity observed with macromolecules of 500 kDa and above (Fig.
9B), which for PCPP typically corresponds to hydrodynamic diameter in excess of 60 nm. This may
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suggest that similarly to nanoparticles, the size of the polymer and corresponding complexes is
important in targeting immune cells and the efficient induction of the immune response [110].
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Fig. 9. (A) Serum IgG titers after immunization of mice with influenza antigen adjuvanted with
PCPP with variable content of carboxylic acid group. (Reprinted with permission from [85].
Copyright 2004, American Chemical Society); (B) HAI titers in mice immunized with influenza
antigen adjuvanted with PCPP having various molecular weight. (Reprinted from [27], Copyright
1997, with permission from Elsevier). (C) PCEP stimulates increased immune cell numbers in the
draining lymph nodes in mice; (D) Intracellular uptake of PCEP at the injection site in mice as
analyzed using a confocal laser scanning microscope. (All reprinted from [115], Copyright 2014,
with permission from Elsevier); (E) Fluorescence microscopy visualization of PCEP copolymer
enhanced cytosolic delivery of a model protein cargo (Reprinted with permission from [116].
Copyright 2017 American Chemical Society)

The majority of recent studies on the mechanism of action in vivo were conducted using
PCEP. PCEP was shown to be a strong modulator of innate immune responses at the site of
injection [117]. It induced time-dependent changes in the gene expression of multiple adjuvant
core response genes and triggered strong local production of cytokines and chemokines. It was
noted that polyphosphazene adjuvant induced genes were distinct from those triggered by CpG,
suggesting their different mechanisms of action. It was also established that PCEP up-regulated
the gene expression of the inflammasome receptor and induced the production of pro-
inflammatory cytokines IL-13, and IL-18, which suggests activation of the inflammasome as a
possible part of the mechanism of action [117]. In a somewhat contrast with these investigations,
studies in pigs revealed that PCEP induced the expression of chemokine CCL2 and
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proinflammatory cytokine IL-6 - an inducer of B cell activity and differentiation, indicating the
ability of PCEP to promote a Th2 type immune response [88].

Further studies in mice showed that PCEP caused recruitment of immune cells to the site
of injection with subsequent trafficking to lymph nodes [115]. Similar results were obtained when
PCEP was administered intradermally in pigs [118]. In mice, flow cytometry analysis revealed
significantly higher numbers of myeloid and lymphoid cells (results for DCs, CD4* and CD8* T cells
are shown in Fig. 9C) detected in the draining lymph nodes after injection of PCEP, when
compared with results obtained for mice injected with Alum or PBS. The authors also reported
that fluorescently labeled PCEP was detected in over 28 % of the total cells recruited to the site
of injection [115]. It should be noted that no data was presented on the efficiency of fluorescent
dye labeling, the stability of the conjugate or the effect of labeling on the biophysical properties
of the polymer. Nonradiative labeling is notorious for causing significant alterations in biological
behavior of water-soluble polymers [119]. Nevertheless, confocal microscopy results showed
that fluorescently labeled PCEP localized within a defined region in the cytosol of various
recruited cell populations (Fig. 9D). It is noteworthy, that in vitro investigations conducted on
PCEP copolymers by another research group demonstrated that the polymer is capable of
enhancing intracellular protein uptake of over 40-fold (Fig. 9E) [116]. Taken together, these
findings emphasize the importance of further studies of the delivery capabilities of
polyphosphazene adjuvants and their contribution in the mechanism of action.

5. Particulate and microfabricated formulations
5.1. Nano- and microparticulate systems

PCPP was originally introduced as a synthetic alternative to the well-known biocompatible
polymer, alginic acid [120]. Similarly, to this natural polymer, PCPP is capable of forming
ionotropic hydrogels when exposed to aqueous solutions of calcium salts [20, 21]. The resulting
cross-linked materials, which are characterized by superb mechanical characteristics, have been
studied for encapsulation of cells [21, 121], biomedical imaging [122-125], oral delivery of
bioactives [35, 126, 127], sustained release [22, 23], and bone replacement applications [128,
129]. The concept of conforming water-soluble macromolecular adjuvant into nanoparticulates
also appears attractive as a pathway to provide concurrent sustained release of antigen and
immunoadjuvant [130]. Contrary to many other encapsulation methods, the technology does not
require use of organic solvents, elevated temperatures, or sophisticated manufacturing
processes.

Polyphosphazene-based micro and nanoparticulates can be produced by several
methods, which result in various size distribution parameters (Fig. 10A). Initially, the technology
relied on spraying polymer solutions into aqueous calcium chloride, which generated
microspheres in a micrometer-millimeter size range [21-23, 25]. It also had severe limitations due
to non-linear scale-up, issues related to frequent nozzle clogging, and challenges in containment
of biologics. The evolvement of nozzle-free methods followed a discovery of atypical sensitivity
of PCPP to sodium ions [85, 131]. This resulted in a development of a two-step method, in which
PCPP solution undergoes sodium-induced coacervation followed by cross-linking with calcium
chloride [24]. Nanoparticulates can be produced through complexation of polyphosphazenes
with either physiologically benign multivalent amines, such as spermine and spermidine [130], or
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poly(oxyethylene) [132]. These techniques are not restricted to PCPP and can be applied to other
derivatives as well [39, 103, 133]. The addition of PEGylated polyphosphazenes, such as
PEGylated derivative of PCPP, not only stabilizes the system in the presence of salts, but also
allows achievement of a more narrow size distribution [16]. The use of microfluidics mixing
techniques has also demonstrated improved uniformity and reproducibility of the results [16,
124, 125]. A noticeable feature of all of the above methods is high encapsulation efficiency.
Proteins first self-assemble with polyphosphazenes into non-covalent complexes, which are then
conformed into micro- and nanoparticulates [15, 16, 130].
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Fig. 10. (A) The relationship between various methods for preparation of polyphosphazene nano-
and microparticulates and their dimensions; (B) polyphosphazene coated microneedles -
schematics, scanning electron and optical microscopy images of microneedles and their array;
images of porcine skin surface after application of microneedle patch and histological analysis of
pierced skin (reproduced with permission from [31]).

Despite a number of publications which investigated in vivo activity of ionically cross-
linked PCPP and PCEP, the advantages of these systems over conventional water-soluble
polyphosphazenes have yet to be demonstrated. An earlier study compared in vivo activity of
intranasally administered tetanus toxoid, which was encapsulated in microspheres formulated
on the basis of PCPP, alginic acid, and PCPP-alginic acid blend [25]. Although an adjuvant effect
of PCPP microspheres was greatly superior compared to those composed of alginic acid, the
maximum activity was achieved when both polymers were blended [35]. This effect may be
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explained by insufficient stability of unmodified polyphosphazene microspheres, which tend to
aggregate under physiological conditions and can benefit from surface modification with
PEGylated polyphosphazenes or polycations [16, 124, 125]. Investigation of the in vivo adjuvant
effect of PCPP and PCEP particulates has been greatly extended to include various antigens and
routes of vaccine administration [58, 61, 94, 134]. However, the lack of direct comparison with
water-soluble formulations and absence of physico-chemical characterization and microsphere
stability data in these studies dictate the need for further research in this area.

5.2. Microneedles and Intradermal Delivery

Delivery of vaccines to the skin - an anatomic space which contains a high density of
dermal dendritic cells and epidermal Langerhans cells, is a promising approach both in terms of
induction of superior immune responses and addressing the need for antigen sparing [135].
However, it also requires either special medical personnel training or development of
technologies which do not rely on the use of conventional hypodermic needles. The use of
microneedles - microfabricated structures that can pierce the skin and deliver vaccine to
epidermis and dermis compartments is an especially attractive option [135, 136]. To that end,
PCPP and other polyphosphazenes offer unprecedented opportunity as they can be used both as
an immunoadjuvant and, due to their excellent mechanical properties, microfabrication material,
thus minimizing the size of microneedle patches needed for effective vaccination [31, 40, 137,
138]. Arrays of 600-um long microneedles were fabricated, which contained solid PCPP-HBsAg
vaccine formulation as a coating on the titanium core (Fig. 10B). Once applied to pig skin as part
of the band-aid type patch, these microneedles effectively cut the stratum corneum and the
formulation quickly dissolves into the epidermis/dermis compartments (Fig. 10B). Immunization
studies in pigs demonstrated that HBsAg containing PCPP microneedles induced antibody titers
which were three orders of magnitude higher than those induced by microneedles with antigen-
carboxymethylcellulose coatings and at least 10-fold higher than those resulting from
intramuscular injection with the polyphosphazene adjuvanted HBsAg formulation [31]. In this
study, PCPP microneedles also showed significant antigen dose sparing compared to the
formulation delivered by intramuscular injection. Intradermal immunization with PCEP
formulations was also investigated, but these studies utilized conventional injection methods [88,
92].

6. Polyphosphazene-based combination adjuvants

Due to the excellent water-solubility, ease of formulation, and delivery capabilities,
polyphosphazenes provide an attractive platform for the development of combination adjuvants.
The ability of PCPP to enable a synergistic response with the TLR4 agonist (MPL) was first
demonstrated with influenza antigen in mice [139]. Similar effects were observed with
combinations of PCPP or PCEP with CpG ODN in mice and pigs [30, 86, 140, 141]. Further studies
were undertaken to combine PCEP or PCEP-GpG formulation with cationic host-defense peptides
(HDPs) or their synthetic analogs - Innate Defense Regulators (IDRs) [56, 59, 90, 91, 142, 143]. By
far the most investigated polyphosphazene-based combination adjuvant is a ternary system,
which includes IDR-1002 peptide, poly(l:C) and PCEP - “TriAdj”. Immunoadjuvant potency of
TriAdj was validated in mice, rats, cotton rats, hamsters, rabbits, lambs, calves, and pigs with a
variety of antigens using different administration routes, such as intramuscular, intranasal, and
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intrapulmonary [63, 134, 144-159]. Triadj was also investigated as part of the liposomal delivery
system [160]. A recent review outlines some of the developments in this field in more details
[161]. It may be also noted that the use of anionic PCEP and cationic IDR peptides should
inadvertently lead to the formation of supramolecular polymer-peptide complexes formed via
ionic interactions. It can be expected that research into intermolecular interactions and
optimization of such complexes in terms of their binding to the antigen can lead to further
improvements in the performance of polyphosphazene-based combination adjuvants.

7. Biodegradation and shelf-life

Applications of water-soluble polyphosphazenes as injectables became possible due to
the ability of these synthetic macromolecules to undergo hydrolytic degradation at near
physiological conditions. The hydrolytic pathway for these macromolecules is well established
and results in the cleavage of side groups and release of phosphate and ammonium ions [18, 29,
39, 85, 103, 116, 133, 162-165]. In particular, the degradation profile of PCPP is characterized by
a relatively long half-life at near physiological conditions (150 days) and the release of the benign
by-product - hydroxybenzoic acid, which is also a well-known metabolite of propyl paraben - an
excipient generally regarded as safe (GRAS) by the FDA [18, 162]. Similarly, PCMP and PCEP
degrade into 4-hydroxyphenylacetic acid and 3-4-hydroxyphenyl)propionic  acid
(desaminotyrosine), correspondingly. These compounds are constituents of numerous foods,
such as olives, cocoa beans, oats, and beer, and are well-known human metabolites [95-100].
The rate of degradation can be modulated through addition of certain pendant groups, which
introduce hydrolytically labile bonds in the polymer structure. For example, mixed substituent
copolymers of PCPP containing N-ethylpyrrolidone [103] or PEG [165] side groups degrade faster
than PCPP and the rate of hydrolysis increases proportionally to their content in the polymer.
The degradation rate can be also amplified by the presence of residual chlorine atoms and
hydroxyl groups - irregularities contained in incompletely substituted polyphosphazenes [85].
Therefore, careful control of the residual groups (“structural defects”) or “weak links” in
polyphosphazene structures is needed to ensure reproducibility of results. It is also important to
note that the degradation rate is dependent on the temperature and is dramatically reduced
below 4°C, therefore allowing for adequate shelf-life in solution in a refrigerated or frozen state
[18].

8. Synthesis and manufacturing of polyphosphazene adjuvants

All polyphosphazene immunoadjuvants reported to date were produced using the
macromolecular substitution route - ring-opening polymerization of
hexachlorocyclotriphosphazene (trimer) yielding polydichlorophosphazene (PDCP) - followed by
replacement of chlorine atoms of PDCP with organic nucleophiles [20, 39, 85, 166]. Although this
is a traditional route to polyphosphazene synthesis, several challenges had to be addressed
before reproducible synthesis and the cGMP production process for PCPP had been established
[85]. Conversion of highly hydrolytically sensitive PDCP into a water-soluble polyphosphazene
adjuvant may result in partial polymer breakdown, cross-linking, or generation of undesirable
residual groups, which can adversely affect its performance or shelf-life. A series of innovations
have been made, which included discovery of the stabilizing effect of diglyme on PDCP,
development of aqueous based deprotection methods and a single solvent - single pot approach,
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controlling the degree of conversion in the polymerization process and forcing substitution
conditions [85, 131, 167-170]. This allowed the development of a ¢cGMP process, which
demonstrated its simplicity, scalability, and robustness in over two hundred production cycles,
including manufacturing of cGMP consistency lots and millions of human doses of clinical grade
material [85]. Synthesis of new generation PCEP and PCMP adjuvants, as well as their diverse
copolymers, are essentially based on the same key elements of the process and share a greater
part of their production processes with PCPP [39, 103, 116, 133, 165].

Several alternative synthetic routes to PDCP, which are based on condensation processes,
have also been developed [171-174]. Among them, a method based on room temperature,
“living” polymerization is introduced, which allows for the preparation of polyphosphazene block
copolymers with controlled architecture [175, 176]. However, potential utility of these methods
for the synthesis of polyphosphazene adjuvants is yet to be investigated.

9. Characterization of polyphosphazene adjuvants and their formulations with antigens

Physico-chemical characterization methods for polyphosphazene polyelectrolytes are
well-established and are common for the analysis of either polyphosphazenes, or
polyelectrolytes. Molecular structure and absence of structural irregularities, such as hydroxyl
groups, ester groups, or chlorine atoms, are typically confirmed using *H, 3'P, and 3C nuclear
magnetic resonance (NMR) spectroscopy and elemental analysis. Focus studies on the
determination of absolute molecular weights of PCPP and its molecular weight distributions,
preparation of narrow molecular weight standards, and the dependence of molecular weight
parameters on conditions of PDCP to PCPP conversion process were undertaken [85, 166]. This
included determination of the second virial coefficient, refractive index increment, and Mark-
Houwink constants (for viscometry measurements) for PCPP - all at near physiological conditions
(PBS, pH 7.4). The multi-angle laser light scattering (MALS) method, both as stand-alone and in
combination with gel-permeation chromatography (GPC), was used for the determination of
absolute molecular weight of PCPP [177]. Applicability of conventional GPC methods, using
universal calibration curves, ionic, and neutral standards, were also evaluated [177].

Analysis of polyphosphazene formulations with antigenic proteins is no less important,
however is somewhat more challenging. Knowledge of intermolecular interactions in the
formulation, biophysical and biochemical properties of antigen-polyphosphazene complexes,
and avoidance of potential undesirable aggregation in the system, are all critical for achieving
reproducible and predictable behavior of formulations in vivo. Two interconnected aspects
require specific attention here - compositional/conformational parameters of the complex and
antigenicity of the protein. Isotherms of antigen - polyphosphazene binding were initially
established for some systems using GPC equipped with a diode array detector [11, 14]. However,
this technique proved to be of limited applicability due to existence of non-specific interactions
between many complexes and resins which are commonly employed for analytical separation.
Significant progress in the analysis of intermolecular complexes was achieved following
introduction of AF4 method [7, 9, 10, 15, 16, 116, 165]. Similarly to GPC, this technique offers
size-dependent separation of the analyte, yet allowes analysis of supramolecular assemblies and
particulates up to micrometer size and minimizes interactions with the surface of a stationary
phase [178].
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Perhaps the most critical parameter that can affect in vivo performance of the
formulation is the conformation of antigen-polyphosphazene assemblies. It was noted that
compaction and, in extreme cases, immediate or slow aggregation occurring in the system appear
to adversely affect antigen presentation and result in inferior in vivo activity [10, 11]. To that end,
dynamic light scattering (DLS) or MALS analysis of the formulation to determine dimensions of
the assembly and its short-term stability is mandatory. In case of extremely strong antigen-
polyphosphazene interactions, component mixing facilitated by a microfluidics technique or
careful selection of mixing volumes may be useful [7, 16]. It is always a good approach to verify
that the protein assembled in a supramolecular complex maintains its antigenicity using
conventional methods, such as ELISA [7] or SRID [13]. Finally, if a co-adjuvant is used, such as
resiquimod, the formation of ternary assemblies can be confirmed by AF4, fluorescent, and NMR
spectroscopy methods [9]. In summary, biophysical characterization of formulations and antigen-
polyphosphazene supramolecular assemblies appear to be compulsory for generation of
consistent and reproducible in vivo results.

10. Conclusion

Polyphosphazenes are uniquely positioned among other immunoadjuvants. These
macromolecules do not resemble the majority of systems investigated as adjuvants and vaccine
delivery vehicles to date. Unlike conventional antigen delivery carriers, which are typically
represented by emulsions, liposomes, nanoparticles and aluminum-based hydrogels, these
macromolecules are fully water-soluble. Contrary to “true immunostimulating compounds”, such
as TLR agonists, they do not carry functionalities responsible for specific interactions with cell
receptors. In contrast with conventional polyelectrolytes, which only show significant
immunoadjuvant activity when chemically conjugated to the protein, polyphosphazenes do not
require covalent attachment to the antigen.

As is the case with many other important immunoadjuvants, the mechanism of action, as
well as structure-activity relationship for polyphosphazene family of adjuvants, are yet to be
established in detail. Nevertheless, the hypothesis of their dual functionality - antigen delivery
and immunostimulation - gains growing experimental support. Perhaps one of the most
intriguing and yet to be answered questions is why two structurally similar members of
polyphosphazene homologue series, PCPP and PCEP, behave so differently in vivo. Generally,
PCEP, which only differs from PCPP by two methylene groups, not only promotes higher antibody
levels to vaccine antigens, but shifts the response towards a desirable balanced Th1/Th2
immunity. The mechanistic cause of this is still poorly understood. Although the differences
between two polymers are negligible from the structural chemistry prospective, properties of
their complexes with antigens and, especially their stability, are shown to be dissimilar in a
number of cases. As mentioned above, an overview of recent studies suggests that these
distinctions may be antigen-dependent. Some instances of PCPP promoted balanced immunity
and Th2 biased responses induced by PCEP formulations are now noted. Therefore, when two
adjuvants are compared, the cause of varying performance must be sought not only in the
properties of polyphosphazenes, but also in the behavior of their complexes with antigens. This,
once again, mandates careful physico-chemical and biophysical characterization of the
formulation prior to in vivo evaluation, which is not yet standard in the field.
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As outlined in present review, in vivo potency of polyphosphazene adjuvants is proven
with multiple viral and bacterial antigens in almost one hundred published studies. Moreover,
PCPP also showed safety and immunoadjuvant activity in clinical trials. Contrary to many biphasic
vaccine delivery systems, polyphosphazenes are well-defined synthetic macromolecules which
have excellent solubility under physiological conditions. They are extremely simple to formulate
and combine with other adjuvants. Polyphosphazenes also offer unprecedented opportunities
for preparation of solid formulations, such as microneedles for intradermal immunization and
nanoparticulates for improved targeting or concurrent antigen and adjuvant release. However,
despite their proven potency, versatility, safety, and clinical history, polyphosphazenes remain
one of the most overlooked classes of immunoadjuvants and vaccine delivery systems.
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