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Abstract

The goal of this research is to study the effect of polyanhydride chemistry on the immune response
induced by a prophylactic cancer vaccine based on biodegradable polyanhydride particles. To
achieve this goal, different compositions of polyanhydride copolymers based on 1,8-bis-(p-
carboxyphenoxy)- 3,6-dioxaoctane (CPTEG), 1,6-bis-(p-carboxyphenoxy)-hexane (CPH), and
sebacic anhydride (SA) were synthesized by melt polycondensation, and polyanhydride copolymer
particles encapsulating a model antigen, ovalbumin (OVA), were then synthesized using a double
emulsion solvent evaporation technique. The ability of three different compositions of
polyanhydride copolymers (50:50 CPTEG:CPH, 20:80 CPTEG:CPH, and 20:80 CPH:SA)
encapsulating OVA to elicit immune responses was investigated. In addition, the impact of
unmethylated oligodeoxynucleotides containing deoxycytidyl-deoxyguanosine dinucleotides (CpG
ODN), an immunological adjuvant, on the immune response was also studied. The immune
response to cancer vaccines was measured after treatment of C57BL/6J mice with two
subcutaneous injections, seven days apart, of 50 ug OVA encapsulated in particles composed of
different polyanhydride copolymers with or without 25 ug CpG ODN. /17 vivo studies showed that
20:80 CPTEG:CPH particles encapsulating OVA significantly stimulated the highest level of
CD8* T lymphocytes, generated the highest serum titers of OVA-specific 1gG antibodies, and
provided longer protection against tumor challenge with an OVA-expressing thymoma cell line in
comparison to formulations made from other polyanhydride copolymers. The results also revealed
that vaccination with CpG ODN along with polyanhydride particles encapsulating OVA did not
enhance the immunogenicity of OVA. These results accentuate the crucial role of the copolymer
composition of polyanhydrides in stimulating the immune response and provide important insights
on rationally designing efficacious cancer vaccines.
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1. Introduction

Cancer is one of the leading causes of death worldwide [1]. In the United States, cancer is
the second leading cause of death, exceeded only by cardiovascular disease, and accounts for
one out of every four deaths [2], whilst approximately 14.1 million cancer cases were
diagnosed globally and 8.2 million cancer patients died in 2012 [3]. Several conventional
cancer treatments such as chemotherapy, surgery, and radiotherapy are available, however,
current treatment approaches may not offer sufficient clinical benefits, and require
improvement to enhance survival in cancer patients [4, 5]. Vaccines for cancer treatment
have received an increased interest in recent years [6]. In fact, the promising results of
cancer vaccines have culminated in the FDA approval of the first therapeutic cancer vaccine,
Sipuleucel-T (Provenge™), for treatment of prostate cancer [7, 8].

Tumor antigen-based cancer vaccines can stimulate tumor-specific immune responses. These
immune responses have the potential to not only eradicate the cancer, but also generate long-
lasting memory responses to guard against tumor recurrence [6]. Compared to soluble
cancer vaccine formulations, tumor antigens encapsulated in biodegradable polymeric
particles have been shown to sustain antigen release and provide long-term protection
against tumor challenge by improving the immune response towards the antigen [9, 10]. The
reasons for the improved immune responses are many-fold. One reason is because
particulate delivery systems protect encapsulated antigen(s) from degradation by host
enzymes [10-12]. Also, particle-based vaccines can be designed to present similar signals to
immune cells as pathogens. Therefore, particulate delivery systems are internalized more
readily and efficiently by antigen presenting cells than their soluble counterparts. This
enhanced cellular uptake of particulate delivery systems leads to an induction of stronger
immune responses compared to soluble antigen [13, 14]. Furthermore, several studies have
shown that particle-based vaccine formulations induced cell-mediated immunity, which is a
key component of the immune response against tumors [15-21].

Polyanhydrides are a class of degradable polymers that possess favorable properties in terms
of their suitability as cancer vaccine delivery systems. Polyanhydrides are FDA-approved
polymers that degrade through surface erosion [22], which results in nearly zero-order
release of encapsulated drug and protein molecules [23-25]. This can facilitate long-lasting
immunity [26]. In addition, changing the type of monomers or varying the molar ratios in
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the copolymer composition of polyanhydrides can significantly alter the degradation rate
from a week to several years, thereby regulating the release kinetics of the payload [25, 27].
Amphiphilic polyanhydride copolymers have been reported to successfully maintain protein
stability and provide sustained release of proteins [28-35]; consequently, they are excellent
delivery systems for acid-sensitive payloads. Furthermore, since polyanhydrides are inert
and their degradation products are safe, they have high biocompatibility and are suitable for
in vivo drug/antigen delivery [24]. Additionally, polyanhydrides have been reported to have
inherent adjuvant properties and polyanhydride particles can act as Toll-like receptor (TLR)
agonists on various TLRs including TLRs 2, 4, and 5 [19, 20, 36-47].

In this study, the impact of polyanhydride chemistry on the stimulation of immune responses
and protection against tumor challenge was investigated. Based on 1,8-bis-(¢-
carboxyphenoxy)-3,6-dioxaoctane (CPTEG), 1,6-bis-(p-carboxyphenoxy) hexane (CPH),
and sebacic anhydride (SA) (Figure 1), three different compositions of polyanhydride
copolymers (i.e., 50:50 CPTEG:CPH, 20:80 CPTEG:CPH, and 20:80 CPH:SA) were used to
synthesize particles encapsulating ovalbumin (OVA) and their /in vivo efficacy was tested in
a mouse model. OVA, a major protein in chicken egg white, is a well-studied model antigen
comprised of 385 amino acid residues with a molecular weight of 44 kDa [48]. In this
research, the effect of unmethylated oligodeoxynucleotides containing deoxycytidyl-
deoxyguanosine dinucleotides (CpG ODN) as an immunological adjuvant was also studied.
CpG ODN is a TLR 9 agonist that has been advanced to clinical trials such as a phase |
clinical trial in patients with previously treated chronic lymphocytic leukemia (B cell
lymphoma), a phase I clinical trial in patients with recurrent glioblastoma, and a phase Il
clinical trial in patients with non-small cell lung cancer [49]. CpG ODN has been reported to
promote T helper cell type-1 (Th1l) immune response [14, 50]. However, Joshi et al, found
that the co-delivery of CpG ODN and OVA in 50:50 CPTEG:CPH particles did not promote
Th1 immune responses [51], which was attributed to observations that 50:50 CPTEG:CPH
copolymer activates dendritic cells in a similar fashion to lipopolysaccharide [45], which has
been previously reported to abrogate the function of CpG ODN [52]. This finding was
further investigated in this research to deduce whether this apparent abrogation of CpG ODN
function is specific to the 50:50 CPTEG:CPH copolymer or instead is a possible universal
characteristic of polyanhydride copolymers.

2. Materials and methods

2.1 Synthesis of polyanhydride copolymers

Polyanhydride copolymers with molar ratio compositions 50:50 CPTEG:CPH, 20:80
CPTEG:CPH and 20:80 CPH:SA were synthesized by melt polycondensation of acetylated
monomers, as described previously [28, 53]. Briefly, monomers were mixed together at the
specified molar ratios. Acetic anhydride was then added to the monomer mixture and reacted
for 30 minutes at 125 °C. The acetic anhydride was removed using a rotary evaporator and
the resulting viscous liquid was polymerized in an oil bath at 140 °C for the CPTEG:CPH
copolymers (or at 180 °C for 20:80 CPH:SA copolymer) under high vacuum (<0.3 torr) for
90 minutes. To purify the copolymers, the crude copolymers were dissolved in methylene
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chloride and isolated by precipitation in dry petroleum ether. The purified copolymers were
dried under vacuum overnight.

2.2 Characterization of polyanhydride copolymers

The purity of the synthesized polyanhydride copolymers was examined using H nuclear
magnetic resonance (*H NMR) spectroscopy. The number-average molecular weight of
polyanhydride copolymers was estimated by end group analysis from 1H NMR spectra
obtained on a Varian VXR-300 MHz NMR spectrometer (Varian Inc., Palo Alto, CA) using
deuterated chloroform as a solvent. In addition, gel permeation chromatography (GPC) with
a Waters HPLC 277 system (Waters, Milford, MA) and GPC columns (Varian Inc.) was used
to determine the molecular weight of the polyanhydride copolymers. The static contact angle
between the films of the polyanhydride copolymers and water droplets was measured using a
model 100 contact angle goniometer (Ramé-Hart, Mountain Lakes, NJ) equipped with a
high resolution CMOS camera with a 6-60x magnification lens (Thor Labs, Newton, NJ).
Briefly, polyanhydride copolymers were dissolved at 10% w/v in methylene chloride (Fisher
Scientific, Fair lawn, NJ). Solutions were cast onto glass coverslips (Leica, Buffalo Grove,
IL) and dried at room temperature. Droplets with a volume of 10 pL of deionized water
purified with a Milli-Q UV Plus System (Millipore, Bedford, MA) were dispensed onto the
surface of the films. Multiple images of water droplets were captured and the measurements
were taken in triplicate. Using ImageJ software, the shape of the droplet was analyzed to
determine the static contact angle from the right and left edges of the droplets.

2.3 Synthesis of polyanhydride particles encapsulating OVA

Particles were prepared using a water-in-oil-in-water (w/o/w) double emulsion, solvent
evaporation method derived from Intra et a/. [54]. In brief, 3 mg of purified endotoxin-free
chicken egg white OVA (Sigma, St. Louis, MO) was dissolved in 100 uL of 1% w/v
poly(vinyl alcohol) (PVA) (Sigma) solution. Using a Model FB-120 Sonic Dismembrator
equipped with an ultrasonic converter probe CL-18 (Fisher Scientific, Pittsburgh, PA) set at
an amplitude of 40%, this aqueous solution was sonicated for 30 seconds in 1.5 mL of
methylene chloride containing 200 mg of one of the polyanhydride copolymers (50:50
CPTEG:CPH, 20:80 CPTEG:CPH, or 20:80 CPH:SA). This primary emulsion was then
sonicated in 8 mL of 1% w/v PVA solution under the same previously used sonication
conditions. The obtained secondary emulsion was then immediately added to 22 mL of 1%
w/v PVA stirring solution in a fume hood. The double emulsion was stirred for two hours to
allow evaporation of methylene chloride. After stirring, the particles were collected by
centrifugation for 5 minutes using a Sorvall Legend XTR Centrifuge (Thermo Scientific,
Waltham, MA) set at 2880 x g. The obtained particles were washed twice with nanopure
water and then resuspended in 5 mL of nanopure water. Particle suspensions were frozen at
-85 °C for one hour and then lyophilized for 24 hours using a FreeZone 4.5 freeze dry
system (Labconco Corporation, Kansas City, MO) set at 0.08 mBar and — 53 °C. Lastly, the
particles were stored at =20 °C until use.

2.4 Characterization of polyanhydride particles encapsulating OVA

Suspensions of particles were prepared in nanopure water in order to characterize the
synthesized particles. Size distribution and surface charge were measured using a dynamic
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light scattering (DLS) Zetasizer Nano ZS instrument (Malvern, Southborough, MA).
Approximately 1 mL of particles in suspension was added to a polystyrene cuvette (Sarstedt
Inc., Newton, NC) and folded capillary cell (Malvern) to measure particle size and zeta
potential, respectively. Particles were also characterized for their shape and surface
morphology using a Hitachi S-4800 scanning electron microscope (SEM) (Hitachi High-
Technologies, Ontario, Canada). A small drop of particles in suspension was plated onto a
silicon wafer chip (Ted Pella Inc., Redding, CA) mounted on a SEM pin stub specimen
mount. This drop was left to completely dry at room temperature. Then, the silicon wafer
chip was coated with gold-palladium using an argon beam K550 sputter coater (Emitech
Ltd., Kent, U.K.) for 3 minutes. Finally, SEM images were captured using a Hitachi S-4800
SEM at 2 kV accelerating voltage.

2.5 Quantification of OVA encapsulated in polyanhydride particles

Particles were initially degraded in order to release OVA, which was then quantified using a
micro bicinchoninic acid (BCA) assay. Briefly, 5-7 mg of particles from each batch were
accurately weighted and dispersed in 1 mL of 0.2 N NaOH. Suspensions of particles were
incubated overnight in an incubator shaker (New Brunswick Scientific Co. Inc., Edison, NJ)
set at 37 °C and 300 rpm. Solutions were centrifuged for 5 minutes using an Eppendorf
Centrifuge 5415-D (Eppendorf AG, Hauppauge, NY) set at 5,000 x g. A Micro BCA™
Protein Assay Kit (Thermo Scientific, Rockford, IL) was used to determine the protein
concentration in supernatants after being neutralized by 0.3 N HCI to approximately pH 7.0.
The supernatants were incubated with Micro BCA™ reagents for two hours at 37 °C,
following which the absorbance of the solutions at 562 nm was measured using a
SpectraMax® Plus 384 microplate reader (Molecular Devices LLC, Sunnyvale, CA). The
results were expressed as the amount of OVA per milligram of particles as described in
equation (1). The percent encapsulation efficiency was also calculated as described in
equation (2).

OVA concentration (ug.mL™1) x Volume (mL)
Weight of particles (mg) (1)

OVA loading=

Yield of particles (mg) x OVA loading « 100
Initial weight of OVA (ug) )

Encapsulation efficiency=

2.6 Prophylactic vaccinations using a murine tumor model

Six to eight week-old female wild-type C57BL/6J mice (Jackson Laboratory, Bar Harbor,
ME) were treated with subcutaneous (rear dorsal flank) injections of the following treatment
groups (n=5 mice per group): (I) naive (i.e., unvaccinated), (11) 50:50 CPTEG:CPH/OVA,
(111) 50:50 CPTEG:CPH/OVA plus soluble CpG ODN, (1V) 20:80 CPTEG:CPH/OVA, (V)
20:80 CPTEG:CPH/OVA plus soluble CpG ODN, (VI) 20:80 CPH:SA/OVA, and (VII)
20:80 CPH:SA/OVA plus soluble CpG ODN. For mice treated with soluble CpG ODN 1826
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(molecular weight 6,171 g.mol~1) (Integrated DNA Technologies, Coralville, IA), the
suspensions of polyanhydride particles encapsulating OVA in 1X phosphate-buffered saline
(PBS) (Life Technologies, Grand Island, NY) were mixed with CpG ODN solution
immediately prior to vaccination. Doses of 50 g of OVA and 25 g of CpG ODN per mouse
were consistently used. Each mouse was primed on day 0 and boosted on day 7 with the
same indicated treatment that was used for priming. On day 14, OVA-specific CD8" T
lymphocyte levels were measured in the peripheral blood harvested via submandibular
bleeds. On day 28, OVA-specific IgG4 and 1gG,¢ antibody titers were measured in the
serum harvested via submandibular bleeds. On day 35, mice were subcutaneously
challenged with tumor cells (see below) and the tumor growth was monitored over time. In
this study, blank particles made of polyanhydride copolymer alone (i.e., no antigen) were not
used as a control group since they have already been tested in a previous study and did not
stimulate any detectable immune responses (since OVA is not an integral part of those
particles), nor did they provide any prophylactic protection to the mice challenged with
tumor cells [51].

2.7 Estimation of OVA-specific CD8* T lymphocyte levels in the peripheral blood

The frequency of OVA-specific CD3* CD8* T lymphocytes was measured on day 14 (post-
prime vaccination) by tetramer staining and direct immunofluorescence as described
previously by Karan et a/. [55]. H-2Kb SIINFEKL class 1 iTAg™ MHC Tetramer (Kb-
OVAs57) labeled with phycoerythrin (PE) (MBLI, Woburn, MA) was used in this assay.
Surface CD8 and CD3 were stained with fluorescein isothiocyanate (FITC)-labeled rat anti-
mouse CD8 (eBioscience, San Diego, CA) and PE-Cy5-labeled hamster anti-mouse CD3
(eBioscience) antibodies, respectively. Samples were acquired using a BD FACScan flow
cytometer (Becton, Dickinson, Franklin Lakes, NJ) and analyzed with FlowJo software
(Tree Star, Ashland, OR). Results are expressed as percentage of total CD3* CD8* T
lymphocytes in peripheral blood that were positive to tetramer staining.

2.8 Estimation of anti-OVA antibody levels in the peripheral blood

The levels of OVA-specific IgG antibody subtypes, 1gG; and 1gGoc, were measured in sera
using an enzyme-linked immune-sorbent assay (ELISA). In brief, blood samples were
collected through submandibular bleeds and incubated for one hour at room temperature.
After incubation, blood clots were removed and the samples were centrifuged for 10 minutes
using an Eppendorf Centrifuge 5804-R (Eppendorf, Westbury, NY) set at 3,000 x gand

4 °C. Supernatants (serum samples) were collected, serially diluted, and incubated overnight
at room temperature in an Immulon® 2HB Flat Bottom Microtiter 96-well plates (Thermo
Scientific, Rochester, NY) which had been previously coated with 100 pL of 5 pg.mL™1 of
OVA solution in PBS. Plates were washed with PBS-Tween 20 solution, and followed by
incubation for three hours at room temperature with either goat anti-mouse 1gG; (or goat
anti-mouse 1gG,c) antibody conjugated with alkaline phosphatase (Southern Biotech,
Birmingham, AL). After three hours of incubation, plates were washed with PBS-Tween 20
solution to remove excess antibody and followed by incubation with p-nitrophenylphosphate
(ONPP) in TRIS buffer (Sigma) in the dark. After 30 minutes, the absorbance was measured
at 405 nm using a SpectraMax® Plus 384 microplate reader.
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2.9 Tumor challenge

On day 35 post-prime vaccination, mice were subcutaneously challenged with 2 x 108 OVA-
expressing E.G7 cells (American Type Culture Collection, Manassas, VA) suspended in 100
pL of sterile 1X PBS (contralateral to vaccination site). Tumor growth was monitored
regularly for the subsequent two months and tumor volumes were calculated as described in
equation (3). Mice were euthanized when the tumor size exceeded 20 mm at the largest
diameter or 10 mm in the height. All animal experiments were performed in accordance with
the University of lowa guidelines for the care and handling of the laboratory animals.

. . . T
Tumor volume=diameter; (mm) x diameters (mm) x height (mm) x —

6 (3)

2.10 Statistical analysis

In this study, CD8" T lymphocyte levels, OVA-specific 1gG antibody serum titers, and tumor
volumes of all groups were compared by one-way analysis of variance (ANOVA) followed
by a Tukey post-test to compare all pairs of groups. Statistical analysis was performed using
Prism 6 (GraphPad Prism, La Jolla, CA). Survival analysis was performed by the Mantel-
Cox log-rank test using SAS 9.3 software (SAS Institute Inc., Cary, NC). Values with
p<0.05 were considered to be statistically significant.

3. Results

3.1 Characterization of polyanhydride copolymers

The purity of polyanhydride copolymers was verified using 1H NMR spectroscopy. The
NMR spectra indicated that the actual composition of the polyanhydride copolymers was
consistent with the starting molar ratios of the monomers. The designation of peaks of
polyanhydride copolymers in TH NMR spectra (Figure 2) demonstrates the purity of the
synthesized copolymers. Deuterated chloroform used in NMR analysis has a chemical shift
at approximately & = 7.26 ppm. In the 50:50 CPTEG:CPH and 20:80 CPTEG:CPH
copolymers, the protected protons, A and B, in the inner chain of CPH monomer have
chemical shifts at 6 = 1.57 ppm and & = 1.86 ppm, respectively. The chemical shifts of the
acetylated end groups in the 50:50 CPTEG:CPH and 20:80 CPTEG:CPH copolymers
appeared at & = 2.35 ppm and & = 2.36 ppm, respectively. The inner chain protons, C to F,
close to the electronegative oxygen atoms, have chemical shifts between & = 3.76 ppm and &
= 4.21 ppm. Peaks of protons, G to J, on the aromatic groups, appeared at chemical shifts
between 6 = 6.94 ppm and & = 8.06 ppm. In the 20:80 CPH:SA copolymer, the peak at
chemical shifts 6 = 1.32 ppm and & = 1.65 ppm represents the protons K and L respectively,
of the inner chain of SA. The chemical shift of the acetylated end groups was at § = 2.22
ppm. The peak at chemical shift & = 2.42 ppm represents the protons, M, of the methylenes
next to the anhydride bond. CPH had peaks at the same chemical shifts. GPC analysis
revealed that the synthesized 50:50 CPTEG:CPH, 20:80 CPTEG:CPH, and 20:80 CPH:SA
copolymers had number-average molecular weights of 8,222, 10,942, and 20,154 g.mol™1,
respectively. These results are consistent with previous work [36, 51, 56, 57]. As expected,
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the water contact angle was directly correlated with the CPH content in the polynahydride
copolymers (Table 1). Increasing the CPH content in the polyanhydride copolymer had
increased the hydrophobicity and decreased the interaction with the water droplet which
leads to decreased wetting and raised contact angle (Figure 3).

3.2 Characterization of polyanhydride particles encapsulating OVA

As described in the materials and methods section, polyanhydride particles encapsulating
OVA were prepared using a w/o/w double emulsion, solvent evaporation method. The
average size of particles was in the range 1020-1100 nm while the average zeta potential
values were between —33 and —37 mV. Particles exhibited a narrow size distribution with
average polydispersity index values less than 0.2 (Table 2). The average loading capacity of
OVA in the 50:50 CPTEG:CPH, 20:80 CPTEG:CPH, 20:80 CPH:SA particles was 5.39,
4.51, and 10.09 pg of OVA per milligram of polyanhydride particles, respectively. In
addition, the average encapsulation efficiency of OVA in 50:50 CPTEG:CPH, 20:80
CPTEG:CPH, and 20:80 CPH:SA particles was 25.1, 21.1, and 47.1%, respectively (Table
3). The percentage encapsulation efficiency was calculated based on 70% polymer recovery
during particle synthesis. Electron photomicrographs showed that polyanhydride particles
encapsulating OVA possessed a spherical shape with smooth surface morphology (Figure 4).

3.3 Immunogenicity of different formulations of polyanhydride particles encapsulating OVA

On day 14 post-prime vaccination with polyanhydride particles encapsulating OVA +/-
soluble CpG ODN, the levels of CD8* T lymphocytes were measured in the peripheral
blood. All polyanhydride particle formulations encapsulating OVA +/- soluble CpG ODN
caused a marginal increase in the levels of CD8" T lymphocytes in peripheral blood from
vaccinated mice compared to that from naive (unvaccinated) mice. However, only the
peripheral blood of mice in group (IV), which were vaccinated with 20:80 CPTEG:CPH/
OVA, displayed increases in CD8" T lymphocyte levels that were significantly higher
(p<0.05) compared to the naive mice (Figure 5). The expression of CD8* T lymphocytes
was not further enhanced upon co-delivery of soluble CpG ODN with polyanhydride
particles encapsulating OVA.

Using ELISA, the serum titers of OVA-specific IgG4 and 1gG,¢ antibodies were measured
on day 28 post-prime vaccination (Figure 6). As expected, all prophylactic polyanhydride
vaccine formulations resulted in higher /n vivo OVA-specific 1gG; antibody serum titers
compared to the titers in naive mice. In addition, the sera of mice vaccinated with 20:80
CPTEG:CPH/OVA +/- soluble CpG ODN showed the highest serum titers of OVA-specific
1gG1 and 1gG,¢ antibodies compared to sera from other mice. Serum titers of OVA-specific
1gGoc generally remained low except in mice vaccinated with 20:80 CPTEG:CPH/OVA
with soluble CpG ODN and to a lesser extent in mice vaccinated with 20:80
CPTEG:CPH/OVA alone. Also, only sera from mice in the group (V) vaccinated with 20:80
CPTEG:CPH/OVA with soluble CpG ODN displayed increases in the 1gGoc serum titers
that were statistically significant compared to the naive group. In this study, sera from all the
vaccinated mice showed higher titers of OVA-specific 1gG; antibody compared to 19G,c
levels and co-delivery of soluble CpG ODN along with polyanhydride particles
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encapsulating OVA did not result in a significant increase in the 1gG,¢ to 1gG; ratios (Figure
7).

3.4 Assessment of tumor protection

All mice were subcutaneously challenged with the OVA-expressing thymoma cell line on
day 35 post-prime vaccination and it was observed that the naive mice had rapid tumor
growth whereas mice that received the prophylactic cancer vaccine formulations showed
reduced tumor growth and progression to varying degrees (Figure 8). Interestingly, mice
vaccinated with 20:80 CPTEG:CPH/OVA displayed a substantial delay in the onset of tumor
growth, whilst other formulations not involving 20:80 CPTEG:CPH did not delay the onset
of tumor appearance compared to the naive controls. On day 18 post-tumor challenge, all the
naive mice were euthanized due to large tumor volumes. Tumor volumes of all mice on day
16 (post-tumor challenge) were statistically compared and it was found that vaccinated mice
(all groups) had significantly smaller tumor volumes than the naive mice (Figure 8). In
particular, mice vaccinated with 20:80 CPTEG:CPH/OVA had no detectable tumor volumes
on day 16 and this was also significantly lower than tumor volumes of mice vaccinated with
20:80 CPH:SA/OVA. There were no statistically significant differences between the tumor
volumes of mice vaccinated with polyanhydride/OVA formulations alone versus tumor
volumes of mice vaccinated with polyanhydride/OVA formulations plus soluble CpG ODN.
Survival analysis revealed that mice vaccinated with 50:50 CPTEG:CPH/OVA and 20:80
CPTEG:CPH/OVA had significantly extended survival in comparison to the naive mice. No
other statistically significant differences were observed. In addition, mice vaccinated with
20:80 CPTEG:CPH/OVA had the longest survival with a median survival time of 44 days
(Figure 9).

4. Discussion

In this work, immune responses to cancer vaccine formulations based on three different
OVA-loaded particle chemistries synthesized from different polyanhydride copolymers were
evaluated. Previously, we reported on the immunogenicity and antitumor potential of 50:50
CPTEG:CPH particles [51]. The current study sought to build upon the observed antitumor
activity by comparing two additional polyanhydride chemistry-based formulations (20:80
CPTEG:CPH and 20:80 CPH:SA). Particles prepared by a double emulsion solvent
evaporation technique possessed a comparable size regardless of the type of polyanhydride
copolymer used. The presence of deprotonated carboxylic groups may account for the
negative charges on the surface of polyanhydride particles encapsulating OVA. The
encapsulation efficiency of OVA appeared to be inversely correlated to the increased
hydrophobicity of polyanhydride copolymers, which is in the following order: 20:80
CPH:SA < 50:50 CPTEG:CPH < 20:80 CPTEG:CPH as demonstrated by static contact
angle measurements. The more hydrophobic the polyanhydride copolymer, the lower the
loading efficiency of the water soluble OVA. Polyanhydrides degrade by hydrolysis of
hydrolytically sensitive anhydride bonds and predominately undergo surface erosion [24].
Polyanhydride copolymers used in this study have been previously shown to be
biodegradable and their degradation profiles have been reported [56, 58]. The least
hydrophobic polymers in this category are aliphatic polyanhydrides such as poly (SA),
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which have a rapid degradation rate [24, 25]. In contrast, hydrophobic aromatic
polyanhydrides such as poly (CPH) have much slower erosion rates [24, 27]. Thus, the
degradation rate significantly decreases as the content of poly (CPH) in the polyanhydride
copolymer increases [24]. Consequently, particles based on the CPH-rich 20:80
CPTEG:CPH and to a lesser extent 50:50 CPTEG:CPH are more hydrophobic than the SA-
rich 20:80 CPH:SA particles and degrade more slowly, providing longer availability of OVA
as indicated by the /n vitro release profile of OVA from polyanhydride copolymers [28, 31,
59].

The surface properties of potentially phagocytosable particles influence their interactions
with antigen presenting cells, which in turn can affect their binding affinity and subsequent
cellular uptake and ultimately the magnitude of the immune response [60-62]. The effect of
particle hydrophobicity is a key factor affecting particle opsonization (i.e., promoting
phagocytosis), wherein hydrophobic particles are more readily opsonized than hydrophilic
particles [63-65]. The surface properties of particles directly affect the adsorption of
opsonins and, in turn, the extent of phagocytosis [63], and it has also been reported that
hydrophobic particles induce more robust immune responses than hydrophilic particles,
which may be attributed to “danger signals” that are enhanced with increased
hydrophobicity [63, 66, 67]. In addition to facilitating cellular uptake by immune cells,
hydrophaobic particles provide a slow and continuous release of the antigen and are
considered to have higher /n vivo biocompatibility than hydrophilic particles [62, 67].

In this research, /n vivo studies revealed that cancer vaccines based on different
compositions of polyanhydride copolymer particles stimulated immune responses of varying
magnitudes. In addition, the results showed that vaccination with the most hydrophobic
formulation (i.e., 20:80 CPTEG:CPH/OVA) provided the greatest protection against
subsequent tumor challenge, with a median survival time of 44 days, in comparison to other
formulations. Vaccination with the moderate hydrophobicity formulation (i.e., 50:50
CPTEG:CPH/OVA) also stimulated antigen-specific immune responses and provided
protection against tumor challenge, but to a lesser extent than that provided by the more
hydrophobic 20:80 CPTEG:CPH/OVA formulation. Although mice vaccinated with 50:50
CPTEG:CPH/OVA had enhanced median survival time (33 days) than mice vaccinated with
the least hydrophobic 20:80 CPH:SA/OVA formulation, there were no statistical differences
between the two cancer vaccine formulations in terms of both cellular and humoral immune
responses. One possible explanation for this finding is that the hydrophobicity of both
formulations may be below a threshold necessary to have a significant effect on uptake by
antigen presenting cells, as discussed by previous studies [68].

Regardless of polyanhydride copolymer composition, co-delivery of CpG ODN with
polyanhydride particles encapsulating OVA did not promote Th1l immune response as the
1gGoc to 1gG1 ratios remained very small. Mice vaccinated with polyanhydride/OVA
formulations plus soluble CpG ODN had either similar or even shorter median survival
times than mice vaccinated with the corresponding polyanhydride/OVA formulations alone.
These results are consistent with previous observations where vaccination with CpG ODN
along with 50:50 CPTEG:CPH/OVA reduced rather than improved the immunogenicity of
OVA [51]. Such results are in contrast to those obtained with poly(lactic-co-glycolic acid)
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and poly(diaminosulfide) particles co-encapsulating OVA and CpG ODN where CpG ODN
was reported to enhance the immunogenicity of these formulations [18, 21, 69]. These
studies add to the body of literature attesting to the inherent adjuvanticity exhibited by
polyanhydride particles [19, 20, 36-47].

5. Conclusions

Treatment of mice with cancer vaccines based on different polyanhydride copolymers
encapsulating OVA resulted in a stimulation of the tumor-specific immune response with
different magnitudes. This clearly indicates that polyanhydride chemistry plays a substantial
role in stimulating the immune response. Vaccination with 20:80 CPTEG:CPH/OVA, the
most hydrophobic formulation, stimulated the strongest cellular and humoral immune
responses and provided the longest survival outcome without adding any other adjuvant.
However, the prophylactic protection was incomplete and therefore further improvements
and optimizations are needed in order to further enhance cancer vaccine efficacy. The most
important finding in this study is that the copolymer composition of polyanhydride particle-
based vaccines can have a direct effect on the magnitude of the antitumor immune response
and should be selected carefully in order to achieve optimal cancer vaccine efficacy.
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Statement of Significance

Compared to soluble cancer vaccine formulations, tumor antigens encapsulated in
biodegradable polymeric particles have been shown to sustain antigen release and provide
long-term protection against tumor challenge by improving the immune response towards
the antigen. Treatment of mice with cancer vaccines based on different polyanhydride
copolymers encapsulating OVA resulted in stimulation of tumor-specific immune
response with different magnitudes. This clearly indicates that polyanhydride chemistry
plays a substantial role in stimulating the immune response. Vaccination with 20:80
CPTEG:CPH/OVA, the most hydrophobic formulation, stimulated the strongest cellular
and humoral immune responses and provided the longest survival outcome without
adding any other adjuvant. The most important finding in this study is that the copolymer
composition of polyanhydride particle-based vaccines can have a direct effect on the
magnitude of the antitumor immune response and should be selected carefully in order to
achieve optimal cancer vaccine efficacy.
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Figure 1.
Chemical structures of poly (SA), poly (CPH), and poly (CPTEG); from top to the bottom.
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Figure 2.

IH NMR spectra of (A) 50:50 CPTEG:CPH, (B) 20:80 CPTEG:CPH, and (C) 20:80

CPH:SA copolymers.
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Figure 3.
Images of water droplets dispensed onto the films of (A) 50:50 CPTEG:CPH, (B) 20:80

CPTEG:CPH, and (C) 20:80 CPH:SA copolymers.
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Figure 4.
Electron photomicrographs of prepared polyanhydride particles encapsulating OVA. (A)

50:50 CPTEG:CPH; (B) 20:80 CPTEG:CPH; and (C) 20:80 CPH:SA. Scale bar = 1 um.
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Figure 5.

Percent OVA-specific CD8* T lymphocytes in the peripheral blood of mice vaccinated with
different polyanhydride particles encapsulating OVA + soluble CpG ODN. On day 14 post-

prime vaccination with indicated treatments, OVA-specific CD8* T lymphocyte levels
(expressed as a percentage of CD3* CD8™ cells derived from peripheral blood) were

measured. Asterisk symbol (*) refers to the statistically significant difference/s between the

naive and other vaccinated groups. Data are plotted as mean = SD, n = 5. *p<0.05.
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Figure 6.

Serum antibody titers

Titers of OVA-specific 1gG; and 1gG,¢ antibodies in sera of mice vaccinated with different
polyanhydride particles encapsulating OVA + soluble CpG ODN. On day 28 post-prime
vaccination with indicated treatments, OVA-specific IgGy and 1gG,¢c serum titers were
measured using ELISA. Asterisk symbol (*) refers to the statistically significant difference/s
between the naive and other vaccinated groups unless otherwise specified. Data are plotted

as mean + SD, n = 5. *p<0.05, **p<0.01, ***p<0.001.
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Figure 7.
Ratios of 1gGoc to 1gG4 on day 28. Data are plotted as mean £ SEM, n = 5.
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Figure 8.

Prophylactic antitumor effect of vaccinating mice with different polyanhydride/OVA
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formulations + soluble CpG ODN. Mice were primed (day 0) and boosted (day 7) with
indicated treatments (I to V1) before being challenged with tumor cells (day 35). Tumor
growth was monitored regularly post challenge for up to 2 months. Each curve represents the
tumor growth for each individual mouse. Tumor volumes from each group were statistically

compared at day 16 (VI1I1). Asterisk symbol (*) refers to the statistically significant

difference/s between the naive and other vaccinated groups unless otherwise specified. Data
are plotted as mean + SD, n = 5. *p<0.05, **p<0.01, ***p<0.001.
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Naive (18 days)

50:50 CPTEG:CPH/OVA (33 days)

50:50 CPTEG:CPH/OVA + soluble CpG ODN (26 days)
20:80 CPTEG:CPH/OVA (44 days)

20:80 CPTEG:CPH/OVA + soluble CpG ODN (33 days)
20:80 CPH:SA/OVA (23 days)

20:80 CPH:SA/OVA + soluble CpG ODN (23 days)

Survival curve of mice vaccinated with different polyanhydride/OVA formulations + soluble
CpG ODN. Mice were primed (day 0) and boosted (day 7) with the indicated treatment
before being challenged with tumor cells (day 35). Survival analysis was performed using
the Mantel-Cox log-rank test. The numerals in the brackets refer to the median survival time
while asterisk symbol (*) refers to the statistically significant difference/s between the naive
and other vaccinated groups (n = 5). **p<0.01, ***p<0.001.
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Table 1

Contact angle measurements of polyanhydride copolymers.

50:50 CPTEG:CPH 20:80 CPTEG:CPH  20:80 CPH:SA

Water contact angle (°) 812+1.2 97.6+34 755+25
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Table 2

Particle size and zeta potential of polyanhydride particles encapsulating OVA.

Particle size (nm)  Polydispersity index (PDI)

Zeta potential (mV)

50:50 CPTEG:CPH particles encapsulating OVA 1020 + 10 0.154 + 0.087 -35.60 + 0.36
20:80 CPTEG:CPH particles encapsulating OVA 1097 £ 55 0.124 +0.078 -36.23 £0.32
20:80 CPH:SA particles encapsulating OVA 1024 + 56 0.037 £ 0.033 -33.35+0.07
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Table 3

Loading capacity and encapsulation efficiency of OVA encapsulated in polyanhydride particles.

Loading capacity of OVA (ug per mg of particles) Encapsulation efficiency (%)

50:50 CPTEG:CPH particles encapsulating OVA 5.39+0.18 25.1+0.8
20:80 CPTEG:CPH particles encapsulating OVA 451+0.16 21.1+0.7
20:80 CPH:SA particles encapsulating OVA 10.09 + 0.07 47.1+0.3
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