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Abstract

Pancreatic cancer (PC) is one of the most lethal malignancies and represents an increasing and 

challenging threat, especially with an aging population. The identification of immunogenic PC-

specific upregulated antigens and an enhanced understanding of the immunosuppressive tumor 

microenvironment have provided opportunities to enable the immune system to recognize cancer 

cells. Due to its differential upregulation and functional role in PC, the transmembrane mucin 

MUC4 is an attractive target for immunotherapy. In the current study we characterized the antigen 

stability, antigenicity and release kinetics of a MUC4β-nanovaccine to guide further optimization 

and, in vivo evaluation. Amphiphilic polyanhydride copolymers based on 20 mol % 1,8-bis(p-

carboxyphenoxy)-3,6-dioxaoctane and 80 mol % 1,6-bis(p-carboxyphenoxy)hexane were used to 

synthesize nanoparticles. Structurally stable MUC4β protein was released from the particles in a 

sustained manner and characterized by gel electrophoresis and fluorescence spectroscopy. Modest 

levels of protein degradation were observed upon release. The released protein was also analyzed 

by MUC4β-specific monoclonal antibodies using ELISA and showed no significant loss of 

epitope availability. Further, mice immunized with multiple formulations of combination vaccines 

containing MUC4β-loaded nanoparticles generated MUC4β-specific antibody responses. These 
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results indicate that polyanhydride nanoparticles are viable MUC4β vaccine carriers, laying the 

foundation for evaluation of this platform for PC immunotherapy.
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1 | INTRODUCTION

Pancreatic cancer (PC) is a devastating disease with a grim prognosis of an 8% 5-year 

survival rate.1 The multifaceted challenges of PC include immune suppression, desmoplasia, 

early metastasis, and recurrent malignancy.2–4 Due to early metastasis and asymptomatic 

nature, only 20% of patients with PC are eligible for surgical resection at the time of 

diagnosis.2 Additionally, approved chemotherapy drugs, such as gemcitabine, typically only 

offer modest benefits to a small subset of patients.5 Because of these challenges, effective 

therapies are urgently needed to improve the outcome of patients with PC. Immunotherapy, 

with the goal of enabling the immune system to recognize tumor associated antigens (TAAs) 

has emerged as a viable strategy to treat PC patients.6

In this context, mucins represent a class of upregulated TAAs in many adenocarcinomas, 

with important functions in facilitating cancer cell proliferation, migration, resistance to 

therapies, tumor growth, and metastasis.7–11 During PC progression, MUC1, MUC4, 

MUC5AC, and MUC16 are differentially overexpressed compared to that observed in 

normal pancreas or during pancreatitis and exhibit altered glycosylation patterns. MUC1 has 

been extensively evaluated but MUC1-targeted immunotherapy has had limited success in 

clinical settings.12,13 These studies have laid the foundation to study other mucins, such as 

MUC4, which is potentially a superior target for PC treatment. MUC4 expression is 

undetectable in normal pancreas and pancreatitis, but it is persistently expressed during PC 

progression and high expression of MUC4 is associated with poor prognosis.9,14–19

With the identification of neoantigens or upregulated antigens, these proteins can be purified 

and administered as vaccine antigens. Compared to peptide vaccines, the administration of 

recombinant proteins offers the advantage of exposing immune cells to multiple epitopes. 

However, the need for maintaining protein stability during vaccine delivery and storage 

becomes critical. For cancer in particular, where the antigens are normally recognized as self 

to some extent, prolonged time of antigen exposure and co-stimulatory molecule 

upregulation on antigen presenting cells (APCs) can be beneficial. In this regard, 

nanotechnology- and polymer-based carriers provide opportunities for sustained release of 

payloads and innate adjuvant capabilities, simultaneously maintaining antigen stability 

during encapsulation and release.20,21

One of the most well-studied polymer carriers is the FDA-approved, biodegradable 

poly(lactic-co-glycolic) acid (PLGA).22,23 Lactic acid and glycolic acid, the degradation 

products of PLGA, result in acidic microenvironments, which have been implicated in 

protein aggregation and hydrolysis.24,25 In contrast, polyanhydrides, which comprise 
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another class of biocompatible polymers, are characterized by surface erosion, tunable 

amphiphilic chemistry, less acidic degradation products, and controlled release of payloads.
26,27 Using two well-studied anhydride monomers, that is, 1,8-bis(p-carboxyphenoxy)-3,6-

dioxaoctane (CPTEG) and 1,3-bis(p-carboxyphenoxy)hexane (CPH), the hydrophobicity of 

copolymers thereof can be effectively tuned to enable effective protein encapsulation while 

simultaneously providing an amphiphilic microenvironment to avoid deleterious protein–

polymer interactions. In this regard, CPTEG:CPH copolymers of varying molar composition 

(50:50–20:80) have been shown to elicit differential antitumor effects and provide effective 

stabilization of a wide range of protein antigens.28–33 Additionally, polyanhydride 

nanoparticles possess unique immune activation capabilities, leading to the induction of 

robust immune responses.34,35 Additionally, this innate adjuvanticity of the particles can be 

combined with co-adjuvants, such as cyclic dinucleotides (CDNs), to induce pro-

inflammatory immune responses36–39

Given the suitability of MUC4β as a PC vaccine candidate and the utility of CPTEG:CPH 

nanoparticles for designing subunit vaccines, we recently developed a MUC4 nanovaccine in 

which recombinant MUC4β subunit was encapsulated in nanoparticles composed of a 20 

mol % CPTEG and 80 mol % CPH copolymer (i.e., 20:80 CPTEG:CPH) and used as carrier.
40 The MUC4 nanovaccine-activated dendritic cells as evidenced by upregulation of MHC1, 

MHCII, and co-stimulatory molecules, and secretion of Th1 polarizing cytokines.40 The 

present study builds upon our previous work by characterizing the nanovaccine formulation 

in terms of protein stability, preservation of antigenicity upon release, and antigen release 

kinetics30,41 in order to guide further optimization and in vivo evaluation for effective 

antitumor responses. We have also characterized the anti-MUC4β immune response induced 

by various nanovaccine formulations to delineate the synergistic effects of combining CDNs 

with nanoparticles. The data demonstrate the preservation of MUC4β structure and 

antigenicity upon encapsulation and release as well as the ability to induce anti-MUC4β 
antibody responses, setting the stage for further evaluation of these nanovaccines for MUC4-

based PC immunotherapy.

2 | MATERIALS AND METHODS

2.1 | Materials

The chemical reagents and solvents used for monomer synthesis, polymerization, and 

nanoparticle (NP) synthesis were purchased from Fisher Scientific (Fairlawn, NJ) and 

Sigma–Aldrich (St. Louis, MO). Deuterated chloroform and dimethyl sulfoxide were used 

for 1H nuclear magnetic resonance spectroscopy (1HNMR, DXR500, Bruker, Billerica, 

MA). Protein concentration and stability was measured using a microbicinchoninic acid 

(microBCA) kit, 3,3′,5′,5′-tetramethylbenzidine (TMB) substrate kit containing soluble 

TMB from Thermo Scientific (Pierce, Rockford, IL), alkaline phosphatase-conjugated goat 

anti-mouse immunoglobulin G (H + L: Jackson ImmunoResearch, West Grove, PA), 

Flamingo fluorescent gel stain, and Mini-protean TGX gels from Bio-Rad (Hercules, CA). 

The small molecule adjuvant CDN di-GMP was purchased from Cayman Chemicals (Cat. 

No., 17,144, Ann Arbor, MI). Anti-MUC4α monoclonal antibodies (mAbs) 8G7 (IgG1), 
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anti-MUC4β 6E8 (IgG2b) and E9 (IgG2b) were used for enzyme-linked immunosorbent 

assay (ELISA).

2.2 | Cloning strategy and protein purification

Standard PCR and molecular cloning were used to synthesize molecular clones of cDNA 

consisting of 733 amino acids (2199 base pairs) of human MUC4β inserted into the pET-28a 

vector (Novagen, Madison, WI). Expression and purification of recombinant human MUC4β 
protein was performed as described previously.40,42 Briefly, the pET-28a-MUC4β plasmid 

was transfected into Escherichia coli Rosetta™ 2(DE3) competent strain, Novagen (Sigma 

Aldrich, Cat. No. 71400). Human MUC4β-expressing bacterial cells were harvested by 

centrifugation and lysed with EmulsiFlex-C3 (Avestin, Mannheim, Germany). The crude 

protein syrup isolated from bacterial debris was further processed to isolate insoluble 

inclusion bodies (i.e., Pre-AKTA pellet). The isolated pellet was suspended and dissolved in 

AKTA washing buffer (1× PBS, 6 M urea, 0.5% CHAPS, 20 mM imidazole, 350 mM NaCl, 

and 2 mM BME, pH 8.0). An isolated protein mixture was purified by AKTA Ni-NTA 

affinity chromatography (GE Healthcare Life Sciences) and recovered fractions were 

concentrated using Amicon ultra centrifugal filters (50 kDa MWCO), and dialyzed against 

1× PBS and endotoxin-free water (Hyclone™, GE). Finally, MUC4β protein was passed 

over an endotoxin removal spin column (Fisher Scientific, Pierce Cat. No. 88282) and 

lyophilized overnight. The lyophilized protein (white, fluffy powder) was stored at −80°C 

until use.

2.3 | Polyanhydride nanoparticle synthesis and characterization

CPH and CPTEG monomers were synthesized using previously described protocols.43 The 

20:80 CPTEG:CPH copolymers were synthesized by melt polycondensation using CPH and 

CPTEG diacids monomers. The copolymer molecular weight (10,339 g/mol), degree of 

polymerization (~30), and composition (17:83) were determined by 1HNMR and found to be 

consistent with previous studies.43

MUC4β protein encapsulated nanoparticles were synthesized by a solid/oil/oil anti-solvent 

flash precipitation method.33,44 Briefly, 20:80 CPTEG:CPH polymer containing 2% (wt/wt) 

MUC4β protein was dissolved in methylene chloride at a concentration of 20 mg/ml ratio of 

polymer/solvent. Next, the polymer–protein solution was sonicated (30 s, 30% amplitude), 

and precipitated into pentane at a 1:250 volume ratio of solvent/anti-solvent. The resulting 

suspension was separated using vacuum filtration. Nanoparticle size and morphology were 

characterized by a scanning electron microscope (FEI Quanta 250, FEI, Hillsboro, OR). The 

average nanoparticle diameter was determined to be approximately 160 ± 28 nm using 

Image J (NIH, Bethesda, MD) analysis which was similar to previously observed results33,45 

(Figure 1a). Nanoparticle surface zeta potential was determined to be approximately −43.1 ± 

3.1 mV using quasi-elastic light scattering (Zetasizer Nano, Malvern Instruments Ltd., 

Worchester, UK).

2.4 | MUC4β release from polyanhydride nanoparticles

Five milligrams of nanoparticles loaded with 2% MUC4β (wt/wt) were suspended and 

incubated in 350 μl phosphate-buffered saline (PBS) buffer (pH 7.4, 37°C, 102 rcf). The 
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particles were periodically centrifuged (15,000g, 5 min), all PBS buffer containing released 

protein was collected using a pipette and equivalent amounts of fresh buffer were added 

back to the tubes. To quantify the amount of protein released, the protein concentration was 

determined using a microBCA assay at each collection. After the final collection at day 30, 

the PBS buffer was replaced with 40 mM sodium hydroxide solution to accelerate polymer 

degradation and extract any remaining protein. The total amount of encapsulated protein and 

the encapsulation efficiency were calculated based on the cumulative mass of protein 

released and base extraction as described previously.33

2.5 | Analysis of MUC4β released from polyanhydride nanoparticles

MUC4β protein released after 8 hr in PBS was analyzed using sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) in denaturing condition. Briefly, released 

MUC4β protein was dried by lyophilization and redissolved into 25 μl loading buffer. The 

solution was boiled for 10 min prior to SDS-PAGE analysis. Approximately 10 μg of 

released MUC4β was loaded into Mini-Protean TGX gels (Bio-Rad) and electrophoresed 

(150 V, 60 min, 4°C). Gels were then incubated in fixative (40% ethanol, 10% acetic acid, 3 

hr) and stained overnight with Flamingo fluorescent gel stain (Bio-Rad). The resulting gels 

were imaged using a Typhoon 9400 flatbed scanner (GE Healthcare).

For protein tertiary structure, the fluorescence emission levels associated with the tyrosine 

and tryptophan residues of the protein were measured as an indicator for the folding state. 

The fluorescence of the released protein (40 μg/ml) at 280 nm wavelength excitation was 

analyzed over the range of 300–400 nm using a SpectraMax 190 plate reader (Molecular 

Devices, Sunnyvale, CA). The fluorescence of both released MUC4β and unencapsulated 

MUC4β protein were measured and the relative peak maxima and positions were compared 

to assess the tertiary structure.

2.6 | Antigenicity of MUC4β released from polyanhydride nanoparticles

Epitope availability of the released MUC4β was analyzed by indirect ELISA using two anti-

MUC4β-specific mAbs: 6E8 and E9. An anti-MUC4α mAb 8G7 was used as a negative 

control. For both unencapsulated and released MUC4β, 0.1 μg/ml protein in 100 μl/well 

PBS was coated in 96-well high binding microtiter plates (overnight, 4°C), after which the 

plates were blocked with 300 μl/well of 2.5% skim milk in nanopure water (2 hr, RT). The 

plates were then washed thrice with 1 × PBS supplemented with 0.05% Tween 20 (PBS-T) 

and incubated with 0.1 μg/ml of each anti-MUC4 mAb in PBS-T containing 1% goat serum 

(overnight, 4°C). After washing thrice, wells were incubated with 100 μl/well of 1:1000 

diluted (in PBS-T with 1% goat serum) alkaline phosphatase-conjugated goat anti-mouse 

total IgG (2 hr, RT), after which the plates were washed thrice again, followed by addition of 

100 μl/well of 1 mg/ml phosphatase substrate in substrate buffer (50 mM Na2CO3, 2 mM 

MgCI2, pH 9.3). The colorimetric reaction was developed for 20 min and the absorbance 

was read at 405 nm.

2.7 | Vaccination and measurement of anti-MUC4β antibody responses

To demonstration the immunogenicity of released MUC4β, mice were immunized with 

MUC4β-containing nanoparticles. The STING ligand CDN was used as a co-adjuvant in 
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combination with the nanoparticles. Female C57BL/6 mice obtained from Charles River and 

Envigo (Somerset, NJ) (n = 4/group) were vaccinated with three formulations as follows (1): 

20 μg CDN + 20 μg soluble MUC4β; (2) 10 μg soluble MUC4β + 10 μg MUC4β 
encapsulated into nanoparticles; (3) 20 μg CDN + 10 μg soluble MUC4β + 10 μg MUC4β 
encapsulated into nanoparticles. All formulations were delivered subcutaneously (sc) at the 

nape of the neck at day 0, followed by a second boost immunization at week 7. Sera before 

and after the second immunization were collected via saphenous vein bleeding. All animal 

procedures were approved by guidelines of Iowa State University Institutional Animal Care 

and Use Committee.

The anti-MUC4 antibody response was characterized using indirect ELISA on MUC4β-

coated plates similarly as mentioned previously.40 Plates coated with MUC16CT 

recombinant protein were used as a negative control. Antisera were titrated using a two-fold 

serial dilution, starting at 1:100. Using sera of representative mice from each immunized 

group that had demonstrated high ELISA titers, the relative reactivity to full length human 

MUC4 and cleaved MUC4β were analyzed by immunoblotting for cell lysates resolved by 

either 2% agarose/SDS gel or 10% SDS-PAGE. Briefly, two human MUC4 expressing cell 

lines (H3122 and CD18/HPAF) and a MUC4 non-expressing cell line (MIA PaCA-2) were 

washed twice in PBS and lysed in 1× radioimmunoprecipitation assay (RIPA) buffer (50 

mM Tris–HCl pH −7.5, 150 mM NaCl, 1% nonyl phenoxypolyethoxyethanol-40 (NP-40), 

0.5% sodium deoxycholate, and 0.1% SDS) containing protease inhibitor mixture (Roche 

Diagnostics, Mannheim, Germany) and phosphatase inhibitors (1 mM NaF and 1 mM 

Na3VO4; Sigma) for 30 min on ice. Insoluble debris was removed by centrifugation 

(18,000g, 30 min, 4 C). Protein concentrations were determined using a Bio-Rad DC™ 

protein estimation kit (Bio-Rad). Lysates were resolved under reducing conditions by either 

conventional SDS-PAGE (10%) or 0.1% SDS-2% agarose gel electrophoresis as described.
46,47 Resolved proteins were transferred onto polyvinylidene difluoride membranes, blocked 

in 5% skim milk in PBS-T, and probed with the respective antibodies. All the antisera were 

used at 1:1000 dilution in 1% bovine serum albumin (BSA)/PBS. MAb 6E8 was used at 2 

μg/ml in 1% BSA/PBS. After washing extensively (4×10 min, PBS-T), membranes were 

probed with horseradish peroxidase-conjugated goat anti-mouse secondary antibody IgG 

(1:3000, Thermo Fisher Scientific, Waltham, MA). Blots were washed (4×10 min, PBS-T) 

and processed with an ECL Chemiluminescence kit (Thermo Fisher Scientific). The signal 

was detected by exposing the processed blots to X-ray film (Biomax Films, Kodak, NY).

2.8 | Statistical analysis

Statistical analysis was performed using Student’s t test and two-way ANOVA with 

GraphPad Prism (La Jolla, CA). p values less than 0.05 were considered significant.

3 | RESULTS

3.1 | Polyanhydride nanoparticles provide sustained release of MUC4β

In this work, the solid/oil/oil anti-solvent flash nanoprecipitation method was used to 

encapsulate MUC4β protein due to its relative hydrophobicity.48 The MUC4β encapsulation 

efficiency was found to be 41% (Figure 1b). During the first 8 hr, about 30% of the 
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encapsulated protein was released, representing the burst effect. By day 3, 45% of 

encapsulated MUC4β protein was released. From day 3 onward, the protein release was 

steady and slow, resulting in a near zero order kinetics overall. After 30 days, about 50% of 

the encapsulated MUC4β was released, consistent with the surface erosion behavior of 

20:80 CPTEG:CPH nanoparticles.43

3.2 | Released MUC4β protein is structurally stable

SDS-PAGE was used to assess the primary structure of the released MUC4β protein (Figure 

2a). Analysis of both control MUC4β and released MUC4β by SDS-PAGE analysis 

displayed a dominant ~75 kDa band (indicated by the arrow). At the same concentration in 

each lane of the gel, no significant additional bands or smears were detected, indicating that 

the MUC4β protein was preserved from significant degradation. The slightly lighter 

intensity of the released MUC4β band may indicate minor protein degradation during 

nanoparticle synthesis and/or release.

To further analyze the structural stability of the released MUC4β protein, fluorescence 

spectroscopy was used to quantitatively determine tertiary folding. In a naturally folded 

protein, the tyrosine and tryptophan residues are often buried in a relatively hydrophobic 

environment, which serves to stabilize the fluorescence.30,41 Protein unfolding exposes 

amino acids to a hydrophilic environment and leads to decreased fluorescence. As shown in 

Figure 2b, the spectra of released MUC4β were lower in fluorescence intensity compared to 

that of the control MUC4β protein. The decreased peak intensity at 340 nm and the red shift 

of released protein could represent partial unfolding of the released protein.

3.3 | MUC4β antigenicity is preserved upon release

Two recently generated MUC4β-specific mAbs (6E8 and E9) were used for antigenicity 

analysis. The released MUC4β protein concentration was determined by microBCA and 

diluted to the same concentration as unencapsulated control MUC4β. As shown in Figure 3, 

both anti-MUC4β mAbs successfully recognized the released MUC4β protein as well as it 

bound to control MUC4β. With both 6E8 and E9 antibodies, it was shown that the released 

protein maintained over 90% antigenic reactivity compared to control MUC4β. As a 

negative control, the anti-MUC4α tandem repeat (present in MUC4α)-mAb 8G7 exhibited 

similar reactivity to that of the no-antigen-coating control. Together, the antigenicity analysis 

demonstrated that despite minor loss of tertiary structure of MUC4β, the antigenic epitopes 

recognized by these two mAbs were still largely preserved.

3.4 | MUC4β nanovaccines induce serum antibody responses

Antisera collected from mice immunized with MUC4β nanovaccine indicated the ability to 

induce MUC4β-specific antibodies (Figure 4). Antibodies against MUC4β were detected by 

ELISA in sera from all three groups of animals that were immunized, depending upon the 

formulation and administration regimen. A single dose vaccination with CDN alone or 20:80 

CTPEG:CPH nanoparticles alone failed to induce effective antibody responses (Figure 4a). 

However, combining CDNs with MUC4β-containing 20:80 CTPEG:CPH nanoparticles 

resulted in a demonstrable antibody response after a single dose, indicating a synergistic 

effect and underlining the importance of formulating antigens with the right combination of 
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adjuvants that balance retention of immunogenic antigen as well as mild inflammation. After 

a second immunization, there was a significant (p < 0.05) increase in MUC4β-specific 

antibody in sera of vaccinated animals. As a control, antibody responses to MUC16 were not 

detected in sera from all groups of animals (Figure 4b).

The reactivity of representative antisera to human MUC4 was characterized using western 

blot analysis. To resolve full length MUC4 and cleaved MUC4β, 2% SDS-agarose and 10% 

SDS-PAGE gels were used, respectively. In 2% SDS-agarose gel western blots, all the tested 

antisera recognized high molecular weight protein bands in the lysates of the MUC4 positive 

cells and the reactivity pattern was similar to that of anti-MUC4β mAb 6E8. Strongest 

reactivity was shown by antisera from animals vaccinated with the CDN + NP group, 

followed by NP and CDN groups, respectively, mirroring the titer seen from ELISA results. 

In 10% SDS-PAGE western blot, antisera from mice immunized with NP and CDN + NP 

groups as well as mAb 6E8 detected a ~180 kDa band selectively in MUC4 expressing NCI-

H3122 lysate. The intensity of the 180 kDa band was highest in NCI-H3122 (concomitant 

with its high expression in 2% SDS agarose western blotting). However, no reactivity was 

observed with antisera from mice vaccinated with the CDN group in 10% SDS-PAGE 

western blot. Antisera from animals vaccinated with the CDN + NP group also showed 

strong recognition of 180 kDa band in CD18/HPAF lysate, whereas it was low in the 

antisera of animals vaccinated with the NP group. CDN group antisera and mAb 6E8 did not 

show detectable signal in CD18/HPAF lysate as observed in 10% SDS PAGE gel western 

blot. No specific binding was observed in MIA PaCa-2 lysates with any of the antibodies 

tested. Hence CDN + MUC4β combination nanovaccine appears to be the best inducer of 

anti-MUC4 immune response in mice.

4 | DISCUSSION

Mucins, including MUC4, are PC cell surface glycoproteins with important functions in 

promoting cancer cell growth and lubricating cell surfaces.49 MUC4β encapsulation within 

polyanhydride nanoparticles may provide long-term protection against rapid phagocytic and 

proteolytic clearance in circulation, as shown previously for other proteins.30–32,50 Mitigated 

phagocytic clearance also results in potential dose sparing, which is significant for expensive 

recombinant subunit vaccines, especially for manufactured mass production. Previous 

vaccination strategies using peptides or soluble proteins were shown to be advantageous in 

certain aspects, but not without challenges.51,52 For optimal immune activation, the protein 

needs to be intact to present multiple epitopes, with the secondary and tertiary structures 

playing important roles in APC processing. The CPTEG:CPH degradation products result in 

a relatively neutral or only slightly acidic (6.5–7) pH microenvironment.27 The water-free 

nanoparticle synthesis and the amphiphilic encapsulation environment “freezes” the protein, 

rendering steric inflexibility.53 The prolonged release enables increased availability of 

antigen over a long duration. The data obtained herein add to the body of literature 

indicating the ability of 20:80 CPTEG:CPH nanoparticles as potent carriers for optimal 

antigen preservation.29,50

The MUC4β release kinetics data (Figure 1b) showed an initial burst followed by prolonged 

release profile. The slow near-zero order release kinetics after the initial burst is consistent 
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with surface erosion.43 The initial burst of protein indicates that some protein is distributed 

close to the particle surface, resulting in surface porosity and allowing for rapid water 

penetration.54 It has been suggested that the encapsulation and release behavior is a 

consequence of the polymer hydrophobicity (controlled by ratio of co-monomers), 

copolymer molecular weight, and surface charge, which can be tuned to the needs of 

different proteins.30,55

The SDS-PAGE analysis data in Figure 2a demonstrate the preservation of MUC4β after 

encapsulation and release. Despite contact with organic solvents during the fabrication 

process and exposure to the release environment, the recovered MUC4β was largely intact, 

as indicated by the similar banding pattern and intensity of the main ~75 kDa band in Figure 

2a from samples before versus after nanoformulation. A slight decrease in band intensity 

was observed compared to the same concentration of control MUC4β, potentially indicative 

of slight degradation and/or aggregation. Considering that MUC4β may form inclusion 

bodies during purification and that it is hydrophobic, a certain degree of aggregation is not 

surprising.40 It is also possible that the increased aggregation is a result of the lyophilization 

during protein isolation and not the encapsulation or release processes. As expected, these 

small changes in the released MUC4β did not reduce the epitope availability, as indicated by 

the antigenicity analysis shown in Figure 4.

As demonstrated by the fluorescence spectroscopy results in Figure 2b, the released MUC4β 
protein exhibited decreased intensity of fluorescence at the 340 nm peak absorbance and a 

slight red shift. The fluorescence depends on the accessibility of tyrosine and tryptophan 

residues to a hydrophilic solution environment, often referred to as the Stark effect, in which 

the exposure of tryptophan to solvent dipoles induces partial dipole reorientation.56 The 

similar, yet distinct, fluorescence spectra of the released MUC4β and control MUC4β 
suggest a small degree of unfolding in the tertiary structure of the released MUC4β, which 

may impact the antigenicity and induction of MUC4β-specific antibody responses. However, 

the data in Figure 3, obtained with two MUC4β mAbs, indicates that there was no 

significant loss in antigenicity based on the epitopes recognized by the two mAbs.

Three MUC4β-containing nanovaccine formulations were administered to mice for 

evaluation of the MUC4β-specific antibody responses induced by the vaccines. Analysis of 

the antibody responses by ELISA (Figure 4) and western blot (Figure 5) showed that the 

MUC4β-containing nanovaccines were capable of inducing MUC4β-specific IgG. Vaccine 

formulations with nanoparticles induced higher antibody titers than those induced by antigen 

adjuvanted by CDN only. These data demonstrate the rationale for combining CDNs as a co-

adjuvant with the polyanhydride nanoparticles, which is consistent with other studies.37,57 

Collectively, these studies show that encapsulation of MUC4β into nanoparticles preserves 

its structure and antigenicity upon release, enables sustained release of antigen (increasing 

the duration of antigen availability) and inclusion of CDNs as a co-adjuvant induces potent 

anti-MUC4β immune responses. Our previous work with these nanovaccine formulations 

indicated the ability of these formulations to induce robust T cell immunity50,58 and our 

ongoing work is focused on characterization of T cell cytotoxicity after MUC4β 
nanovaccine immunization.
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5 | CONCLUSIONS

In summary, our studies show that the amphiphilic polyanhydride copolymers are suitable 

for MUC4β encapsulation. In addition, stable MUC4β is released from these nanoparticles, 

as evidenced by the maintenance of its structural integrity and antigenicity. The vaccination 

of mice with MUC4β nanovaccines verified the immunogenicity of the released MUC4. In 

summary, all these studies lay a foundation for evaluating the potential use of 

polyanhydride-based nanovaccine for PC immunotherapy.
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FIGURE 1. 
Nanoparticle synthesis and sustained release of MUC4β antigen. (a) Scanning electron 

microscopy image showing representative 2% MUC4β-loaded 20:80 CPTEG:CPH 

polyanhydride nanoparticles. Scale bar: 1 μm. (b) Release profile of MUC4β from 20:80 

CPTEG:CPH polyanhydride nanoparticles for 30 days. Error bars represent SD. Three 

independent replicates were analyzed in the release studies. CPH, 1,3-bis (p-

carboxyphenoxy)hexane; CPTEG, 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane
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FIGURE 2. 
Analysis of MUC4β structural stability. (a) SDS-PAGE of MUC4β released from 

nanoparticles. Lanes represent (1) molecular weight standard ladder; (2) released MUC4β; 

and (3) control MUC4β with 10 μg in each lane. The arrow indicates the location of the 

main MUC4β protein band. (b) Fluorescence spectroscopy of MUC4β released from 

nanoparticles. SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis

Liu et al. Page 15

J Biomed Mater Res A. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
MUC4β antigen epitope availability (represented as an OD@405 nm) upon recognition by 

distinct anti-MUC4β mAbs. Indirect ELISA was used to assess the reactivity of each mAb 

against MUC4β released from the nanoparticles. No significant differences relative to the 

control MUC4β (at the same MUC4β coating concentration) were observed with mAbs 6E8 

and E9. Reactivity of anti-MUC4α mAb 8G7 was not significantly different from the no-

antigen-coating control. Error bars represent SEM. No significance was observed in 

comparison to the corresponding control (using p < 0.05). mAbs, monoclonal antibodies
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FIGURE 4. 
Anti-MUC4 immune response from sera of mice vaccinated with three MUC4β-based 

vaccine formulations. (a) Indirect ELISA using MUC4β coated plates. (b) Indirect ELISA 

using MUC16-coated plates. Significant differences were observed depending on 

formulation and regimen. Reactivity of CDN + NP combination formulations was 

significantly higher than that provided by either CDN or NP alone. Reactivity after second 

immunization is significantly higher than that of the pre-immune control and after single 

immunization. For both MUC4β- and MUC16-coated plates, OD values at 1:6400 dilution 

were used to generate the plots. Data were not normalized. Error bars represent SEM. * 

indicates statistical significance (p < 0.05) between different vaccine formulations. *** 

indicates statistical significance (p < 0.05) between from secondary immunization to 

primary immunization and unimmunized group. CDN, cyclic dinucleotide
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FIGURE 5. 
Relative reactivities of different MUC4β nanovaccine elicited antisera to full length human 

MUC4 and cleaved MUC4β fragment. Western blotting analysis of protein lysates (80 μg) 

from three different cell lines resolved either on 2% SDS-agarose gels (upper panel) or 10% 

SDS PAGE gels (lower panel) and passively transferred to the PVDF membrane and probed 

with the sera from mice immunized with the indicated formulations. Anti-MUC4β mAb 6E8 

was used as a positive control. The arrow indicates the interface of stacking and resolving 

gels. The molecular weight markers are indicated on the left. PVDF, polyvinylidene 

difluoride; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
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