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 Subunit and inactivated vaccines are a safer but less immunogenic alternative to live 

attenuated vaccines. Adjuvants are often added to subunit and inactivated vaccine formulations 

to boost immune responses. Aluminum mineral adjuvants are the most commonly used adjuvants 

in human vaccines and are strong stimulators of antibody-mediated immune response. However, 

aluminum adjuvants elicit weak or absent cell-mediated TH1 and cytotoxic CD8 T-cell responses.  

As an alternative adjuvant, calcium phosphate (CaP) is an ideal material due to its 

biocompatibility and biodegradability. Additionally, CaP has been used as an adjuvant in 

approved human vaccines in several European countries. When CaP is precipitated in the 

absence of a capping agent, large polydisperse and polymorphous micron-sized particles are 

formed. Particle size has been shown to be an important parameter for vaccine antigen carriers 

and adjuvants, and particles in the nanometer size range are of particular interest due to their 

unique cellular uptake and biodistribution properties. 

CaP binding dodecapeptides selected by cell surface display biopanning were used in E. 

coli thioredoxin A derivatives (TrxA::CaP) and thioredoxin A derivative-ovalbumin fusion 

proteins (TrxA::CaP-OVA) to mineralize sub-100nm CaP nanoparticles (NPs). Addition of CaP 
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NP adjuvant to TrxA::CaP-OVA vaccine formulations significantly increased the population of 

antigen specific splenic effector-memory CD8+ T-cells in immunized mice after challenge with 

WSN-OVAI, an OVA expressing influenza A strain.  

Due to autoimmunity concerns, the thioredoxin A derivative CaP mineralization agents 

were replaced with a disulfide-constrained cyclic peptide containing an identified CaP binding 

motif (cPN38). Addition of cyclic peptide mineralized CaP NPs to OVA vaccine formulations, 

increased sensitization of antigen-specific IFN-γ (TH1 cytokine) secreting splenocytes in 

immunized mice. 

As compared to protein antigen vaccines, nucleic acid vaccines containing pDNA or 

mRNA encoding genes are advantageous due to their ease of production, inherently 

immunogenicity, and ability to target the endogenous MHC-I loading pathway. When added to 

OVA pDNA vaccines, CaP NPs increased antigen-specific humoral and splenocyte IFN-γ 

responses. Conversely, CaP NPs had no adjuvant effect in OVA mRNA vaccines. 

Increased cell-mediated (TH1) and cytotoxic (CD8) T-cell responses were observed when 

CaP NP adjuvant was added to OVA protein and pDNA vaccine formulations. As an alternative 

adjuvant to aluminum compounds, CaP NP adjuvants may be effective in vaccines against 

intracellular pathogens in which an antibody-mediated immune response alone is insufficient for 

protective immunity. 
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Chapter 1: Introduction and Background 

The development of vaccines has led to the reduction or eradication of various infectious 

diseases (smallpox, rabies, polio, diphtheria, tetanus, etc.) that have afflicted humans for much of 

recorded history. However, effective vaccines have yet to be developed for many diseases 

including malaria and HIV/AIDS, both of which have respective annual mortality rates of 

~780,000 (2009)171 and ~2,000,000 (2010).100 Thus, the development of new vaccines is of 

utmost importance for global health. 

Vaccines protect hosts through the creation of pathogen-specific memory B and T-cells. 

Proliferation and differentiation of naïve T-cells into effector cells is initiated by activated 

antigen-presenting dendritic cells in the lymph nodes. T-cells are classified into two categories 

based on the expression of the cell surface markers CD4 and CD8. CD4 T-cells recognize cells 

presenting exogenous peptide fragments bound to major histocompatibility complex II (MHC-

II). Degradation of endocytosed proteins by proteases and peptide loading onto MHC-II occurs 

within endosomes. CD4 T-cells serve many functions including: activation of macrophages to 

kill endocytosed intracellular pathogens (cell-mediated TH1 response), activation of B-cells to 

produce antibodies (TH1 and TH2 response), activation of fibroblasts and epithelial cells to 

produce chemokines that recruit neutrophils to sites of infection (TH17 response), and regulation 

of other immune cells to prevent autoimmunity and suppression of T-cell response after an 

infection has subsided (regulatory T-cell response). CD8 T-cells (AKA cytotoxic T-cells) 

recognize cells presenting endogenously produced peptides bound to MHC-I. MHC-I loading of 

peptides occurs in the cytosol and loaded peptides are derived from endogenously produced 

proteins degraded by the proteasome. Extracellular peptides can also be loaded onto MHC-I 

through a less frequent and poorly understood phenomenon known as “cross-presentation.” The 
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primary function of CD8 T-cells is to induce apoptosis in infected cells. B-cells produce antigen-

specific antibodies that serve three main functions: neutralization of a pathogen through surface 

binding, facilitation of opsonization by phagocytic cells, and the initiation of the classical 

pathway of complement. Once a B-cell has bound an antigen, it migrates to the spleen where it 

then proliferates after stimulation by helper T-cells. TH1 and CD8 T-cell responses are important 

for fighting intracellular pathogen infections and TH2 response is important for extracellular 

pathogens. Neutralizing antibodies can also play an important role in preventing infections with 

certain intracellular pathogens.  After an infection has cleared, a small percentage of effector 

cells are retained and become long-lived memory cells. Memory B and T-cells are able to 

differentiate and proliferate more quickly than naïve cells upon antigen restimulation. An 

effective vaccine must induce pathogen-specific memory B and T-cells that can act quickly to 

clear a pathogen at the early onset of infection. 

 Early evidence of vaccination dates back to mid-17th century China when smallpox 

immunizations were carried out by inoculating children with pulverized smallpox scabs.22 

Widespread vaccination was not practiced until the late 18th century with the advent of Edward 

Jenner’s cowpox vaccine against smallpox.12 Early vaccination was carried out with attenuated 

vaccines containing live pathogens with decreased virulency. Administration of attenuated 

vaccines typically causes a mild infection thereby conferring future immunity against a specific 

pathogen. While eliciting strong immune responses, attenuated vaccines have the potential to 

revert to a more virulent form and are not suitable for immunocompromised individuals. Despite 

these limitations, attenuated vaccines have been proven to be safe and effective for some 

pathogens. In the US, attenuated vaccines have been approved for vaccination against 
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tuberculosis, influenza, measles, mumps, and rubella (MMR), rotavirus, smallpox, typhoid, and 

varicella. 

In contrast to attenuated vaccines, inactivated vaccines contain pathogens killed by heat 

or chemical treatment. Since there are no live cells, inactivated vaccines lack the inherent risks 

associated with attenuated vaccines but still contain antigens and immunostimulatory molecules. 

Inactivated vaccines are approved in the US for: hepatitis A, Japanese encephalitis, polio, 

seasonal influenza, rabies, diphtheria, and tetanus. 

Subunit vaccines contain antigens that are either purified from a pathogen or produced 

recombinantly. Subunit vaccines have decreased formulation variability and heterogeneity as 

compared to inactivated vaccines, plus subunit vaccines lack any toxic compounds derived from 

killed pathogens that may cause local adverse reactions.110 For example, the DTP vaccine against 

diphtheria, tetanus, and pertussis contains killed whole cells of B. pertussis and due to safety 

concerns the DTP vaccine has been replaced in the US with the DTaP vaccine that contains 

acellular purified B. pertussis antigens.80 Subunit vaccines are a safer alternative for vaccines 

against pathogens which cause chronic infections. Subunit vaccines recently approved in the US 

include the hepatitis B and human papillomavirus vaccines. 

While generally safer than attenuated vaccines, inactivated vaccines and subunit 

vaccines, to a greater extent, are often less immunogenic and adjuvants are commonly added to 

potentiate the immune response.125, 156 Any vaccine additive that increases immunogenicity is 

considered an adjuvant. Compounds as varied as agar, tapioca, lecithin, starch oil, saponin, and 

breadcrumbs have been shown to act as adjuvants in diphtheria and tetanus toxoid vaccines.70 

However, adjuvants must balance a fine line between immunostimulation and toxicity. While a 
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wide range of materials have been used as adjuvants, the most commonly used adjuvants are 

typically pathogen-associated molecular patterns, oil-in-water emulsions, and mineral 

compounds. 

The immune system detects the presence of pathogenic bacteria, viruses, and parasites 

with pattern recognition receptors that recognize ubiquitous repetitive structures, known as 

pathogen-associated molecular patterns. Toll-like receptors (TLRs) are a type of pathogen 

recognition receptor that strongly stimulates innate and adaptive immunity through the 

expression of cytokines, chemokines, and co-stimulatory molecules when activated by ligand 

binding. TLR ligands are very potent adjuvants but safety concerns exist because they elicit such 

a strong immune response when delivered systemically. Many research groups are currently 

exploring the TLR-9 ligand CpG as an adjuvant. CpG motifs are unmethylated cytosine guanine 

repeats found in bacterial and viral DNA. In vertebrates, CpG motifs are relatively infrequent 

and are typically methylated on the cytosine residues.180 Certain CpG oligonucleotides have been 

found to be more immunostimulatory (GACGTT in mice and rabbits and GTCGTT in 

humans).103 CpG motifs are effective at inducing a TH1 response and have been delivered with 

poly(lactic-co-glycolic) acid (PLGA) particles, aluminum hydroxide, liposomes, MF59®, and 

calcium phosphate.121, 177 Lipopolysaccharide (LPS) is the major component of the outer 

membrane of gram-negative bacteria and LPS has been established as a potent adjuvant.91 LPS 

stimulates both humoral and cell-mediated immunity but most forms of LPS are too toxic for 

human use.67 Research progress has been made towards low biologically reactive LPS forms and 

monophosphoryl lipid A has been explored as an adjuvant due to its lowered toxicity as 

compared to di- and triphosphoryl forms of LPS.36 Currently, the only non-aluminum adjuvant 

approved in vaccine formulations by the FDA is monophosphoryl lipid A (3-O-desacyl-4’-

4 
 



monophosphoryl lipid A) in combination with aluminum hydroxide in the HPV vaccine 

Cervarix® (GlaxoSmithKline Biologicals). 

Freund’s complete adjuvant is a very potent adjuvant and is composed of a mineral oil-

and-water emulsion containing killed mycobacteria (usually M. tuberculosis). Freund’s complete 

adjuvant is too toxic for human use, and use in animals is limited due to abscess formation, 

inflammation, and granuloma and cyst formation at the site of injection.67 Interestingly, Freund’s 

incomplete adjuvant, which is an oil-and-water emulsion without mycobacteria, still retains an 

adjuvant effect despite the absence of immunostimulatory molecules from killed mycobacteria. 

Like Freund’s complete adjuvant, Freund’s incomplete adjuvant is not approved for use in 

humans due to adverse reactions at the site of injection.70 An emulsion adjuvant recently 

approved in Europe is MF59® (Novartis). MF59® is a proprietary squalene-based oil-and-water 

emulsion adjuvant used in Novartis’ seasonal influenza vaccine Fluad®. The mechanism of 

action for emulsion adjuvants is poorly understood and is believed to be due to the “depot effect” 

where antigen is slowly released from the adjuvant at the site of injection. However, similar 

biodistribution of antigen has been observed in vaccines with and without MF59®, indicating 

that a repository effect is not a likely explanation for emulsion adjuvancy.45 

Aluminum compounds [hydrated potassium aluminum sulfate (KAl(SO4)2·12H2O), 

aluminum hydroxide (Al(OH)3, aluminum phosphate (AlPO4), and proprietary amorphous 

aluminum hydroxyphosphate sulfate (Merck)] are the most commonly used adjuvants in 

approved human vaccine formulations in the US. Although aluminum adjuvants as a whole are 

commonly referred to as “alum,” alum specifically refers to hydrated potassium aluminum 

sulfate. The adjuvant effect of potassium aluminum sulfate was first reported in 1926, with 

increased immune responses observed in guinea pigs after vaccinations with diphtheria toxoid 
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precipitated with potassium aluminum sulfate as compared to vaccinations with soluble toxoid.57 

Potassium aluminum sulfate precipitated vaccines can be highly heterogeneous and vaccines 

containing antigen adsorbed to preformed aluminum hydroxide and aluminum phosphate have 

largely replaced potassium aluminum sulfate precipitated vaccines.112 However, potassium 

aluminum sulfate is still used to precipitate antigens in approved US vaccines [e.g. DTaP 

(Tipedia®, Sanofi Pasteur) and hepatitis B (Recombivax HB®, Merck) vaccines]. 

Despite widespread use in human vaccines, the mechanism of action for aluminum 

adjuvants is not well understood. The “depot effect” is a commonly suggested mechanism for 

adjuvancy.  Adsorptive capacity and strength of adsorption between antigen and aluminum 

adjuvants has been shown to correlate with adjuvancy31, 73 but a repository effect alone is 

insufficient to explain aluminum compound adjuvancy. The depot effect has been challenged in 

experiments showing rapid desorption of antigen from aluminum hydroxide and phosphate after 

injection.66, 196 Also, serum proteins have been shown to displace adsorbed proteins from 

aluminum hydroxide and aluminum phosphate in vitro.79 An alternative mechanism for 

aluminum adjuvancy is the stimulation of monocytes, eosinophils, and cytokine production at the 

site of injection. Monocytes are precursors of macrophage and dendritic cells. Human peripheral 

blood monocytes pulsed with tetanus toxoid adsorbed to aluminum hydroxide secreted higher 

levels of the inflammatory cytokine IL-1 and stimulated increased T-cell proliferation after in 

vitro co-culture as compared to monocytes pulsed with soluble toxoid.123 Treatment of human 

peripheral blood monocytes with aluminum hydroxide in vitro stimulated the production of the 

TH2 cytokine IL-4 but not the TH1 cytokine IFN-γ.186 Eosinophils are pro-inflammatory white 

blood cells that have anti-parasitic and bactericidal activity and are also important mediators of 

allergic response. In vivo injection of aluminum hydroxide has been shown to attract eosinophils 
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to the site of injection.164 After intraperitoneal injection of aluminum hydroxide without antigen 

in mice, increased splenic IL-4 expressing eosinophils were detected and shown to prime B-

cells.191 Localized necrosis of muscle fibers after intramuscular injection of aluminum hydroxide 

may also play a role in adjuvancy by releasing danger signals from necrotic cells.190 One such 

danger signal, uric acid, has been shown to influence the immune response to aluminum 

adjuvanted vaccines. After intraperitoneal injection of aluminum hydroxide and ovalbumin 

antigen, increased ovalbumin positive monocytes were detected in mediastinal lymph nodes as 

compared to ovalbumin only injections. Increased uric acid levels were observed at the site of 

injection and treatment of uricase reduced antigen positive monocyte populations suggesting that 

aluminum hydroxide attracts monocytes to the site of injection by stimulating uric acid 

production.101  

Aluminum adjuvants have a long safety record and have been shown to elicit increased 

antibody responses in some vaccines. However, aluminum adjuvants tend to elevate allergy-

associated IgE response72, 96 possibly by attracting and stimulating eosinophils at the site of 

infection. The major limitation of aluminum adjuvants is their inability to induce cell-mediated 

TH1 and cytotoxic T-cell responses113, 15, 16, 30 precluding their use in some vaccines against 

intracellular pathogens in which a TH2 antibody mediated response alone is insufficient for 

protective immunity.184 Aluminum adjuvants have also been shown to have a weak or absent 

adjuvant effect in vaccines against influenza,37 typhoid,34 malaria,107, 171 and herpes simplex virus 

(HSV).53, 76 

Despite widespread use, the previously stated limitations of aluminum adjuvants 

necessitate the development and evaluation of alternative adjuvants in new vaccines. Entire 

vaccine formulations, not the adjuvant alone, are evaluated by the FDA and new adjuvants may 
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be used in vaccine formulations as long as the formulation itself passes the rigorous safety 

standards put forth by the FDA. Therefore, the addition of new adjuvants to vaccine formulations 

may help improve efficacy in vaccines currently limited by available adjuvants. 

Calcium phosphate (CaP) is another mineral adjuvant has been used and approved as a 

vaccine adjuvant in several European countries.65, 1, 90 CaP is an ideal biomaterial because it is a 

natural constituent of the human body and is generally regarded to be safe, biocompatible and 

biodegradable60. As an alternative adjuvant to aluminum compounds, CaP may be an effective 

substitute in vaccines that require cell-mediated or cytotoxic T-cell response and in vaccines in 

which aluminum adjuvants have failed to show any adjuvant effect.  

Unlike aluminum adjuvants, CaP does not elicit elevated IgE responses.69, 76, 157 As an 

adjuvant in HSV-2 vaccines, CaP elevated IgG and IgG2a responses and decreased IgE response 

in mice as compared to aluminum adjuvants.76 When CaP was combined with CpG and used as 

an adjuvant for influenza vaccines, elevated IFN-γ response was observed in murine splenic CD4 

and CD8 T-cells.99 CaP has also been shown to increase macrophage induced memory T-cell 

proliferation.159 In vaccines containing diphtheria and tetanus toxoids, aluminum adjuvants 

typically elicit higher IgG response as compared to CaP.69, 175 Adjuvancy is often measured by 

antibody response but evaluating antibody response alone ignores potential stimulation of cell-

mediated and cytotoxic T-cells. 

The size of particles used for vaccine delivery has been shown to influence 

immunogenicity. Particles less than 500nm in size have increased uptake by dendritic cells in 

vitro as compared to larger particles.33, 51 Recent advances in vaccine delivery have focused on 

the use of sub-100nm nanoparticles and studies have found that sub-100nm particles stimulate 
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elevated B and T-cell responses as compared to larger particles.50, 141, 146, 155 Increased trafficking 

to draining lymph nodes through passive diffusion into the lymphatic network has been observed 

after intradermal delivery of 20nm particles as compared to 100nm particles.155 100nm has been 

found to be a critical size cutoff because the diameter of the aqueous channels draining from the 

interstitium into the lymphatic network is approximately 100nm.75, 131  

When precipitated in the absence of a capping agent, calcium phosphate tends to form 

large micron sized polydisperse and polymorphous particles.49 Reproducible CaP precipitation 

remains challenging due to variability in stoichiometry, crystallinity, morphology, and size with 

slight changes in pH, temperature, Ca/PO4 ratio, and precipitation technique.5, 160 Also, 

controlling CaP particle size in the nanometer range is difficult due to Oswald ripening and the 

tendency for smaller particles to form large aggregates.23, 90, 95 CaP particle size is often 

controlled with microemulsions18, 43, 138 or by using a variety of capping agents such as: citrate,76, 

116, 128, 203 surfactants,23  phosphate-functionalized porphyrin,52 oligonucleotides,144, 176, 198 and 

ovalbumin.207  

CaP is the main mineral constituent of vertebrate teeth and bones and is present in a form 

similar to monoclinic hydroxyapaptite [Ca5(PO4)3(OH)].129 Biological apatite is very 

accommodating to chemical substitutions and ionic substitutions can change the mineral’s 

crystallite size and dissolution rate. The body alters the solubility properties of different apatite 

minerals (bone apatite, enamel apatite, dentin apatite) via ionic substitutions. Substitutions in the 

biological apatite crystal lattice include carbonate, fluorine, and chlorine ions.200 Vertebrate 

bones are composites of plate shaped CaP nanocrystals (30-50nm long, 20-25nm wide, and 1.5-

4nm thick) imbedded in a matrix of collagen and non-collagenous proteins.54, 147 One non-

collagenous protein osteocalcin, has been shown to be critical to the nucleation and size control 
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of apatite crystals through binding of γ-carboxylated glutamic acid residues to calcium ions in 

the hydroxyapatite crystal lattice face.44, 82  

Solid binding peptides selected through biopanning using phage or cell surface display 

libraries have been shown to nucleate and cap a wide range of inorganic materials including 

Cu2O,35 Ag,63 and ZnS.208, 209 A biomimetic approach using CaP binding proteins identified 

through phage or cell surface display may be useful for mineralizing CaP particles in the sub-

100nm size range. 

Adjuvants are frequently used in vaccines but are mostly limited to aluminum adjuvants. 

Exploration of alternative adjuvants is needed to address the limitations of aluminum adjuvants. 

As an alternative adjuvant, CaP has an established safety profile in human vaccines. CaP 

particles in the sub-100nm size range may be able to exploit some of the unique biological 

properties of nanoparticles. 

Proteins and peptides containing CaP binding motifs selected through biopanning are 

shown herein to mineralize and control the size of CaP particles in the sub-100nm size range. 

The resulting CaP NPs were evaluated in vivo for adjuvancy in protein and nucleic acid vaccines. 

Adjuvancy was evaluated by analyzing antibody, CD8 T-cell, and splenocyte IFN-γ response 

after vaccination. Increases in CD8 T-cell and splenocyte IFN-γ response observed after addition 

of CaP NP adjuvant to vaccine formulations suggests that CaP NPs may be useful as an adjuvant 

in intracellular vaccines. 
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Chapter 2: Calcium Phosphate Binders and Thioredoxin Vaccines 
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Chapter 3: Thioredoxin-Ovalbumin Vaccines 

The work detailed in this chapter was a collaborative effort between the groups of Dr. 
Francois Baneyx and Dr. Murali Krishna-Kaja. Dr. Weibin Zhou constructed the plasmid 
encoding the fusion protein (pTrxA::PA44-OVA), David Chiu purified the fusion protein 
(TrxA::PA44-OVA) and prepared vaccine formulations, and Albanus Moguche carried out the in 
vivo immunization and challenge experiments. 

 

3.1: Introduction 

 The mineralization of calcium phosphate (CaP) nanoparticles (NPs) with an E. coli 

thioredoxin CaP binding derivative (TrxA::PA44) was previously detailed in Chapter 2. CaP NPs 

were evaluated as adjuvants in TrxA::PA44 vaccines, and anti-TrxA antibodies were elevated in 

mice immunized with vaccines containing CaP NP adjuvant as compared to commercial 

aluminum phosphate adjuvant. Applications of a thioredoxin vaccine are limited and studies 

using thioredoxin as an antigen mainly focus on the purification of anti-thioredoxin antibodies 

used for analysis or purification of thioredoxin and thioredoxin fusion proteins.38, 85, 181, 205 

As a model antigen, ovalbumin (OVA) is well characterized and many OVA-specific 

immunologic reagents and systems are available. The phosphoglycoprotein OVA is the major 

protein in hen egg whites179 and is a non-inhibitory member of the serpin family.87 OVA has 

been identified as an allergen in egg whites and is used as a model antigen due to its mild 

immunogenicity.133, 201 

 Increased solubility of recombinant proteins expressed in E. coli has been observed when 

E. coli thioredoxin A (trxA) was used as a gene fusion partner.105 A fusion protein between 

TrxA::PA44 and OVA retains the CaP binding ability of the trxA derivative (TrxA::PA44) while 

also presenting the OVA antigen. The TrxA::PA44-OVA fusion protein was constructed, 
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expressed, and purified. When evaluated for CaP mineralization ability, purified TrxA::PA44-

OVA mineralized sub-100nm CaP NPs using a CaP formulation similar to that previously 

described.27 

 To evaluate adjuvancy, mice were immunized with TrxA::PA44-OVA vaccines with and 

without CaP NPs. Following vaccination, mice were challenged with influenza A strain (WSN)-

OVAI
185 that expresses an ovalbumin T-cell epitope on the phage surface. Adjuvancy was 

assessed by serum antibody response after immunization and by splenocyte CD8 T-cell response 

after challenge. 
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3.2: Materials and Methods 

See “Zhou, W., Moguche, A., Chiu, D., Murali-Krishna, K, Baneyx, F. (in press), Just-in-time 
vaccines: Biomineralized calcium phosphate core-immunogen shell nanoparticles induce long-
lasting CD8+ T cell responses in mice. Nanomedicine: Nanotechnology, Biology, and Medicine.” 
in Appendix A for additional details. 

 

3.2.1: Expression and purification of TrxA::PA44-OVA 

BL21(DE3) E. coli cells harboring pTrxA::PA44-OVA were grown to A600 ≈ 0.5 at 

37°C in 500 mL of LB medium supplemented with 34 μg/mL chloramphenicol. Flasks (2L) were 

transferred to a water bath and held at 25°C for 10 min. Protein synthesis was induced by 

addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 4 hrs, cells were 

harvested by centrifugation at 3,000 g for 15 min, and resuspended in 20 mM Tris-HCl, pH 7.5 

supplemented with 2.5 mM EDTA and 1 mM PMSF to an A600 of 50. Cells were disrupted by 

three cycles of homogenization in a French pressure cell operated at 10,000 psi and the lysate 

was separated into soluble and insoluble fractions by centrifugation at 14,000 g for 15 min. 

Pellets containing the inclusion body material were resuspended by vortexing into 5 mL of 

Buffer A (20 mM Tris-HCl, pH 7.5, 2.5 mM EDTA, 1 mM PMSF) supplemented with 1% (v/v) 

Triton X-100. Following centrifugation at 14,000 g for 10 min, the supernatant was discarded 

and the wash step was repeated once as above and twice more using Buffer A alone. Washed 

inclusion bodies were resuspended in 15 mL of Buffer A supplemented with 6 M of guanidine 

hydrochloride and incubated at room temperature for 1h with gentle shaking. After removing any 

remaining insoluble material by centrifugation at 14,000 g for 10 min, unfolded protein aliquots 

(5 mL) were refolded by dropwise addition into 95 mL of Buffer A with gentle stirring. The 

remaining guanidine hydrochloride was removed by 16 hr dialysis against 2L of Buffer A, with 
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buffer changes at 1 and 4 hrs. The refolded protein was filtered through a 0.45 μm cartridge and 

loaded on a 1 cm column packed with 5 g of DE52 Cellulose (Whatman) pre-equilibrated in 

Buffer A. The column was developed at 1 mL/min in Buffer A and TrxA::PA44-OVA was 

eluted with 200 mM NaCl in Buffer A after a 50 mM NaCl in Buffer A step to remove 

contaminants. 

3.2.2: Nanoparticle mineralization and characterization 

Calcium phosphate (CaP) nanoparticles were produced as described elsewhere27 with the 

exception of TrxA::PA44-OVA as the mineralization agent instead of TrxA::PA44. Briefly, 200 

μL of a 16.7 mM Ca(NO3)2 solution was added dropwise to 1.8 mL of a well-stirred mixture of 

1.11 mM (NH4)2HPO4/NH4H2PO4, pH 7.5 supplemented with 4.44 μM TrxA::PA44-OVA that 

had been previously incubated at 4°C for 30 min. After addition of the calcium precursor 

solution, the mixture was allowed to age at 4°C for 2 h with high-speed stirring with a small 

magnetic stir bar. Endotoxin-free water and disposable glassware cleaned with acetic acid, 

acetone and water was used in all steps.  

Particle size was determined by DLS using a Malvern Nano ZS zetasizer. Refractive 

index (RI) of CaP particles was assumed to be equal to tricalcium phosphate (RI=1.628). 

Absorbance was 0.01 according to the manufacturer’s instructions and dispersant was set to 

water at 25°C. Data collection was set to 10 runs per reading and particle size was presented as 

the mean of the maximum peak height from three readings. 

For SEM imaging, samples (≈ 100 μL) were allowed to contact clean, ≈ 1 cm2 silicon 

wafers for 30 min and excess fluid was removed by wicking with a laboratory tissue. The wafer 

was rinsed with ddH2O to remove salts, air dried and sputter coated with a 7-10 nm Au/Pd film. 

Micrographs were taken with a FEI Sirion SEM at 10 keV acceleration voltage. 
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3.3: Results 

3.3.1: Construction, expression, and purification of TrxA::PA44-OVA 

 A plasmid encoding the fusion protein combining the thioredoxin CaP binding variant 

TrxA::PA44 with ovalbumin (termed pTrxA::PA44-OVA), was constructed by Dr. Weibin Zhou 

and verified by DNA sequencing (see App. A for details). TrxA::PA44-OVA was expressed in 

E. coli BL21(DE3) cells upon induction with IPTG. Cells were then disrupted with a French 

press and cellular fractions were analyzed by SDS-PAGE gel. The fusion protein was mostly 

expressed in insoluble inclusion bodies. Inclusion bodies were denatured with guanidine 

hydrochloride and refolded. Dialyzed refolded protein was then purified on a DE52 anion 

exchange column. SDS-PAGE analysis of AEC fractions (Fig. 3.1 and 3.2) revealed that the 

fusion protein was eluted in a pure (>95%) form with the expected molecular weight (55kDa). 

 

Fig. 3.1: SDS-PAGE gel of Trx::PA44-OVA fusion protein in cellular fractions, Lanes, (PM): 
Protein Marker, Fermentas  SM0671, (SCE): Soluble crude cell extract, (ICE): Insoluble crude 
cell extract, (WIB): Washed inclusion bodies, (RP): Refolded TrxA::PA44-OVA 

 

23 
 



 

Fig. 3.2: SDS-PAGE gel of Trx::PA44-OVA anion exchange chromatography fraction, Lanes, 
(PM): Protein Marker, Fermentas  SM0671, (DP): Dilute refolded TrxA::PA44-OVA, (FT): 
Flow through, (F1): 50mM NaCl fraction, (F2): 200mM NaCl fraction 1, (F3): 200mM NaCl 
fraction 2, (F4): 300mM NaCl fraction, (W): 500mM NaCl wash 

 

3.3.2: Characterization of calcium phosphate nanoparticles mineralized with TrxA::PA44-OVA 

 CaP NPs were prepared using a modification of the formulation used for CaP and 

TrxA::PA44 immunizations previously described.27 Precursor solutions and the mixing technique 

remained the same but the TrxA::PA44-OVA fusion protein was used instead of TrxA::PA44. 

CaP particles mineralized with the fusion protein were found to be 44 ± 3 nm as determined by 

DLS. Analysis of SEM images taken by Dr. Sathana Kitayaporn revealed that particles were 75 

± 12 nm (n=50), which includes a 7-10nm Au/Pd coating used for SEM visualization (Fig. 3.3). 

Particle size measurements were consistent between DLS and SEM analysis after the Au/Pd 

coating is taken into account. 
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Fig. 3.3: SEM images of CaP and Trx::PA44-OVA particles at (A) 12,500x, (B) 50,000x, (C) 
100,000x, and (D) 200,000x magnifications. 

 

3.3.3: Evaluation of calcium phosphate adjuvants in vivo 

 CaP NP adjuvancy was tested in vivo by Albanus Moguche (see App. A for additional 

details). Groups of C57Bl/6 mice received vaccine formulations containing TrxA::PA44-OVA 

(18µg per mouse) with and without CaP NPs (32.4µg/mouse). Anti-OVA IgM, total IgG, and 

IgG1 sera levels were comparable in mice immunized with protein only vaccines and protein and 

A 

D C 

B 
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CaP NP vaccines indicating that the CaP nanoparticles were ineffective at increasing TH2 

responses in these formulations. 

Mice from each vaccination group were challenged with (WSN)-OVAI, a recombinant 

influenza A/WSN/33 (H1N1) virus displaying the ovalbumin257-264 epitope (SIINFEKL) on the 

phage surface-exposed neuraminidase stalk.185 One mouse from each vaccination group was 

challenged 4-months post-vaccination, and lung cell surface marker and cytokine expression 

were analyzed after stimulation with the OVA epitope SIINFEKL. The mouse vaccinated with 

the protein and CaP NP formulation had twice as many CD44+ (marker for effector-memory T-

cells), IFN-γ+ lung cells after peptide stimulation as compared to the mouse vaccinated with the 

protein only formulation. 

Mice (n=6) from each vaccination group were also challenged 8-months post-

vaccination. Seven days post-challenge, mice (n=3) from each group were sacrificed and 

splenocytes were analyzed for SIINFEKL specific effector and memory CD8+ T-cells. Total 

effector-memory T-cell response after WSN-OVA challenge was similar between all groups, 

indicating similar levels of infection. Mice from the group immunized with TrxA::PA44-OVA 

and CaP NPs had significantly higher (P<0.05) levels of antigen specific splenic CD8+ T-cells 

than mice immunized with protein only vaccines. The remaining mice (n=3) from the challenge 

group were monitored for weight loss. Mice previously immunized with protein and CaP NP 

formulations had significantly less weight loss 8-days post challenge as compared to the naïve 

and protein-only vaccine groups. Two mice from the naïve and protein only vaccine groups had 

to be sacrificed 9-days post-challenge due to a weight loss over 20% but mice vaccinated with 

protein and CaP NP formulations retained 85-90% of their weight 10-days post-challenge. 
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3.4: Summary 

 When overexpressed in E. coli, heterologous proteins often form insoluble aggregates 

known as inclusion bodies.135, 167 Increased solubility of overexpressed proteins has been 

observed when trxA was used as a gene fusion partner.105 trxA is a thermostable and highly 

soluble protein,84 and trxA, as a N-terminal fusion partner,  may increase fusion protein 

solubility during translation by stabilizing unfolded protein intermediates. Coexpression of trxA 

has also been shown to increase solubility of overexpressed heterologous proteins in E. coli.202 

trxA has a highly conserved active site loop involved in the reduction and oxidation of disulfide 

bonds194 and may increase the solubility of coexpressed proteins by preventing incorrect 

disulfide bond formation by altering the redox environment of the cytoplasm in E. coli. 

When TrxA::PA44-OVA was expressed in E. coli, the majority of the fusion protein was 

in an insoluble form. The trxA CaP binding derivative, TrxA::PA44, has a CaP binding 

dodecapeptide inserted within the trxA active site loop and alteration of the trxA active site loop 

may abrogate potential benefits to expressed protein solubility. 

OVA has a single N-linked glycosylation site at Asn-39274 and glycosylation of 

eukaryotic proteins can improve protein stability and solubility.167 Since E. coli lacks the ability 

to glycosylate expressed proteins, the lack of OVA glycosylation may also contribute to fusion 

protein instability and inclusion body formation. 

After inclusion bodies were washed, denatured, and refolded, TrxA::PA44-OVA was 

purified by anion exchange chromatography. The purified fusion protein still maintained the 

ability to mineralize CaP particles in the sub-100nm size range, demonstrating that construction 
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of fusion proteins between TrxA::PA44 and an antigen of interest is a useful approach for CaP 

NP delivery of antigens. 

The CaP NP adjuvants were ineffective at increasing anti-OVA IgG antibody response in 

TrxA::PA44-OVA vaccines. CaP adjuvants are thought to function in a manner similar to 

aluminum adjuvants by acting as antigen depots that slowly release antigen from the site of 

injection. CaP NPs are likely to be rapidly cleared from the site of injection due to their small 

size, and the absence of a depot effect may explain the inability to elevate a TH2 response. 

Protective immunity was analyzed by challenging immunized mice 4 and 8-months post-

vaccination with an influenza A strain expressing an OVA epitope on the phage surface (WSN)-

OVAI. One mouse from each group was challenged 4-months post vaccination, and higher levels 

of IFN-γ+ effector-memory T-cells were found at the challenge site (lungs) in the mouse 

immunized with the protein and CaP NP vaccine as compared to the mouse vaccinated with the 

protein only formulation. 8-months post immunization, the remaining mice from each group 

were challenged and mice immunized with the protein and CaP NP vaccine formulation had 

significantly higher levels of splenic antigen-specific effector-memory CD8+ T-cells as 

compared to mice immunized with protein-only vaccines. Also, addition of CaP NP adjuvant to 

vaccine formulations helped prevent weight loss in immunized mice after challenge. 

Although IFN-γ T-cell response was only analyzed with one mouse per group after the 4-

month challenge, the increased level of IFN-γ effector-memory T-cells in the mouse immunized 

with protein and CaP NP vaccines may help explain elevated antigen specific CD8 T-cell 

response. IFN-γ serves many biological functions, one of which is the upregulation and increased 

loading of MHC-I.169 CD8 (cytotoxic) T-cells express receptors that recognize peptide:MHC-I 
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complexes presented on the surface of infected cells. Upon recognition and binding, CD8 T-cells 

induce apoptosis in the infected cell limiting the spread of intracellularly replicating pathogens.  

Aluminum adjuvants are the most commonly used adjuvants in approved vaccine 

formulations. Although they are effective at increasing antibody responses, they elicit little to no 

cell-mediated or cytotoxic response.83, 112 The elevated antigen-specific effector-memory CD8+ 

T-cell response after influenza challenge in mice immunized with a TrxA::PA44-OVA and CaP 

NP vaccine indicates that CaP NP adjuvant may be useful for increasing cytotoxic T-cell 

response in vaccines against intracellular pathogens. 
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Chapter 4: Ovalbumin Vaccines 

4.1: Introduction 

 In Chapters 2 and 3, vaccinations were carried out using calcium phosphate (CaP) 

nanoparticles mineralized with thioredoxin A derivatives (TrxA::PA44)27 or thioredoxin-

ovalbumin fusion proteins (TrxA::PA44-OVA). While the thioredoxin derivatives and fusion 

proteins were able to effectively control CaP particle size in the sub-100nm size range, use of E. 

coli thioredoxin A as a scaffold or as a fusion protein in vaccines is problematic because of 

autoimmunity concerns. 

 Found in most living organisms, thioredoxin is a small (~12 kDa) redox protein that 

either reduces disulfide bonds or oxidizes sulfhydryls in a variety of proteins.194 A previous 

study comparing antibodies raised against E. coli thioredoxin (trxA) and yeast thioredoxin 

(TRX2) showed cross reactivity between these antibodies.85 Protein BLAST analysis (BLASTP 

2.2.28+)6, 7  reveals that trxA and TRX2 have a 34% protein identity, and trxA and human 

thioredoxin (TXN1) have a 35% protein identity. For this reason, thioredoxin is a poor choice as 

a vaccine carrier since any formulation containing TrxA has the potential to cause autoimmunity 

against endogenous thioredoxin in the immunized host. 

As mineralization agents, cyclic peptides containing CaP binding motifs are alternatives 

to trxA derivatives. Binding ability of cyclic peptides containing binding motifs selected through 

phage display biopanning has been demonstrated with snake venom toxin.8 The surface exposed 

dodecapeptides in the FliTrx™ Random Peptide Display Library are constrained by the trxA 

active site loop disulfide bond and disruption of that disulfide bond was previously shown to 

influence TrxA::PA44 CaP mineralization ability.27 A cyclic peptide composed of a selected CaP 
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binding dodecapeptide flanked by Gly-Cys-Gly-Pro (GCGP) on the N-terminus and Gly-Pro-Cys 

(GPC) on the C-terminus and cyclized by a disulfide bond may maintain CaP binding motif 

conformational constraints similar to those found in trxA CaP binding derivatives. Additionally, 

endotoxin contamination is less likely for cyclic peptides constructed through solid-state 

synthesis as compared to proteins expressed in E. coli. 

When tested for CaP mineralization ability, the cyclic peptides were able to influence 

CaP particle size. In Chap. 2, CaP precipitated in the absence of a capping agent formed large 

micrometer-sized polydisperse and polymorphous particles. When CaP was mineralized in the 

presence of ovalbumin (OVA) and cPN38, sub-100nm particles were formed that were stable for 

up to two hours after mixing. Vaccine formulations containing OVA and CaP nanoparticles (CaP 

NPs) were tested in vivo, and adjuvancy of CaP NPs was assessed by analyzing antibody and 

splenocyte cytokine response after vaccination. 
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4.2: Materials and Methods 

4.2.1: Calcium phosphate nanoparticle formulation 

 For the CaP NP formulation used previously in TrxA::PA44 and TrxA::PA44-OVA 

experiments, a precursor solution containing 16.7mM Ca(NO3)2 (Fisher C-109-500) pH 7.4 is 

added dropwise while vortexing on a high setting to a solution containing 

NH4H2PO4/(NH4)2HPO4 (Sigma-Aldrich 216003 and Fisher BP361-500), pH 7.4 and cPN38 

(GCGPEDIDAVSVGEVQGPC disulfide bond at 2nd and 19th residue, Genscript) at the indicated 

concentrations. Final concentrations of precursor salts are 1.67mM Ca(NO3)2 and 1mM 

NH4H2PO4/(NH4)2HPO4. 

 For CaP NP formulations used in vivo, CaP concentration was increased from 

0.16mg/mL to 0.5mg/mL while keeping Ca2+ to PO4
3- ratio constant. OVA and cPN38 were 

premixed with the PO4
3- precursor solution and held at 4°C for 15 min. A 16.7mM Ca(NO3)2  

precursor Ca2+ solution was held at 4°C for 15 min before mixing with the PO4
3- precursor 

solution containing protein and peptide. Final concentrations were: 5.2mM Ca(NO3)2, 3.1mM 

NH4H2PO4/(NH4)2HPO4, 0.1mg/mL OVA, and 50µM cPN38. 

4.2.2: Vaccine particle characterization 

 Particle size and zeta potential were determined by DLS using a Malvern Nano ZS 

zetasizer. Refractive index (RI) of CaP particles was assumed to be equal to tricalcium phosphate 

(RI=1.628). Absorbance was 0.01 according to manufacturer’s instructions and dispersant was 

set to water at 25°C. Data collection was set to 10 runs per reading and particle size was 

presented as the mean of the maximum peak height from three readings. 
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 OVA antigen loading was determined for nanoparticles by assaying the supernatant of 

samples by A280 for OVA concentration after separating nanoparticles by ultracentrifugation at 

100,000g for 1 hr on a Beckman Coulter Optima TLX Ultracentrifuge with a Beckman Rotor 

TLA110#054798. Microparticles were pelleted with centrifugation at 16,000g for 30 min on a 

Spectafuge 16M microcentrifuge. 

4.2.3: cPN38 conjugation to ovalbumin 

 Conjugation of cPN38 cyclic peptides to OVA was carried out using EDC/NHS 

chemistry which forms an amide bond between primary amines and carboxylate groups. To 

prevent polymerization of OVA, primary amines on OVA were irreversibly blocked with Sulfo-

NHS Acetate (Thermo 26777). 2mL of 10mM Sulfo-NHS Acetate was added to 2mL OVA 

(2mg/mL) and incubated at RT for 1 hr in the dark. Reaction solution was dialyzed into 4L 

ddH2O overnight at 4°C with buffer changes at 1 and 5 hrs using a 12,000-14,000 MWCO 

membrane (Fisher 21-152-14). The reaction solution was then dialyzed into 100mL of activation 

buffer (0.1M MES (Sigma M3671), 0.5M NaCl (Fisher BP358-212) pH 6.0) for 5 hrs at 4°C.  

1.6mg EDC (Thermo 77149) and 4.4mg Sulfo-NHS (Thermo 24510B) were added to 

4mL of the primary amine blocked OVA (1mg/mL) in activation buffer and reacted at RT for 15 

min. 5.6 µL β-mercaptoethanol (BioRad 161-0710) was added to quench the reaction. Excess 

reagent and buffer was removed using a 7,000 MWCO desalting column (Thermo 89893) Two 

mL of cPN38 at a 1:1 or 8:1 molar ratio was added to 2 mL Sulfo-NHS activated OVA 

(1mg/mL=22.2µM) and the conjugation reaction mixture was held at RT for 2 hrs. The reaction 

mixture was then dialyzed into 4L ddH2O overnight at 4°C with buffer changes at 1 and 5 hrs. 

Protein concentration determined by A280. 
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4.2.4: Immunizations with ovalbumin vaccines 

 All animal experiments adhered to federal guidelines and were approved by the 

University of Washington Animal Care and Use Committee. Groups of five C57Bl/6 mice 

(Jackson Laboratory, age 6-8 weeks) were immunized at day 0, 7, and 14 with 200uL of vaccine 

formulations split evenly between two lower abdominal subcutaneous sites. Mice were 

immunized with vaccine formulations (Tab. 4.1) prepared with endotoxin free water (Thermo 

SH30529).  

Table 4.1: Immunization groups and vaccine formulations 

Group Vaccine formulation 

CaP only CaP (5.2mM Ca(NO3)2 and 3.1mM NH4H2PO4/(NH4)2HPO4 )(0.5mg/mL) 

and cPN38 (50µM) 

OVA only OVA (0.1mg/mL) (Invivogen vac-efova) in PBS 

OVA and CaP 

nanoparticles 

OVA (0.1mg/mL), cPN38 (50µM) and CaP (0.5mg/mL) nanoparticles 

OVA and CaP 

microparticles 

OVA (0.1mg/mL) and CaP (0.5mg/mL) microparticles 

OVA and aluminum 

hydroxide 

OVA (0.1mg/mL) and aluminum hydroxide (0.5mg/mL) (Invivogen vac-

alu-50) 

 

For the “OVA and CaP microparticles” group, CaP particles were mineralized in the 

absence of a capping agent and left to ripen for 24hrs before mixing with OVA. For the “OVA 

and Al(OH)3” group, OVA was mixed with preformed commercial aluminum hydroxide 
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adjuvant. OVA was adsorbed onto CaP microparticles or aluminum hydroxide for 30 min under 

gentle stirring prior to injection. For the “OVA and CaP nanoparticles” group, OVA and CaP 

NPs were mixed and injected within 30 min after mixing. 

 Mice were bled via submandibular veins on day 20 and 27. Blood was collected into 

capillary blood collection tubes with serum separator (BD 365959) and left at 4°C overnight 

before sera were separated by centrifugation at 16,000g. Sera were then aliquoted and stored at     

-80°C before assaying with ELISA. 

4.2.5: Anti-ovalbumin IgG ELISAs 

 96-well maxisorp plates (Thermo 442404) were coated overnight with 100µL/well 

coating buffer [10µg/mL OVA (Invivogen vac-ova) in 1xPBS pH 7.4 (Thermo 28372), 0.1% 

[w/v] sodium azide (Sigma S-8032)] at 4°C. Plates were then washed 2x with 200µL/well wash 

buffer (1xPBS, pH 7.4 and 0.02% [v/v] Tween 20 (Fisher BP337-500). Plates were then blocked 

with 150µL/well block buffer (1% [w/v] bovine serum albumin (Sigma A7030-50g) in 1xPBS, 

pH7.4, 0.22µm filtered) for 1 hr at 37°C. Wells were washed twice. 100µL/well of diluted serum 

samples and standards (Anti-OVA IgG1 standard (Sigma A6075) and Anti-OVA IgG2a standard 

(Biolegend 520401)] in block buffer were added to plates and incubated for 1hr at 37°C. Wells 

were washed four times. 100µL/well secondary antibodies [goat anti-mouse IgG-HRP 

(Biolegend 405306), goat anti-mouse IgG1-HRP (Life Technologies A10551), goat anti-mouse 

IgG2a (Life Technologies M32207), and goat anti-mouse IgG2c (Thermo PA129288)] diluted in 

block buffer (2000x dilution for total anti-IgG, 0.4µg/mL for anti-IgG1, anti-IgG2a, and anti-

IgG2c) followed by a 30min incubation at 37°C. Wells were washed four times. 100µL/well 

TMB substrate (Thermo 34021) added followed by a 10min RT incubation in the dark. Reaction 
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stopped with 100µL/well 2M sulfuric acid. Absorbance recorded at 450nm. Titers determined as 

the last dilution to have a reading higher than 3x the standard deviation of the blank wells after 

subtracting the average absorbance of blank wells. 

4.2.6: Splenocyte IFN-γ secretion assay 

 Mice were sacrificed at day 28 and spleens were removed and placed in 1mL splenocyte 

medium [RPMI 1640 w/ 2mM L-glutamine (Gibco 11875-093) with 1x PenStrep (Gibco 15140), 

10% heat inactivated FBS (Gibco 10082147) and 0.1% [v/v] beta-mercaptoethanol (Gibco 

21985)] on ice. A 3mL syringe plunger (BC 309585) was used to force spleens through a 70µm 

cell strainer (BD 352350) pre-wetted with 1mL medium and the plunger and cell strainer were 

then washed with 10mL of medium. Suspended cells were pelleted at 500g for 5 min. The cell 

pellet was resuspended in 3mL ACK lysis buffer (Invitrogen A10492-01) and incubated at RT 

for 5 min. 12mL of medium was added to stop the reaction and cells were pelleted again. The 

cell pellet was resuspended with 10mL of medium and pelleted again. Finally, the cell pellet was 

resuspended in 1mL of medium and cells were counted. 

 Splenocytes were seeded at 1x106 cells/well in 100µl medium in a 96-well TC-treated U-

bottom plate (BD 353077) then stimulated by adding 20µg OVA (Invivogen vac-efova) per well 

in 100µL medium. Total cell culture volume after stimulation was 200µL/well. Stimulated 

splenocytes were then incubated for 16hrs at 37°C, 5% CO2. After 16 hrs, plates were spun down 

at 500g for 5 min and 150µL splenocyte cell culture supernate aliquoted and stored at -80°C. 

IFN-γ concentration in splenocyte supernatants was analyzed with a commercial IFN-γ ELISA 

kit (Thermo ESS0020). ELISA carried out according to manufacturer’s instructions. 
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4.3: Results 

4.3.1: cPN38 calcium phosphate mineralization ability 

 A disulfide-constrained cyclic peptide (GCGPEDIDAVSVGEVQGPC) containing the 

previously identified PN38 CaP binding dodecapeptide (EDIDAVSVGEVQ)27 was produced by 

solid-phase peptide synthesis (Genscript). This peptide was evaluated for its ability to control the 

size of CaP particles. When CaP was mineralized according the protocol previously used with 

the thioredoxin derivatives (see Chap. 2), particle sizes below 100 nm were observed 2hrs after 

mixing at cPN38 concentrations of 30uM and above (Fig. 4.2). 

 

Fig 4.1: Schematic of cPN38 cyclic peptide. Disulfide bond indicated in blue. Flanking native 
active site sequence is indicated in green. The PN38 CaP binding dodecapeptide is boxed. 
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Fig. 4.2: Comparison of CaP [1.67mM Ca(NO3)2 and 1mM NH4H2PO4/(NH4)2HPO4, pH 
7.4](0.16mg/mL CaP) particle size by DLS with the addition of increasing amounts of cPN38, 2 
hrs after mixing.  

 

4.3.2: Vaccine formulation characterization 

 Vaccine formulations containing ovalbumin protein (OVA) were characterized for 

particle size, zeta potential, and ovalbumin loading. For OVA vaccines, CaP concentration was 

increased to 0.5mg/mL from the concentration of 0.16mg/mL used in the thioredoxin 

immunizations. At an injection volume of 200µL and 0.5mg/mL CaP, mice received 100µg CaP 

per injection, matching the dose given in a previous study using CaP adjuvant.76, 77 

Formulations containing CaP, OVA (0.1mg/mL), and varying concentrations of cPN38 

(20-50µM) were analyzed by DLS after mixing to determine particle sizes. For CaP-OVA 

formulations containing less than 50µM cPN38, particles increased in size 1 hr after mixing (Fig. 

4.3) and at 2 hrs post-mixing solutions all solutions except those containing 50µM cPN38 were 

turbid. Formulations containing 50µM cPN38 maintained a stable particle size (80 ± 10 nm) up 

to 2 hrs.  
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Fig. 4.3: Comparison of CaP [5.2mM Ca(NO3)2 and 3.1mM NH4H2PO4/(NH4)2HPO4, pH 
7.4][0.5mg/mL CaP] particle size by DLS with ovalbumin (0.1mg/mL) and varying amounts of 
cPN38. 

 CaP particle size was also analyzed with and without OVA (0.1mg/mL) and/or cPN38 

(50µM). After mixing Ca2+ and PO4
3- precursor solutions, CaP will precipitate immediately 

forming a turbid solution in the absence of a capping agent. Decreased CaP particle sizes were 

seen relative to CaP only in formulations containing OVA or cPN38 2 hrs after mixing. When 

cPN38 and OVA were added to the precursor solutions, the smallest particle sizes were observed 

(80 +/- 10 nm) 2 hrs after mixing (Fig. 4.4). At 4 hrs after mixing, only the formulation 

containing both OVA and cPN38 was not turbid. 
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Fig. 4.4: Comparison of CaP [5.2mM Ca(NO3)2 and 3.1mM NH4H2PO4/(NH4)2HPO4, pH 
7.4][0.5mg/mL CaP] particle size by DLS in the absence or presence of ovalbumin (0.1mg/mL) 
and/or cPN38 (50µM). 

Tab. 4.1: CaP particle size by DLS for formulations containing CaP (0.5mg/mL), cPN38 (50µM) 
and OVA (0.1mg/mL) 

 

 The zeta potential of adjuvant particles was also analyzed by DLS (Fig. 4.5). Commercial 

aluminum phosphate and aluminum hydroxide had negative and positive zeta potentials, 

respectively. CaP particles had a positive zeta potential that shifted to a negative zeta potential 

with the addition of OVA and/or cPN38. The isoelectric points of OVA109 and cPN38 are 

Time (hrs) AVG (nm) Stdev
0 83 7
1 79 12
2 76 13
4 311 4

CaP, cPN38, and OVA

40 
 



respectively 4.5 and 3.4. Therefore, at a physiological pH of 7.4 ovalbumin and cPN38 will have 

a negative surface charge. These results indicate adsorption of negatively charged OVA and/or 

cPN38 to positively charged CaP particles. 

 

Fig. 4.5: Zeta Potential by DLS of commercial aluminum adjuvants and CaP formulations with 
cPN38 (50µM) and/or OVA (0.1mg/mL). 

 OVA loading onto aluminum phosphate, aluminum hydroxide, and CaP was determined 

by pelleting particles by ultracentrifugation (>100,000g) and assaying the resulting supernatant 

for the presence of OVA with A280 measurements (Fig. 4.6). Antigen loading onto aluminum 

phosphate was low possibly due to electrostatic repulsion of the negatively charged particles and 

OVA. Conversely, antigen loading onto positively charged aluminum hydroxide and CaP 

without cPN38 was high (>70%). As the concentration of cPN38 was increased, decreased OVA 

antigen loading onto CaP particles was observed. cPN38 may be displacing adsorbed OVA at 

higher cyclic peptide concentrations. 
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Fig. 4.6: Percent of OVA (0.1mg/mL) loaded onto particles. 

 In an attempt to increase antigen loading while maintaining small CaP particle size, 

cPN38 was conjugated to OVA using EDC/NHS chemistry. Conjugation reactions were carried 

out at 1:1 and 8:1 molar ratios of cPN38 to OVA. However, when CaP was mineralized in the 

presence of the cPN38-OVA conjugates (0.1mg/mL), the solutions became turbid immediately 

and particle sizes were greater than 800nm when measured by DLS (Fig. 4.7). 

 

Fig. 4.7: Particle size by DLS of CaP mineralized in the presence of cPN38-OVA conjugates 
immediately after mixing.  
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4.3.3: Ovalbumin vaccinations 

Groups of C57BL/6 mice were immunized with 200µL of vaccine formulations split 

evenly between two subcutaneous injection sites at day 0, 7, and 14. Splenocytes were harvested 

at day 28 and IFN-γ secretion 16 hrs after stimulation with OVA was analyzed. Mice received 

vaccines containing either: 1. CaP only, 2. OVA only, 3. OVA and CaP nanoparticles, 4. OVA 

and CaP microparticles, or 5. OVA and aluminum hydroxide. Mice vaccinated with OVA 

received 20 µg per injection and mice vaccinated with CaP or aluminum hydroxide received 

100µg per injection. 

Mice were bled at day 20 and 27. Total anti-OVA IgG concentration in serum was 

compared at day 20 and 27. Total IgG levels continued to increase between day 20 and 27 for all 

groups immunized with vaccines containing OVA protein (Fig. 4.8). Total IgG levels were 

significantly higher in the mice immunized with OVA and aluminum hydroxide adjuvant as 

compared to all other groups (P<0.001). These results are expected since aluminum hydroxide is 

known to stimulate strong Th2 responses.83,112 There were no significant differences (α=0.05) in 

total IgG levels between mice receiving OVA only in PBS and mice receiving OVA and CaP 

nano or microparticles. 
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Fig. 4.8: Total anti-OVA IgG sera concentration in mice bled at day 20 and 27. Mean with SEM. 
Statistical significance determined by Student’s t-test. All groups vaccinated with OVA were 
significantly higher at day 20 and 27 relative to both naïve and CaP only groups (P<0.05). No 
significant difference was seen between groups immunized with OVA only and OVA and CaP 
particles (nano or micro) (α=0.05). The group immunized with aluminum phosphate and OVA 
was significantly higher than all groups at day 20 and 27 (P<0.001). 

 IgG isotypes were analyzed from the day 27 serum. Trends seen with the TH2 isotype 

IgG1 matched those seen with total IgG. Mice vaccinated with OVA and aluminum hydroxide 

had the highest IgG1 levels (Fig. 4.9). Also, mice immunized with OVA and CaP microparticles 

displayed significantly higher IgG1 levels than the OVA only and OVA and CaP nanoparticle 

groups (P<0.05). The TH1 antibody isotype IgG2a was only detectable in mice immunized with 

OVA and CaP particles (Fig. 4.10). Mice immunized with OVA and CaP microparticles had 

significantly higher IgG2a levels than all groups (P<0.05). IgG1/IgG2c titer ratio was analyzed 

in Day 27 sera and mice vaccinated with vaccine formulations containing aluminum hydroxide 

had the highest IgG1/IgG2c ratio (Fig. 4.11) indicating a TH2 bias immune response consistent 

with findings in literature. 
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Fig. 4.9: Anti-OVA IgG1 isotype sera concentration from Day 27 bleeds. Mean with SEM. 
Statistical significance determined by Student’s t-test. All groups vaccinated with OVA were 
significantly higher relative to both naïve and CaP only groups (P<0.05). No significant 
difference was seen between groups immunized with OVA only and OVA and CaP 
nanoparticles. The group immunized with OVA and CaP microparticles was significantly higher 
than both the OVA only and the OVA and CaP nanoparticle groups (P<0.01). The group 
immunized with aluminum hydroxide and OVA was significantly higher than all groups 
(P<0.001). 
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Fig. 4.10: Anti-OVA IgG2a isotype sera concentration from Day 27 bleeds. Mean with SEM. 
Statistical significance determined by Student’s t-test. Presence of IgG2a was only detected in 
groups immunized with CaP particles. The OVA and CaP microparticle group had a significantly 
higher mean concentration relative to all groups (P<0.01 for all groups except OVA and CaP 
nanoparticles, P<0.05). 

 

Fig. 4.11: Anti-OVA IgG1/IgG2c titer ratio from Day 27 bleeds. 
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 At day 28, mice were sacrificed and spleens were extracted. Splenocytes (1x106 

cells/well) were stimulated with 20µg OVA and 16 hrs after stimulation supernatant IFN-γ 

concentration was analyzed (Fig. 4.12). Mice immunized with OVA and CaP nanoparticles had 

the highest mean IFN-γ response. Although splenocytes from the OVA and CaP NP group 

secreted nearly twice as much IFN-γ on average after antigen stimulation as compared to 

splenocytes from the OVA only group, the increase was not statistically significant (α=0.05, 

P=0.12) due to the large range of responses seen between individual mice within a group. At 

α=0.05, β=0.1, power analysis reveals that approximately 30 mice would be required per group 

to determine significance. The small sample size n=5 may not be adequate to account for 

physiological differences in the immune response between mice. IL-4 concentration was also 

analyzed but no detectable IL-4 was present in supernatants of OVA stimulated splenocytes (data 

not shown). 

 

Fig. 4.12: Splenocyte IFN-γ secretion 16hrs after stimulation with 20ug of OVA. The highest 
mean response was seen in mice receiving OVA and CaP nanoparticle adjuvant. Statistical 
significance determined by Student’s t-test. OVA only and OVA and CaP nanoparticle groups 
had a statistically significantly higher response than the naïve, CaP only, and OVA and CaP 
microparticle groups (P<0.05) 

47 
 



4.4: Summary 

 The cyclic peptide cPN38 was shown to mineralize sub-100nm CaP particles that were 

stable up to 2 hrs after mixing at peptide concentrations of 30µM and above. A positive to 

negative shift in zeta potential was also observed for CaP particles after the addition of OVA 

and/or cPN38 indicating adsorption of proteins/peptides to the negatively charged CaP surface. 

Vaccine formulations containing OVA with and without adjuvants were tested in mice. 

Mice receiving OVA and aluminum hydroxide adjuvant had the highest anti-OVA IgG and IgG1 

response. These findings were consistent with literature, since aluminum hydroxide has been 

shown to strongly stimulate Th2 responses when used as an adjuvant.83, 112 Only mice vaccinated 

with OVA and CaP nanoparticles or microparticles had detectable amounts of IgG2a in serum. In 

mice, IgG1 facilitates opsonization of antibody coated pathogens and IgG2a activates antibody-

dependent cellular cytotoxicity and complement dependent cytotoxicity. IgG2a/IgG1 ratio is 

typically used as a measure of TH1/TH2 response. 

The type of mouse strain can also affect the observed antibody response. Igh-1 alleles 

differ between strains of mice with C57Bl/6 mice carrying the Igh-1b allele coding for IgG2c 

and BALB/c mice carrying the Igh-1a allele coding for IgG2a.137, 206 It has been suggested that 

C57Bl/6 mice are incapable of producing IgG2a and instead produce IgG2c, while Balb/c mice 

produce IgG2a but no IgG2c.126, 149 IgG1/IgG2a ratio is used to determine TH2/TH1 bias and 

IgG1/IgG2c ratio has been commonly used for the same purpose with C57Bl/6 mice. It remains 

unclear if IgG2c serves the same biological function as IgG2a,126, 149 but C57Bl/6 mice deficient 

in the TH1-associated cytokine IFN-γ have exhibited marked decreases in IgG2c response after 

infection with the extracellular rodent pathogen C. rodentium indicating that IFN-γ is necessary 

for IgG2c production.21 Interestingly, many studies have detected IgG2a in the sera of C57Bl/6 
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mice.139, 152, 170, 204 C57Bl/6 mice have also been shown to elicit different IgG isotype distribution 

after infection with viruses and IgG2a is the predominant IgG isotype expressed after infection 

with most viruses.32 C57Bl/6 mice have also been shown to produce both IgG2a and IgG2c after 

infection with influenza.78 

Anti-IgG2a antibody specificity can vary greatly between IgG2a allotypes expressed in 

different strains of mice98 and the detection of IgG2a may depend upon which secondary 

antibody is used. Cross-reactivity of secondary antibodies with other IgG isotypes may explain 

why IgG2a has been detected in C57Bl/6 mice but the secondary antibodies for mouse IgG2a 

and IgG2c used in this chapter did not exhibit any cross-reactivity with the anti-OVA 

IgG1standard (data not shown). 

Splenocytes from vaccinated mice were isolated, and IFN-γ response after OVA 

stimulation was analyzed. Splenocytes from mice immunized with OVA and CaP NPs had the 

highest mean IFN-γ response. IFN-γ is a cytokine involved in innate and adaptive immunity 

against intracellular infections and can be produced by CD4 TH1 cells, CD8 T cells, natural killer 

cells, myeloid cells, dendritic cells, and macrophages. The effector functions of IFN-γ include: 

macrophage activation leading to intracellular antimicrobial activity by increased fusion of 

lysosomes with phagosomes, increased MHC-I expression in infected cells, increased expression 

of IgG2a and decreased production of IgG1, promotion of TH1 cell differentiation and 

suppression of TH2 growth.169 

IL-4 splenocyte supernatant concentration was also analyzed after stimulation but no 

detectable amounts were found in any of the groups (data not shown). Immune responses to the 

same vaccine can also vary between different strains of mice and TH1 and TH2 bias has been 
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reported for C57Bl/6 and BALB/c mice. C57Bl/6 are considered a prototypical TH1 strain with 

their lymphocytes producing mainly IFN-γ  after stimulation with Leishmania major, whereas 

lymphocytes from BALB/c mice produce IL-4.132 Therefore, it is not surprising that IFN-γ but 

not IL-4 was detected in stimulated splenocytes. It is apparent that mouse strain specific biases 

can impact the results of immunization studies and a better understanding of CaP NP adjuvancy 

may be gleaned from repeating in vivo studies with BALB/c mice. 

Similar trends between the TrxA::PA44-OVA fusion protein immunization study detailed 

in Chap. 3 and the OVA protein immunization study were observed. In both studies, CaP NPs 

did not increase IgG responses but did increase either CD8+ T-cell response or antigen 

sensitization of IFN-γ producing splenocytes. The results from the OVA and OVA fusion protein 

vaccination studies indicate that CaP NP adjuvants may selectively increase cell-mediated TH1 

and cytotoxic T-cell responses over TH2 antibody responses. 
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Chapter 5: Nucleic Acid Transfections and Vaccines 

5.1: Introduction 

In Chapters two through four, calcium phosphate (CaP) nanoparticles (NPs) were 

evaluated as adjuvants in vaccine formulations containing protein antigens. As an alternative to 

protein antigen vaccines, nucleic acid vaccines encoding genes for antigens may be useful for the 

following reasons. First, nucleic acids are easier to construct and purify than proteins. Second, 

nucleic acid vaccines can target MHC-I loading of peptides by synthesizing antigens in the 

cytosol. Third, nucleic acids themselves can act as adjuvants through activation of TLR-7 or 

TLR-9 by single stranded RNA or CpG motifs respectively. Finally, nucleic acid vaccines lack 

the MHC haplotype restrictions of peptide/protein antigens. Although no nucleic acid vaccines 

have yet to be licensed in humans, three DNA vaccines have been licensed for veterinary use 

showing promise for future development.115 

Major histocompatibility complex (MHC) presentation of antigen epitopes by antigen 

presenting cells (APCs) after nucleic acid vaccine delivery can occur through the direct 

transfection and priming of somatic cells (myocytes, keratinocytes, or any MHC-II negative 

cells), direct transfection of APCs, and exogenous uptake of antigen released from transfected 

cells by APCs.71 

 The majority of nucleic acid vaccination studies have been carried out with plasmid DNA 

(pDNA) vaccines. Vaccine plasmids contain features necessary for replication (bacterial origin 

of replication and antibiotic resistance gene) and mammalian gene expression (viral promoter, 

insert containing the antigen, and transcription/termination sequences).71 
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mRNA vaccines are an alternative to pDNA vaccines. Although mRNA is less stable than 

pDNA and more difficult to synthesize, mRNA vaccines have several benefits over pDNA 

vaccines. Host cell chromosomal integration of pDNA is a potential safety concern with pDNA 

vaccines42 and mRNA vaccines eliminate this concern. pDNA vaccines must also enter the 

nucleus in order for transcription to occur whereas mRNA vaccines only need to enter the cell 

cytoplasm for translation to occur. DNA entry into the nucleus is particularly difficult in 

nondividing cells like monocytes.187 Also, antigen expression after RNA delivery is transient, 

peaking and decaying rapidly after administration, whereas DNA vaccines can cause antigen 

expression for many weeks at the site of injection.150 

Effective cellular delivery and transfection are major barriers for naked nucleic acid 

vaccine efficacy.71, 134 Mammalian cells transfected with viral vectors often have the highest 

rates of transfection but viral vectors are limited by safety concerns and difficulty of 

production106. Polymeric particles and liposomes have been explored for delivery of pDNA 

vaccines and show promise for enhancing delivery and immunogenicity of pDNA vaccines.104  

As an alternative nucleic acid delivery vehicle, CaP NPs may be useful in nucleic acid 

vaccines formulations by acting simultaneously as an adjuvant and delivery vehicle. Transfection 

of mammalian cells with CaP was first discovered in 1973 by Graham and Van der Eb62 and is 

frequently used to transfect a variety of cell types. By adding cPN38 and decreasing the Ca2+ to 

PO43- ratio, CaP nanoparticles were formed using a modification of the standard CaP 

transfection method.62 Transfection efficiency in RAW 264.7 mouse macrophage cells was 

evaluated in vitro with CaP particles and a plasmid encoding the green fluorescent protein (GFP) 

(gWiz-GFP). Transfection efficiencies were low in groups transfected with CaP (~3%) relative to 
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the PEI positive controls (~25%). CaP particle uptake was high (>70%) but endosomal escape of 

pDNA was not observed in RAW 264.7 macrophage cells. 

CaP nanoparticles were also evaluated in vivo as adjuvants in mRNA and pDNA vaccines 

encoding ovalbumin (OVA) as the antigen. In mRNA vaccine formulations, CaP NPs did not 

have an adjuvant effect as measured by total anti-OVA IgG response and splenocyte IFN-γ 

secretion after OVA protein antigen stimulation. In contrast, the addition of CaP to pDNA 

vaccines significantly increased total anti-OVA IgG responses. Additionally, mean splenocyte 

IFN-γ response was higher in the group vaccinated with pDNA and CaP as compared to pDNA 

only vaccines suggesting that CaP nanoparticles may be useful adjuvants for increasing TH1 and 

IgG responses in pDNA vaccines. 
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5.2: Materials and Methods 

5.2.1: Calcium phosphate-DNA particle formulations for in vitro transfection 

 A modification of the CaP formulation, used in both the previous thioredoxin27 and 

thioredoxin-ovalbumin fusion protein vaccinations, was evaluated for transfection efficiency in 

vitro. In the original formulation, a precursor solution containing 16.7mM Ca(NO3)2 (Fisher C-

109-500), pH 7.4 and pDNA (gWiz-GFP, Aldevron 5006) is added dropwise while vortexing on 

a high setting into a solution containing NH4H2PO4/(NH4)2HPO4 (Sigma-Aldrich 216003 and 

Fisher BP361-500), pH 7.4 and cPN38 (GCGPEDIDAVSVGEVQGPC disulfide bond at 2nd and 

19th residue, Genscript). Final concentrations were 1.67mM Ca(NO3)2, 1mM 

NH4H2PO4/(NH4)2HPO4, pH 7.4(0.16mg/mL CaP), 50µM cPN38 and 0.05mg/mL gWiz-GFP. 

This original CaP formulation was only used in section 5.3.1 for comparison and all other CaP 

formulations used in this chapter were formulated as described below. 

 A modification of the standard CaP transfection method62 was evaluated for in vitro 

transfection efficiency. In the CaP standard transfection method, a solution of calcium chloride 

and DNA is added slowly dropwise to a 2x HEPES buffered saline (HBS) (50mM HEPES, 

280mM NaCl, and 1.5mM Na2HPO4, pH 7.1) solution while vortexing at room temperature 

(Final Ca2+ and PO4
3-  concentrations: 125mM CaCl2 and 0.75mM Na2HPO4). CaP is left to 

precipitate for 30min before addition to cells. For formulations containing cPN38, cPN38 was 

added to the HBS precursor solution. Some CaP formulations also contained lowered CaCl2 

concentrations as indicated. 
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5.2.2: Calcium phosphate particle characterization 

 Particle size and zeta potential were determined by DLS using a Malvern Nano ZS 

zetasizer. Refractive index (RI) of CaP particles was assumed to be equal to tricalcium phosphate 

(RI=1.628). Absorbance was 0.01 according to the manufacturer’s instructions and dispersant 

was set to water at 25°C. Data collection was set to 10 runs per reading and particle size was 

presented as the mean of the maximum peak height from three readings. 

 Nucleic acid loading was determined for nanoparticles by assaying the supernatant of 

samples by A280 for nucleic acid concentration after separating nanoparticles by 

ultracentrifugation at 100,000g for 1 hr on a Beckman Coulter Optima TLX Ultracentrifuge with 

a Beckman Rotor TLA110#054798. Microparticles were pelleted with centrifugation at 16,000g 

for 30 min on a Spectafuge 16M microcentrifuge. 

5.2.3: In vitro transfections 

 2.0x105 cells/mL RAW 264.7 mouse macrophage cells (ATCC TIB-71, passage number 

less than 15) or 5.0x104 cells/mL NIH 3T3 mouse fibroblast cells (ATCC CRL-1658, passage 

number 40-45) were seeded in 1mL of complete medium [DMEM (Corning 50-013) with 

Pen/Strep (Gibco 15140) and 10% FBS (Gibco 10437)] per well in 24-well tissue culture treated 

plates (Corning 3527) and incubated for 24 hrs at 37°C and 5% CO2. Wells were then washed 1x 

with PBS, pH 7.4, 0.22µm filtered (Thermo 28372) and 200µL of DMEM (no antibiotics or 

FBS) with transfection agents was added. PEI polyplexes were prepared according to the 

following protocol. Per well, a 10µL PEI solution (0.13mg/mL PEI for a 10 N/P ratio) (Sigma 

408727) was added to a 10µL 0.1 mg/mL pDNA (gWiz-GFP) solution. Polyplexes were formed 

for 10-30 min at room temperature (RT). Immediately before addition to the wells polyplexes 
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were diluted with 180µL DMEM warmed to 37°C. Lipoplexes were formed with Lipofectamine 

2000 (LF 2000) (Invitrogen 52758) according to the manufacturer’s instructions. Per well, 10µL 

of a 0.1 mg/mL pDNA solution was added to 40µL DMEM and incubated for 5 min at RT. 3µL 

of LF 2000 was added to 47µL DMEM and incubated for 5 min at RT. pDNA and LF 2000 

solutions were then gently mixed and incubated for 20 min at RT forming lipoplexes at a [3:1] 

LF 2000 volume to pDNA mass ratio. Immediately before addition to wells, lipoplexes were 

diluted with 100µL warmed DMEM. For CaP transfections, CaP particle solutions were prepared 

as previously described and 20µL of CaP particle solutions were added to 180µL warmed 

DMEM per well. CaP solutions contained 125mM CaCl2 unless otherwise indicated and 

0.05mg/mL pDNA. pDNA per well was normalized at 1µg per well and total volume per well 

was normalized at 200µL. 

 Transfection agents were left in wells for 4 hrs at 37°C and 5% CO2, then wells were 

washed 1x with PBS and 500µL of complete medium was added to wells. 44 hrs after changing 

medium, cells were washed 1x with PBS and dissociated from wells with 100µL/well Cell 

Dissociation Buffer (Gibco 13151-014). Cells were pelleted at 500g for 5 min and resuspended 

in 200µL FACS buffer (1xPBS, pH 7.4 and 2% FBS) with 0.2µg/mL propidium iodide (PI) (Life 

Technologies P3566). Cells were then analyzed on a BD Facscan flow cytometer. 10,000 cells 

were gated and % GFP positive cells and PI+ cells (dead) were determined. Transfection 

efficiency presented as the percentage of GFP+, PI- cells. See supplemental data for flow 

cytometer gate settings. 
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5.2.4: RAW 264.7 cell viability assay 

 In a 96-well tissue culture treated plate (BD 353077), 200µL of 2.0x105 cells/mL RAW 

264.7 cells in complete medium were seeded for 24 hrs at 37°C and 5% CO2. Wells were then 

washed 1x with PBS and 40µL of the previously described transfection agents in DMEM were 

added per well. Cells were incubated with transfection agents for 4 hrs at 37°C and 5% CO2, and 

then wells were washed 1x with PBS, and 100µL of complete medium was added to wells. After  

20 hr incubation, 10µL of Alamar Blue (Life Technologies DAL 1025) was added per well and 

incubated for an additional 3.5 hrs. Absorbance at 570nm normalized to 600nm was then read. 

5.2.5: Mannosylation of cPN38 

 A primary amine reactive mannose precursor, α-D-mannopyranosylphenyl isothiocyanate 

(MIC) (Sigma M9271), was used to mannosylate the cyclic CaP binding peptide cPN38. 0.9mL 

of 0.3mg/mL cPN38 was mixed with 0.5mg MIC in 100uL DMSO (approximately 11-fold molar 

excess of MIC to cPN38). The reaction solution was held at 4°C for 16 hrs under gentle mixing. 

The reaction solution was then dialyzed with a 1,000 MWCO membrane (Spectrum Labs 

132105) against ddH2O at 4°C with buffer changes at 1, 4, and 16 hrs followed by overnight 

dialysis. The dialyzed reaction mixture was then filtered through a 0.22µm filter and analyzed 

for mannose using the resorcinol assay for detection of neutral sugars (Monsigny, 1988). In brief, 

20µL of sample was added to 20µL of 6mg/mL resorcinol (Acros 132290500) and 100µL of 

75% sulfuric acid (Mallinckrodt 2876). The sample mixture was then heated at 90°C for 30min 

then kept at RT for 30 min in the dark. Absorbance was then read at 430nm. The mannose 

concentration in samples was determined from a free mannose standard curve (R2 =0.99). 
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5.2.6: In vitro uptake of Cy3 tagged pDNA 

 gWiz-GFP was labeled with Cy3 using the Mirus’ Label IT® Nucleic Acid Labeling Kit, 

Cy™3 (Mirus MIR 3625) according to the manufacturer’s instructions, which labels pDNA at a 

1:1 [v:w] ratio of Label IT Reagent to nucleic acid. Labeled pDNA should have approximately 

one Cy3 molecule for every 20-60 bp. 

CaP particles were prepared with Cy3-tagged gWiz-GFP and mineralized in the presence 

of cPN38 (25µM) or mannosylated cPN38 (cPN38-M) (25µM). RAW 264.7 cells were seeded at 

2.0x105 cells/mL in 1 mL of complete medium and incubated for 24 hrs at 37°C and 5% CO2. 

Cells were then washed 1x with PBS and 20uL of the following CaP formulations were added to 

180µL DMEM per well: 

“CaP microparticles”: 1xHBS, 125mM CaCl2, and 0.05mg/mL gWiz-GFP-Cy3 

“CaP nanoparticles”: 1xHBS, 60mM CaCl2, 25uM cPN38 and 0.05mg/mL gWiz-GFP-Cy3 

“CaP mannosylated nanoparticles”: 1xHBS, 60mM CaCl2, 25uM cPN38-M and 0.05mg/mL 

gWiz-GFP-Cy3.  

Mannose receptor specific uptake was blocked in cells by addition of 2.5mM mannose 

for 30 min before addition of mannosylated particles. After 24 hr incubation, cells were washed 

1x with PBS, dissociated from plates, and resuspended in FACS buffer before analysis on a BD 

Facscan flow cytometer. Fluorescence from particles attached to the surface of cells was 

quenched by addition of Trypan Blue (Sigma D2650) at a final concentration of 20µg/mL. See 

supplemental data for flow cytometer gate settings. 
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5.2.7: Fluorescence microscopy of RAW 264.7 cells and calcium phosphate-DNA particles 

gWiz-GFP was tagged with fluorescein using the Mirus’ Label IT® Nucleic Acid 

Labeling Kit, Fluorescein (Mirus MIR 3225) according to the manufacturer’s instructions. RAW 

264.7 cells were seeded into 8-chamber coverglass slides (Nunc LabTek 155411) with 0.43 mL 

complete medium per well at a cell density of 2.0x105 cells/mL. Cells were incubated for 24 hrs 

at 37°C and 5% CO2. Wells were washed 1x with PBS and incubated with 86µL of DMEM 

without phenol red (Corning 90-013PB) containing an intracellular Ca2+ dye, 50nm X-Rhod-5F, 

Acetoxymethyl (AM) (Life Technologies X23985) for 1hr. Cells were then washed 1x with PBS 

and incubated in 86µL dye free DMEM without phenol red for 30 min. Cells were then washed 

1x with PBS and the following CaP formulations were added: CaP standard (125mM CaCl2) and 

0.05mg/mL tagged pDNA; CaP nanoparticles (60mM CaCl2 and 50uM cPN38); or mannosylated 

CaP particles (60mM CaCl2 and 50uM cPN38-M). 8.6µL of CaP particle dispersions were added 

to 77.4 µL DMEM without phenol red per well. Fluorescent microscopy images were taken on 

an Axio Observer inverted microscope (Zeiss) 5 hours after addition of CaP-DNA particles. 

For imaging at 24 hrs, X-Rhod-5F was not added until 24 hrs after addition of CaP. After 

24 hrs cells were washed 1x with PBS, and incubated with 50nm X-Rhod-5F, AM (Life 

Technologies X23985) in 86µL DMEM without phenol red for 1hr. Cells were then washed 1x 

with PBS and incubated in 86µL dye free DMEM without phenol red for 30 min. Cells were then 

washed 1x with PBS and 86µL DMEM without phenol red was added before imaging. 

5.2.8: Immunizations with pVAX-OVA vaccines 

 The plasmid used for in vivo vaccinations was pVAX-OVA [Cheng, 2012], which 

contains the ovalbumin cDNA EcoRI fragment from pAc-neo-OVA subcloned into Invitrogen’s 
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pVAX1 (Life Technologies V260-20), which is a specialized vector for DNA vaccines that 

contains the cytomegalovirus immediate-early (CMV) promoter, bovine growth hormone (BGH) 

polyadenylation signal, and minimal DNA sequences not necessary for replication in E. coli or 

expression in mammalian cells. pVAX-OVA was harvested from Top10 E. coli cells using 

Qiagen’s EndoFree Plasmid Mega Kit (Qiagen 12381). 

 All animal experiments adhered to federal guidelines and were approved by the 

University of Washington Animal Care and Use Committee. Groups of C57Bl/6 mice (Jackson 

Laboratory, age 6-8 weeks) (n=10) were immunized at day 0, 7, and 14 with 200µL of vaccine 

formulations split between two lower abdominal subcutaneous sites. Mice received vaccine 

formulations containing either pVAX-OVA only (0.1mg/mL pVAX-OVA in 0.1xHBS) or 

pVAX-OVA with CaP nanoparticles (0.1mg/mL pVAX-OVA, 0.5mg/mL CaP and 20µM 

cPN38). Serum was collected at day 20 via submandibular vein bleeds. Mice were sacrificed at 

day 28 and the spleens were removed aseptically. 

5.2.9: Immunizations with OVA mRNA Vaccines 

 mRNA encoding OVA was transcribed from a template plasmid pGEM4z-OVA-A64 

[Cheng, 2012] [Boczkowski 2000] derived from Promega’s pGEM-4z commercial cloning 

vector. pGEM4z-OVA-A64 is harbored in E. coli Top 10 cells with the plasmid conferring 

ampicillin (Amp) resistance. The template plasmid was purified using Qiagen’s EndoFree 

Plasmid Mega Kit (Qiagen 12362). 

In a total reaction volume of 0.5mL, 50µg of purified pGEM4z-OVA-A64 was linearized 

with 100U SpeI in 1xNEB4 buffer and 100µg/mL BSA. The digestion was carried out at 37°C 

then terminated after 4 hrs by adding 25µL of 0.5M EDTA, 50µL of 3M sodium acetate, and 
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1mL of 95% ethanol. The reaction mixture was then mixed and chilled at -20°C for 15 min. 

DNA was pelleted for 15min in a microcentrifuge at 16,000g. Supernatant was removed and the 

DNA pellet was resuspended in molecular biology grade water (Corning 46-000-CM). 

Linearized plasmid purity and concentration was evaluated with A280 and A280/260 

measurements. OVA mRNA transcripts were transcribed from the linearized pGEM4z-OVA-

A64 template with Ambion’s mMessage mMachine T7 kit (Life Technologies AM 1344) 

according to the manufacturer’s instructions. mRNA transcripts were purified using Ambion’s 

MEGAclear Kit (AM1908). mRNA purity and concentration were determined with A280 and 

A280/260 measurements. 

Groups of C57Bl/6 mice (Jackson Laboratory, age 6-8 weeks) (n=5) were immunized at 

day 0, 7, and 14 with 200µL of vaccine formulations split equally between two lower abdominal 

subcutaneous sites. Mice received vaccines containing either OVA mRNA only (0.025mg/mL 

OVA mRNA in 0.1xHBS) or OVA mRNA and CaP (0.1mg/mL pVAX-OVA, 0.5mg/mL CaP 

and 20uM cPN38). Serum was collected at day 17, 20, and 27 via submandibular vein bleeds. 

Mice were sacrificed at day 28 and spleens were removed aseptically. 

5.2.10: Anti-OVA IgG ELISAs 

 Ninety-six-well maxisorp plates (Thermo 442404) were coated overnight with 

100µL/well coating buffer [10µg/mL OVA (Invivogen vac-ova) in 1xPBS pH 7.4 (Thermo 

28372), 0.1% [w/v] sodium azide (Sigma S-8032)] at 4°C. Plates were then washed 2x with 

200µL/well wash buffer (1xPBS, pH 7.4 and 0.02% [v/v] Tween 20 (Fisher BP337-500). Plates 

were then blocked with 150µL/well block buffer (1% [w/v] bovine serum albumin (Sigma 

A7030-50g) in 1xPBS, pH7.4, 0.22µm filtered) for 1 hr at 37°C. Wells were then washed twice. 
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100µL/well of diluted serum samples and standards [Anti-OVA IgG1 standard (Sigma A6075)] 

in block buffer were added to plates and incubated for 1hr at 37°C. Wells were then washed four 

times. 100µL/well secondary antibody [goat anti-mouse IgG-HRP (Biolegend 405306)] diluted 

2000x in block buffer were added per well followed by a 30min incubation at 37°C. Wells were 

again washed four times. 100µL/well TMB substrate (Thermo 34021) was added followed by a 

10 min RT incubation in the dark. The reaction was stopped by adding 2M sulfuric acid at 

100µL/well. Absorbance was recorded at 450nm. Titers were determined as the last dilution to 

have a reading higher than 3x the standard deviation of the blank wells after subtracting the 

average absorbance of blank wells. 

5.2.11: Splenocyte IFN-γ secretion assay 

 IFN-γ secretion was analyzed after stimulation with OVA in the spleens of mice from 

each group (n=5). Spleens were removed aseptically from mice sacrificed by CO2 asphyxiation 

and placed in 1mL splenocyte medium [RPMI 1640 w/ 2mM L-glutamine (Gibco 11875-093) 

with 1x PenStrep (Gibco 15140), 10% heat inactivated FBS (Gibco 10082147) and 0.1% [v/v] 

beta-mercaptoethanol (Gibco 21985)] on ice. A 3mL syringe plunger (BC 309585) was used to 

force spleens through a 70um cell strainer (BD 352350) pre-wetted with 1mL medium and the 

plunger and cell strainer were then washed with 10mL of medium. Suspended cells were pelleted 

at 500g for 5 min. Cell pellets were resuspended in 3mL ACK lysis buffer (Invitrogen A10492-

01) and incubated at RT for 5 min. Then, 12mL of medium was added to stop the reaction and 

cells were pelleted again. Cell pellets were resuspended with 10mL of medium and pelleted 

again. The cell pellet was finally resuspended in 1mL of medium. Live cell density was 

determined by counting cells diluted 1:20 with a 1:10 dilution of Trypan Blue (Sigma T8154) 

using a Bright-Line™ Hemacytometer (Sigma Z359629). 
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Splenocytes were seeded at 1x106 cells/well in 100µl medium in a 96-well TC-treated U-

bottom plate (BD 353077). Splenocytes were stimulated by adding 200µg OVA (Invivogen vac-

ova) per well in 100µL medium. Total medium volume after stimulation was 200µL/well. 

Stimulated splenocytes were then incubated for 16 hrs at 37°C, 5% CO2. After 16 hrs, plates 

were centrifuged at 500g for 5 min and 150µL splenocyte cell culture supernate was aliquoted 

and stored at -80°C. IFN-γ concentration in splenocyte supernatants was analyzed with a 

commercial IFN-γ ELISA kit (Thermo ESS0020). ELISAs were carried out according to 

manufacturer’s instructions. 
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5.3: Results 

5.3.1: Evaluation of previously used calcium phosphate formulation for transfection efficiency 

 The previous CaP formulation used for the thioredoxin immunization experiments27 was 

evaluated for use as a transfection agent. Precursor Ca2+ and PO43- concentrations remained the 

same but cPN38 (50µM) was used as a capping agent instead of Trx::PA44, and pDNA 

(0.05mg/mL gWiz-GFP) was also added to the Ca2+ precursor solution. Up to 24hrs after mixing 

of precursor solutions, CaP particle size remained at 40 ± 10nm in the presence of cPN38 and 

pDNA (Table 5.1). However, when pDNA loading onto CaP particles was evaluated, poor 

pDNA loading was observed with this formulation (Fig. 5.1). When tested as a transfection 

agent, these CaP formulations had little to no transfection efficiency in RAW 264.7 cells (Fig. 

5.2). 

Table 5.1: Size by DLS of CaP particles [1.67mM Ca(NO3)2 and 1mM NH4H2PO4/(NH4)2HPO4, 
pH 7.4](0.16mg/mL CaP) with cPN38 (50µM), and pDNA (0.05mg/mL). 

 

Time (hrs) AVG (nm) Stdev
0 26 9
1 31 14
2 20 16
4 27 14

24 41 12

CaP, cPN38 and DNA
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Fig. 5.1: gWiz-GFP (0.05mg/mL) loading onto CaP particles [1.67mM Ca(NO3)2 and 1mM 
NH4H2PO4/(NH4)2HPO4, pH 7.4](0.16mg/mL CaP) with and without 50µM cPN38. 

 

Fig. 5.2: Transfection efficiency in RAW 264.7 cells with PEI (10 N/P, 0.05mg/mL gWiz-GFP) 
and CaP-DNA particles [0.16mg/mL CaP (1.67mM Ca(NO3)2 and 1mM 
NH4H2PO4/(NH4)2HPO4, pH 7.4), 0.05mg/mL gWiz-GFP) with and without 50µM cPN38. 
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5.3.2: Evaluation of a modified calcium phosphate formulation 

 Another CaP formulation modified from the commonly used standard CaP transfection 

method62 was also evaluated for transfection efficiency. In this method, a solution of calcium 

chloride and DNA or RNA is added slowly dropwise to a 2x HEPES buffered saline (HBS) 

(50mM HEPES, 280mM NaCl, and 1.5mM Na2HPO4, pH 7.1) solution while vortexing at room 

temperature (Final Ca2+ and PO4
3-  concentrations: 125mM CaCl2 and 0.75mM Na2HPO4). CaP-

DNA particles are then left to ripen for 30min before addition to cells. Although this method of 

CaP transfection is widely used, reproducibility can vary due to differences in nucleic acid 

concentration and mixing technique resulting in variations in particle size and morphology.11, 92, 

118 The Ca2+ to PO4
3- molar ratio in the standard CaP tranfection method is a hundredfold higher 

(167) than the previously described formulation used for the protein vaccinations (1.67). In the 

following sections, all CaP formulations used for nucleic acid in vitro and in vivo work will refer 

to the standard CaP transfection formulation or the modified protocol unless indicated. 
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 CaP particle size was evaluated immediately after mixing CaP precursor solutions. 

Standard CaP transfection formulations (1xHBS, 125mM CaCl2 and 50µg/mL gWiz-GFP) 

exhibited small particle sizes (sub-200nm) but with the addition of 50µM cPN38, a decreased 

CaP particle size was observed at all concentrations of calcium chloride. At a calcium chloride 

concentration below 70mM, CaP particles were below 100nm in size with the addition of 50µM 

cPN38 (Fig. 5.3). When left at room temperature for 30min, the standard CaP transfection 

formulation consisted of particles 1400 +/- 100 nm in size as determined by DLS. Zeta potential 

of CaP particles without DNA or cPN38 showed a strongly positive zeta as expected from the 

high Ca2+ to PO4
3- ratio (Fig. 5.4). Upon addition of pDNA, the zeta potential shifted to a 

negative value indicating adsorption of the polyanionic pDNA.  

 

Fig. 5.3: Comparison of CaP-pDNA (1xHBS, CaCl2, and 0.05mg/mL gWiz-GFP) particle size 
with and without cPN38 (50µM) at varying CaCl2 concentrations by DLS immediately after 
mixing. 
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Fig. 5.4: Zeta potential by DLS of CaP particles (1xHBS and CaCl2) at varying CaCl2 
concentrations with and without pDNA (0.05mg/mL) and cPN38 (50µM). 

 RAW 264.7 mouse macrophage cell viability was analyzed after addition of various 

transfection agents (Fig. 5.5). Lipofectamine 2000 ([3:1][v:w] Lipofectamine to pDNA ratio) 

was the least toxic and PEI (10 N/P) was found to be the most toxic of the transfection agents 

evaluated. 

 

Fig. 5.5: Cell viability by Alamar Blue assay of RAW 264.7 cells in the presence of various 
transfection agents. pDNA (1µg) was added to all wells except the “No Treatment” and “CaP 
(1xHBS and 125mM CaCl2) no DNA group”. 
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 GFP transfection efficiency was evaluated in RAW 264.7 cells with various CaP 

formulations (Fig. 5.6). Lipofectamine [3:1] and PEI 10 N/P were used as positive controls. CaP 

formulations described in other CaP NP studies93, 176 were also evaluated for transfection 

efficiency as a comparison. These formulations were prepared according to the methods 

described with the exception of pDNA concentration which was normalized for all CaP 

formulations. The standard CaP transfection method and modifications thereof did show higher 

transfection efficiencies than the previous CaP formulations modified from the protein studies 

(Fig. 5.2). However, overall transfection efficiencies using CaP particles were much lower as 

compared to the positive controls. CaP formulations modified from Sokolova, et. Al.176 and 

Joyappa, et. Al.93 did not show any transfection efficiency in the RAW 264.7 cells. CaP standard 

and NP formulations had comparable levels of transfection. pDNA loading onto CaP particles 

was high for CaP standard particles (99.1 ± 0.5%) and CaP NPs (86.6 ± 0.9%) at a pDNA 

concentration of 0.05mg/mL. 

 

Fig. 5.6: GFP transfection efficiency of RAW 264.7 cells with various transfection agents. 
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5.3.3: Calcium phosphate transfection efficiency in NIH 3T3 cells 

 Transfection efficiency with CaP particles can vary greatly with cell type. CaP 

transfection is commonly evaluated using Human Embryonic Kidney (HEK) 293 cells,92,94, 117 

Chinese Hamster Ovary (CHO) cells,11 and Hela cells.14, 56, 144, 148, 176 Increased transfection 

efficiency in NIH 3T3 cells has also been reported with CaP nanoparticles as compared to larger 

CaP microparticles.117 

 GFP transfection efficiency was evaluated in NIH 3T3 mouse fibroblast cells with 

various transfection agents (Fig. 5.7). Of the CaP formulations tested, the highest transfection 

efficiency was observed in cells receiving CaP microparticles (Table 5.2). Use of smaller CaP 

particles did not increase transfection efficiency, and the transfection efficiency with CaP 

microparticles (11 +/- 2%) was higher than the highest transfection efficiency reported (4.71%) 

with CaP nanoparticles in NIH 3T3 cells by Liu, et. Al.117 

 

Fig. 5.7: GFP transfection efficiency of NIH 3T3 cells with various transfection agents. 

70 
 



Table 2: Particle size by DLS of CaP particles used in NIH 3T3 transfections. 

 

 

5.3.4: Mannosylation of cPN38 

Macrophage and dendritic cells express mannose receptors that recognize, bind, and 

initiate endocytosis and phagocytosis of infectious agents displaying repeated mannose 

patterns.178 Increased uptake of mannosylated liposomes,48, 188 PEI,40 and proteins17 has been 

demonstrated in macrophages and dendritic cells. 

 A primary amine reactive mannose precursor, α-D-mannopyranosylphenyl isothiocyanate 

(MIC), was used to mannosylate the cyclic CaP binding peptide cPN38 resulting in cPN38-M. 

Mannosylation of cPN38 was verified using a resorcinol sulfuric acid assay.136 Approximately 

two mannose residues were found per cPN38 peptide (2.03 molar ratio of mannose to cPN38) 

most likely attaching at the N-terminus of cPN38 and with the glutamine side chain present 

within the CaP binding dodecapeptide. CaP (1xHBS and 60mM CaCl2) particle sizes with 

50ug/mL gWiz-GFP and cPN38-M (170 +/- 30nm) were similar to CaP and gWiz-GFP particle 

sizes (170 +/- 30nm) without protein. No significant increase in transfection efficiency was seen 

with RAW 264.7 cells transfected with CaP-DNA particles when cPN38-M was added to 

formulations (data not shown).  

  

Transfection Agent AVG (nm) Stdev
CaP (125mM CaCl2) (50ug/mL DNA) 212 37
CaP (125mM CaCl2) (20ug/mL DNA) 2126 490
CaP (60mM CaCl2) (20ug/mL DNA) 181 15
CaP (60mM CaCl2) (50ug/mL DNA) and cPN38 37 8
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5.3.5: Uptake of calcium phosphate-DNA particles in vitro 

pDNA uptake in RAW 264.7 cells was quantified by fluorescently tagging gWiz-

GFP with Cy3 prior to CaP particle incorporation. Uptake of tagged pDNA was evaluated 

with CaP microparticles, nanoparticles and mannosylated nanoparticles (Fig.5.8). 24 hrs 

after addition of CaP-DNA particles, Cy3+ RAW 264.7 cells were detected by flow 

cytometry. Extracellular fluorescence from CaP-DNA particles bound to the surface of 

cells was quenched with Trypan Blue.  

pDNA uptake was the highest (>90%) in cells treated with CaP nanoparticles, 

both mannosylated and non-mannosylated particles. pDNA uptake was also high with 

CaP microparticles (>70%). Uptake of mannosylated particles did not appear to be 

mannose receptor mediated as the addition of free mannose did not inhibit uptake of 

particles. The high uptake of CaP-DNA particles suggests that low transfection 

efficiencies are not limited by delivery of pDNA into macrophages. 
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Fig. 5.8: Uptake of Cy3 tagged gWiz-GFP in RAW 264.7 cells with and without extracellular 
fluorescence quenching by addition of Trypan Blue. 

 Endosomal escape of pDNA into the cytoplasm is thought to occur via the following 

process when CaP is used as a transfection agent. 1. Uptake of CaP-DNA into early endosomes, 

2. As pH drops CaP dissolves releasing ions, 3. Osmotic pressure from a sudden increase in ion 

concentration disrupts the endosome and free pDNA escapes.108 

Fluorescence microscopy was carried out to determine whether endosomal escape was 

limiting CaP transfection in RAW 264.7 macrophage cells. Delivery of CaP-DNA particles was 

observed by labeling pDNA with fluorescein and intracellular Ca2+ release was detected with X-

Rhod-5F. CaP particles were added to RAW 264.7 cells for 4 hrs followed by washing and 

staining with X-Rhod-5F. X-Rhod-5F was only observed in a small percentage of cells following 

staining indicating poor acidification of CaP particles (Fig. 5.9). In a separate experiment, CaP-

DNA uptake and intracellular Ca2+ release was observed 24hrs after addition of CaP-DNA (Fig. 

5.10). No increase in frequency of X-Rhod-5F fluorescence was observed between cells with and 
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without CaP-DNA particles, indicating poor acidification of particles. There did appear to 

be binding or uptake of Cy-3 tagged pDNA and CaP particles in RAW 264.7 cells 24 hrs 

after addition of CaP but intracellular Ca2+ release did not appear to be occurring.  

 

Fig. 5.9: RAW 264.7 cells with CaP and gWiz-GFP tagged with fluorescein (green) and stained 
with an intracellular Ca2+ stain X-Rhod-5F (red). Images were taken 5 hrs after addition of CaP. 
40x magnification. 
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Fig. 5.10: RAW 264.7 cells with CaP and gWiz-GFP tagged with fluorescein (green) and stained 
with an intracellular Ca2+ stain X-Rhod-5F (red). Images taken 24 hrs after addition of CaP. 40x 
Magnification. 

 

5.3.6: Immunizations with pVAX-OVA and calcium phosphate 

 Immunizations with pDNA vaccines were carried out using the plasmid encoding the 

OVA gene, pVAX-OVA, under control of the cytomegalovirus immediate-early (CMV) 

mammalian promoter. For CaP-DNA formulations used in vivo, CaP concentration was lowered 
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from the standard CaP transfection concentration of 5mg/mL to 0.5mg/mL for a CaP adjuvant 

dose of 100ug per 200uL injection. The Ca2+ to PO4
3- ratio remained unchanged at 167. 

 The CaP (0.5mg/mL), cPN38 (20µM), and pVAX-OVA (0.1mg/mL) particles used for 

the immunization studies formed stable CaP NPs 40 +/- 10nm by DLS up to 4hrs after mixing. 

pVAX-OVA loading onto particles was also high, 80.9+/-0.5%. 

 Mice were immunized with 200µL of vaccine formulations split equally between two 

abdominal subcutaneous sites at day 0, 7, and 14. Groups received vaccines containing either 

pVAX-OVA only (20µg per injection) or pVAX-OVA and CaP NPs (20µg pVAX-OVA, 100µg 

CaP and 3.7µg cPN38 per injection). Mice were bled at day 20 and splenocytes were extracted at 

day 28. 

 Mice immunized with pVAX-OVA and CaP NPs had a significantly higher total anti-

OVA IgG levels (P<0.01) than the naïve group and the group immunized with pVAX-OVA only 

(Fig. 5.11). Overall, serum total anti-OVA IgG levels were low compared to responses seen in 

mice immunized with protein vaccines (see Fig. 4.8). Sera IgG1 and IgG2c isotype 

concentrations were below detectable values in all groups. 
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Fig. 5.11: Total anti-OVA IgG concentration in sera at day 20 from mice vaccinated with pDNA 
vaccines. Statistical significance determined using Student’s t-test. (*P<0.01, “DNA and CaP” 
group relative to other groups). 

 Splenocytes were extracted at day 28 and cell culture supernatant was analyzed 16hrs 

after OVA stimulation for IFN-γ concentration by ELISA (Fig. 5.12). The highest IFN-γ 

response was observed in splenocytes from mice immunized with pVAX-OVA and CaP NP 

adjuvant. Due to variability in the response between individual mice (n=5) within each group, the 

differences between groups was not significant at α=0.5 (p=0.07 DNA and CaP group relative to 

Naïve and DNA only groups). At α=0.5, β=0.1, approximately 20 mice would be required per 

group to determine significance. When compared to a study by Boyle et al. under similar 

conditions,20 the IFN-γ concentration of the naïve group was 5 times higher than the highest IFN-

γ concentration reported in their study. High IFN-γ response may be due to endotoxin 

contamination in the lower grade OVA (Invivogen vac-ova) used for stimulation. 
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Fig. 5.12: Splenocyte supernatant IFN-γ concentration 16 hrs after stimulation with OVA. 
Statistical significance determined using Student’s t-test. (Data not significant between groups, 
α=0.05) 

 

5.3.7: Immunizations with OVA mRNA and calcium phosphate 

 Adjuvancy of CaP particles was also evaluated with vaccines containing mRNA 

encoding OVA. pGEM4z-OVA-A6426 was linearized with SpeI and used as a template for 

mRNA transcription using Ambion’s mMessage mMachine T7 kit. 

CaP (0.5mg/mL), cPN38 (20µM), and OVA mRNA (0.025mg/mL) particles used 

in vivo formed stable CaP nanoparticles (30 +/- 10nm) up to 4hrs after mixing and OVA 

mRNA loading onto particles was 89.9+/-0.8%. 

Groups of C57Bl/6 mice were immunized with 200µL of vaccine formulations 

split equally between two abdominal subcutaneous sites at day 0, 7, and 14. Groups 

received vaccines containing either OVA mRNA only (0.025mg/mL OVA mRNA in 
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0.1xHBS) or OVA mRNA and CaP (0.1mg/mL pVAX-OVA, 0.5mg/mL CaP and 20uM cPN38). 

Mice were bled at day 17, 20, and 27 and splenocytes were extracted at day 28. 

Similar to the DNA vaccines, overall total anti-OVA IgG levels were low relative to 

OVA protein vaccinations (Fig. 5.13). Mice immunized with naked OVA mRNA had 

significantly higher IgG levels than mice immunized with OVA mRNA and CaP at day 17 and 

27 (P<0.05). 

 

Fig. 5.13: Total anti-OVA IgG concentration in sera from mice immunized with mRNA 
vaccines. Statistical significance determined using Student’s t-test. Mice receiving RNA only 
vaccines had significantly higher levels as compared to the Naïve group at all days tested 
(P<0.01) and the RNA and CaP group at day 17 and 27 (P<0.05). 

Splenocytes were extracted at day 28 and cell culture supernatant was analyzed 16hrs 

after OVA stimulation for IFN-γ concentration by ELISA (Fig. 5.14). The highest IFN-γ 

response was seen in mice immunized with naked OVA mRNA. p-values relative to the Naïve 

group (P=0.058) and RNA and CaP group (P=0.048) were close to the α=0.05 cutoff for 

significance. 

79 
 



 

Fig. 5.14: Splenocyte supernatant IFN-γ concentration 16 hrs after stimulation with OVA. 
Statistical significance determined using Student’s t-test. Mice immunized with RNA only had 
significantly higher levels than the mice immunized with RNA and CaP (P<0.05) but when 
compared to the Naïve group the results were insignificant (α=0.05) 

  

80 
 



5.4: Summary 

Effective transfection of host cells is a barrier for nucleic acid vaccine efficacy.71, 134 CaP 

NP transfection efficiency with pDNA in RAW 264.7 mouse macrophage cells was analyzed 

prior to use in pDNA vaccines. pDNA transfection efficiency with CaP NPs was poor (<5%) as 

compared to positive controls PEI and Lipofectamine 2000. Also, no correlation between CaP 

particle size and transfection efficiency was observed in RAW 264.7 cells. Analysis of 

fluorescently labeled pDNA adsorbed to CaP particles revealed that uptake of CaP particles was 

high but pDNA was not escaping from the endosomes of macrophages. Increased transfection 

efficiency with CaP NPs has been reported in literature.14, 56, 144, 148, 176 However, none of these 

studies analyzed macrophage cells and macrophages are typically more difficult to transfect than 

other cell types when using standard transfection agents.41, 47, 183 

 In vitro transfection results are not necessarily predictive of in vivo results. In vitro, 

transfection efficiencies with naked pDNA are low or absent120 but when pDNA is administered 

in vivo, transfection at the site of injection has been observed.115 PEI is considered a gold 

standard for transfection agents and when used in vitro high transfection efficiencies are 

observed58. When used in vivo, PEI transfection is often low due to interactions with 

extracellular matrix components or negatively charged serum glycoproteins.162 

Although CaP NPs were poor transfection agents in vitro with RAW 264.7 cells, CaP 

nanoparticles elevated immune responses when used as adjuvants in pDNA vaccines. Higher 

anti-OVA total IgG levels were observed in mice vaccinated with pDNA and CaP NPs as 

compared to pDNA only. However, total anti-OVA IgG levels were low as compared to previous 

vaccination studies with protein OVA (Chap. 4). When splenocytes from immunized mice were 
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stimulated with OVA, the highest splenocyte IFN-γ response after stimulation was observed in 

the mice immunized with pDNA and CaP nanoparticle adjuvants. In contrast to pDNA vaccines, 

no adjuvant affect was observed when CaP NPs were added to OVA mRNA vaccine 

formulations. No in vitro transfection experiments were carried out with mRNA and CaP NP 

formulations may need to be optimized for delivery of mRNA. 

For future nucleic acid vaccine studies, changing the route of administration from 

subcutaneous to intramuscular may increase immune responses. In mice, intramuscular injection 

of naked pDNA or pDNA encapsulated in liposomes has been shown to elicit elevated antibody 

responses to pDNA vaccines as compared to subcutaneous injection.89, 130 

 Nucleic acid vaccines have several advantages over protein antigen vaccines. These 

include ease of production, targeting of MHC-I loading through intracellular antigen expression, 

and inherent immunogenicity of foreign nucleic acids. Nucleic acid vaccines may be particularly 

useful for vaccines against intracellular pathogens since nucleic acid vaccines are able to target 

the MHC-I loading pathway. Nucleic acid delivery vehicles can increase in vivo transfection and 

immunogenicity by protecting nucleic acids from extracellular degradation and increasing 

nucleic acid delivery into cells.10, 117, 187 CaP NPs increased IgG and splenocyte IFN-γ response 

when added to OVA pDNA vaccine formulations showing promise as an adjuvant in pDNA 

vaccines. 
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Chapter 6: Discussion and Future Research Directions 

6.1: Discussion 

 As a vaccine adjuvant, calcium phosphate (CaP) has been evaluated in vaccines against 

diphtheria,1-3 tetanus,61, 69 herpes simplex virus 2,76, 77 influenza,99 hepatitis B, bacterial 

meningitis,175 and HIV.158 The most commonly used adjuvants in human vaccines are aluminum 

compounds.65, 112 When CaP has been compared to aluminum adjuvants, adjuvancy has varied 

depending upon the type of vaccine antigen and animal model used. In a comprehensive study, 

Singh et al.175 compared CaP and aluminum hydroxide adjuvancy for tetanus, diphtheria, 

hepatitis B, and group C Meningococcal antigens. In mice, aluminum hydroxide elicited higher 

antigen-specific antibody responses than CaP with every antigen tested except for group C 

Meningococcal antigen. In mice and guinea pigs, aluminum phosphate and aluminum hydroxide 

elicited higher IgG response to tetanus and diphtheria toxoids as compared to CaP.2, 61, 69 

However, in one human study, CaP was found to be more effective than aluminum hydroxide at 

eliciting antibodies against diphtheria and tetanus toxoids.1 Also, in an inactivated herpes 

simplex virus type 2 vaccine CaP elicited higher IgG and IgG2a responses in mice as compared 

to aluminum hydroxide.76 

 While aluminum adjuvants have proven to be safe and effective at raising antibody 

responses in some vaccines, disadvantages of aluminum adjuvants include elevated IgE 

production, inability to stimulate cell-mediated and cytotoxic T-cell responses, and weak or no 

adjuvant effect with certain vaccine candidates.65, 112 These drawbacks necessitate the 

exploration of alternative adjuvants for new vaccines. 
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 CaP nanoparticles (NPs) with diameters less than 100nm are of particular interest as 

vaccine adjuvants. Different studies have found that sub-100nm particles stimulate elevated B 

and T-cell responses as compared to larger particles.50, 141, 146, 155 When CaP is mineralized in the 

absence of a capping agent, large polydisperse and polymorphous micro-sized particles are 

formed. Several non-collagenous proteins, including osteocalcin, fibronectin, and osteonectin, 

are thought to play a role in the formation of vertebrate bone.24 Autoimmunity concerns preclude 

the use of these proteins or CaP binding motifs derived from these proteins as CaP capping 

agents in vaccines. As an alternative biomimetic approach, random CaP dodecapeptides with 

binding affinity to CaP were selected through biopanning using a cell-surface display library.27 

Interestingly, identified CaP binding dodecapeptides exhibited a wide range of isoelectric points 

and hydrophobicity. CaP binding motifs presented within an E. coli thioredoxin A scaffold 

(TrxA::CaP) were evaluated for CaP NP mineralization ability.27 Of the CaP binders tested, only 

dodecapeptides that contained negatively charged residues and isoelectric points below pH 7 

were able to effectively mineralize CaP NPs below 100nm in size. This suggests that the CaP 

binding motifs are controlling CaP particle growth through electrostatic interactions with 

calcium ions on the particle surface. These findings are in agreement with those in literature 

since anionic capping agents including citrate,76, 77, 116, 128, 203 phosphate-functionalized 

porphyrin,52 and oligonucleotides144, 176, 198 are frequently used to control CaP particle size. 

 In a preliminary in vivo study, CaP NP adjuvant was compared against commercial 

aluminum phosphate adjuvant in trxA vaccines.27 Twenty-eight days after a single dose 

vaccination, the anti-trxA IgG sera concentration was approximately three times higher in mice 

receiving CaP NPs as compared to aluminum phosphate establishing CaP NP adjuvant potential. 

84 
 



Unfortunately, this study failed to assess the immune response of trxA vaccines without the CaP 

NPs. 

 Applications of a trxA vaccine are limited and only a few studies detailing trxA 

immunogenicity exist in literature. In contrast, ovalbumin (OVA) is a frequently used and well 

characterized model antigen. A fusion protein (TrxA::PA44-OVA) between a trxA CaP binding 

derivative (TrxA::PA44) and OVA was constructed to present OVA while still maintaining the 

CaP mineralization ability of TrxA::PA44. When evaluated as a CaP mineralization agent, the 

fusion protein maintained the ability to mineralize sub-100nm CaP NPs. CaP NP adjuvancy was 

evaluated in mice with vaccines containing TrxA::PA44-OVA. CaP NPs did not elevate antibody 

response to OVA after immunization with the vaccines tested. However, mice immunized with 

fusion protein vaccine formulations containing CaP NPs had elevated levels of splenic antigen-

specific CD8+ effector-memory T-cells after challenge with an influenza strain expressing an 

OVA T-cell epitope on the phage surface relative. 

 The use of trxA as a scaffold for CaP binding motif presentation is problematic in 

vaccines since thioredoxin is a ubiquitous redox protein found in most organisms.194 trxA and 

human thioredoxin (TXN1) share a 35% protein identity (BLASTP 2.2.28+)6, 7 limiting the use 

of trxA derivatives in human vaccines. A cyclic peptide containing a selected CaP binding 

dodecapeptide and lacking the trxA scaffold (cPN38) was found to influence CaP particle size. 

Sub-100nm CaP particles were formed in the presence of OVA and cPN38. CaP NP adjuvancy 

in mice was evaluated here with OVA vaccines. CaP NPs did not elevate total anti-OVA IgG 

response in mice, but mice immunized with vaccines containing CaP NP adjuvant had ~90% 

higher mean splenocyte IFN-γ response after in vitro antigen stimulation as compared to mice 

vaccinated with protein only formulations. IFN-γ is a cytokine involved in innate and adaptive 
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immunity against intracellular infections. IFN-γ effector functions include: activation of 

macrophage intracellular antimicrobial activity, increased MHC-I expression in infected cells, 

increased expression of IgG2a, decreased production of IgG1, promotion of TH1 T-cell 

differentiation and suppression of TH2 T-cell growth.169 

 As an adjuvant in vaccines containing OVA protein, CaP NPs induced higher antigen-

specific CD8+ T-cells after influenza challenge and increased antigen sensitization of IFN-γ 

producing splenocytes. TH2-associated IgG1 antibody response was not elevated by CaP NPs. In 

stark contrast to the trends observed with CaP NPs, aluminum adjuvants typically elicit a very 

strong TH2-antibody mediated response and do not increase TH1 cell-mediated or CD8+ 

cytotoxic T-cell responses.65, 112 Immune responses can be skewed towards a TH1 or TH2 

response and the TH1-associated cytokine IFN-γ and the TH2-associated cytokine IL-4 have 

opposite roles in stimulating and suppressing TH1/TH2 T-cells.132, 139, 170 

 CaP NPs were also evaluated here as adjuvants in nucleic acid vaccines. Nucleic acid 

vaccines have several advantages over protein vaccines. Nucleic acids are easier to produce and 

purify as compared to proteins and nucleic acids can target the MHC-I loading pathway by 

expressing antigens endogenously in transfected cells. A disadvantage of nucleic acid vaccines is 

that host cells must be transfected for antigen expression to occur. Effective delivery of intact 

nucleic acid and transfection of host cells is a barrier for nucleic acid vaccine efficacy. CaP 

pDNA transfection efficiency was extensively evaluated here in vitro with the RAW 264.7 

mouse macrophage cell line and CaP NP transfection efficiency was found to be low (3 ± 2%) 

when compared to the standard polycationic polyethylenimine (PEI) (25 ± 4%) and liposomal 

Lipofectamine® 2000 transfection agents (17 ± 2%). Use of smaller CaP NPs did not increase 

transfection efficiency in RAW 264.7 cells and no transfection was observed when CaP NP 
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formulations described in literature were evaluated.93, 176 Uptake of pDNA-CaP NPs in RAW 

264.7 cells was high (~90% uptake) indicating that low transfection efficiencies were not limited 

by uptake as is the case with naked pDNA in vitro.120  

When pDNA-CaP is endocytosed, pDNA is thought to escape the endosome when the 

endosome is ruptured due to osmotic pressure from the rapid ion release caused by dissolution of 

CaP particles in the acidic environment of the late endosome.108 Analysis of fluorescently tagged 

pDNA and intracellular calcium ions in RAW 264.7 cells indicated that pDNA-CaP particles 

were not escaping the endosome suggesting endosomal escape may be the limiting factor in CaP 

pDNA transfection of RAW 264.7 cells. In vitro pDNA transfection results are not necessarily 

predictive of in vivo results. In vitro, transfection efficiencies with naked pDNA are very low but 

transfection has been observed at the site of injection when naked pDNA is delivered in vivo.115 

Conversely, PEI in vitro transfection is typically high58 but in vivo transfection is often low due 

to interactions with extracellular matrix components or negatively charged serum 

glycoproteins.162 

pDNA vaccine formulations containing plasmids encoding the OVA gene were evaluated 

in vivo. Addition of CaP NP adjuvant increased anti-OVA total IgG response in mice as 

compared to naked pDNA vaccines. However, anti-OVA total IgG serum levels after OVA 

pDNA vaccination were approximately three orders of magnitude lower than serum levels 

observed after OVA protein vaccination. 

The mechanism of adjuvancy for CaP and aluminum compounds is thought be due to a 

“depot effect” where adsorbed antigen is slowly released from adjuvants at the site of injection. 

However, a depot effect alone is insufficient to explain mineral compound adjuvancy since CaP 
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microparticles and aluminum hydroxide bound similar amounts of OVA antigen but generated 

significant differences in antibody response. 

CaP NP adjuvants may potentiate immune responses by increasing intracellular 

concentrations of free Ca2+. Intracellular calcium ion levels are tightly controlled in vertebrates 

and increases in calcium ion concentration are used as intracellular signals for a range of cellular 

processes.13 The activation of T-cell receptors generates an increase in intracellular calcium 

ions59 which act as second messengers to amplify the initial recognition signal by stimulating 

NF-kB, NF-AT and CREB transcription factors involved in T-cell proliferation.13 T-cells can 

also be stimulated artificially in vitro in a manner similar to T-cell receptor-antigen binding by 

activating protein kinase C with phorbol 12-myristate 13-acetate (PMA), an analog 

diacylglycerol, and ionomycin, an ionophore which increases intracellular Ca2+ levels.88, 142 

Disruption of calcium dependent phosphatases can inhibit T-cell receptor signaling and the 

immunosuppressive drugs cyclophilin and FKBP have been shown to interact with calcineurin, a 

calcium/calmodulin dependent serine phosphatase.114 

Adjuvants are evaluated and approved by the FDA as components of an entire vaccine 

formulation. Therefore, a new adjuvant could be approved in a vaccine as long as the entire 

vaccine is proven to be safe. The approval of monophosphoryl lipid A (MPLA) in combination 

with aluminum hydroxide in the HPV vaccine Cervarix® represents a significant milestone in 

adjuvant research as MPLA is the first non-aluminum adjuvant to be approved by the FDA for 

use in human vaccines.36 

 The development of new vaccines is currently hindered by a narrow range of adjuvant 

options.  Aluminum adjuvants are the most common but are unable to elevate cell-mediated and 
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cytotoxic T-cell responses that may be critical for protective immunity in vaccines against 

intracellular pathogens. CaP NPs elevated CD8+ T-cell responses after influenza challenge and 

TH1-associated IFN-γ splenocyte antigen response in vaccines containing OVA protein. The 

adjuvant effects of CaP NPs observed here indicate that CaP NPs have potential as effective 

adjuvants in intracellular vaccines. Immune stimulation by adjuvants can vary greatly depending 

upon the antigen used175 and the failure or success of an adjuvant with one antigen may not 

necessarily translate to all antigens. Antibody response is a key indicator for adjuvancy but 

evaluating adjuvancy by antibody response alone may fail to account for increases in cell-

mediated and cytotoxic T-cell response. As one of the few adjuvants to be previously used in 

human vaccines, CaP adjuvants have an established safety profile and CaP NPs adjuvants may 

be useful for eliciting immune responses that are not elevated by aluminum adjuvants. 
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6.2 Future Research Directions 

Addition of phagocytic cell targeting motifs may increase CaP NP adjuvancy. 

Macrophages and dendritic cells express mannose receptors that recognize repeated mannose 

patterns on the surface of pathogens.178 Mannosylation of liposomes,48, 188 PEI,40 and proteins17 

has been shown to increase macrophage and dendritic cell uptake. cPN38 was successfully 

mannosylated but CaP particles with the mannosylated cyclic peptide have yet to be evaluated in 

vivo and may increase CaP NP adjuvancy by increasing delivery of adsorbed antigens to 

macrophages and dendritic cells.  

Another option for phagocytic cell targeting is conjugation of cPN38 to the tetrapeptide 

tuftsin (TKPR), an opsonin isolated from the Fc fragment of IgG.140 Tuftsin can increase 

immunostimulation when conjugated to liposomes4 and peptides.192 Additionally, tuftsin has 

been shown to increase antimicrobial, antiviral, and antitumor responses.174 

Adjuvancy of CaP NPs may be further increased by combination with TLR agonists like 

CpG or monophosphoryl lipid A (MPLA). Combination of CpG with various adjuvants 

(including aluminum hydroxide) increased total IgG response and also increased IgG2a/IgG1 

ratios in mice vaccinated with hepatitis B antigen.193 Mice immunized with vaccines containing 

an influenza antigen and a combination of CaP and CpG adjuvants had significantly increased 

populations of antigen specific splenic CD8 T-cells and splenic IFN-γ producing CD4 and CD8 

T-cells after antigen stimulation as compared to mice vaccinated with antigen and CpG 

formulations. In this same study, the CaP and CpG combination adjuvant did not increase serum 

IgG responses99 showing a similar immune response profile observed with the OVA protein 

vaccinations (Chap. 3 and 4). Addition of CpG to polymeric nanoparticles covalently conjugated 
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to antigen has been shown to increase antigen-specific CD8 and CD4 T-cell responses as 

compared to free antigen and CpG.141, 199 MPLA is another option for CaP combination 

adjuvants. In human papillomavirus (HPV) vaccines, MPLA in combination with aluminum 

hydroxide has also been shown to elicits higher humoral  responses than aluminum hydroxide 

alone in mice, monkeys, and humans.55 

Since they are negatively charged, CpG and MPLA may also provide additional benefits 

to CaP particle size control. Oligonucleotides are well known to influence CaP particle size and 

short CpG oligonucleotides have been used as CaP capping agents.177 Although CpG and MPLA 

may be able to influence CaP particle size, the concentration of CpG and MPLA required for 

effective size control of CaP NPs may be above the optimal dosage and addition of the cyclic 

CaP binding peptide cPN38 could allow for CaP NP formation at lower concentrations of CpG 

and MPLA. 
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Appendix B: Monosodium Urate Binders 

B.1 Introduction 

 Gout is an inflammatory arthritic condition caused by the deposition of monosodium 

urate (MSU) crystals in joints and soft tissue and is the most common form of inflammatory joint 

disease in men over 40 years old.97 Uric acid is a byproduct of purine metabolism and 

hyperuricemia is a major risk factor for gout.19 Phagocytosis of MSU crystals by 

polymorphonuclear leukocytes can cause lysis of leukocytes releasing lysosomal enzymes into 

serum causing localized pain and inflammation.102 Gout is typically treated with nonsteroidal 

anti-inflammatory drugs, colchicine, corticosteroids, and corticotropin.97 

Heptapeptides with binding affinity to MSU were identified by phage display library 

biopanning against a MSU substrate. Solid-binding peptides have been shown to nucleate and 

control the growth of a wide variety of inorganic and organic materials.9 Uncharacterized 

biological factors derived from subcutaneous fluid in rats after MSU injection have been shown 

to decrease phagocytosis of MSU crystals and inflammation after injection into separate rats.145 

Identification of MSU peptide binding motifs may aid in the design of protein therapeutics 

designed to limit the growth and uptake of MSU crystals in patients afflicted with gout. 
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B.2 Materials and Methods  

B.2.1 Preparation of monosodium urate Crystals 

Procedure modified from “Ortiz-Bravo, E and Schumacher, R, Components Generated Locally 
as Well as Serum Alter the Phlogistic Effect of Monosodium Urate Crystals in vivo, The Journal 
of Rheumatology 1993;20:1162-6.” 

A 20 mL solution of 0.2 M NaOH (JT Baker 3722-05) was placed in a 50 mL beaker, 

covered with a glass lid and heated to 70°C while stirred with a small stirring bar. Approximately 

400 mg of uric acid (Sigma U2625-25g) was added while stirring until no more salt could be 

dissolved. The saturated solution was then poured into a syringe, filtered through a 0.22 µm 

cellulose acetate filter, and rocked at 100 rpm at 22oC for 24 h in a 60 mm x 16 mm covered 

polystyrene petri dish. On the next day, most of the supernatant was slowly decanted and seed 

crystals were allowed to grow in about 3 mL of leftover fluid in the uncovered dish for 24 hrs 

under a hood. The dried crystals attached to the bottom of the dish were washed 3x with 5 mL 

EtOH and allowed to airdry for another 24 hrs. Crystals were then washed 3x with 5 mL ddH2O 

and left to airdry for 24 hrs. Approximately 1 mL of fluid remained in the dish before the air-

drying step. 

B.2.2 Biopanning against monosodium urate crystal substrates 

(See NEB’s PhD phage display libraries- Instruction Manual for additional information) 

NEB’s Phage Display Peptide Library, Ph.D. c7c (E8120S) was used to screen disulfide 

constrained heptapeptides exhibiting affinity for the MSU substrate. For the first round of 

biopanning, MSU plates were incubated with 3 mL of blocking buffer (0.1 M NaHCO3 (pH 8.6), 

5 mg/mL BSA) at 4°C for 1 h. The blocking buffer was then decanted and the dish inverted onto 

a clean laboratory tissue. Next the plates were washed 6x with 3 mL of TBST buffer (50 mM 
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Tris-HCl (pH 7.5), 150 mM NaCl, with 0.1% [v/v] Tween-20) as above. Some crystal loss 

occurred during this step. The phage library was diluted 100x with TBST buffer to a final 

volume of 1 mL and a phage titer of 2.7 x 1011 Pfu/mL.  The phage solution was added to the 

MSU plates that were covered and rocked at RT and 100 rpm for 1 h. The phage solution was 

then discarded and nonbinding phages were removed by washing plates 10x with 3 ml of TBST 

buffer as above. Bound phages were eluted with 1 mL of 0.2 M Glycine-HCl, pH 2.2, 1 mg/mL 

BSA.  

The phage eluate titer was then analyzed (2.4 x 106 PFU/ml). Phage amplification was 

carried out by infecting a 20 mL culture containing a 100x dilution of an overnight culture of E. 

coli ER2738 in LB followed by incubation at 37°C for 4.5 h. The culture was then spun down at 

12,000 g for 10 min at 4°C. The supernatant was transferred to fresh tube and centrifuged again. 

The upper 80% of the supernatant was transferred to a fresh tube and 3 mL of 20% [w/v] PEG-

8000, 2.5 M NaCl was added. The tube was then vortexed briefly to mix the PEG/NaCl and 

phages were precipitated with an overnight hold at 4°C. 

The PEG precipitation was spun at 12,000 g for 15 min at 4°C. The supernatant was 

decanted and discarded. The tube was respun and the residual supernatant was removed with a 

pipet. The phage pellet was resuspended in 1mL of TBS and then transferred to a 1mL 

microcentrifuge tube. The tube was spun down at 18,000 g for 5 min and the supernatant was 

transferred to a new tube. Phages were reprecipitated by adding 200 uL of 20% PEG/2.5M NaCl 

and incubated on ice for 45 min. Tubes were then respun at 18,000 g for 10 min and the 

supernatant was decanted and discarded. The tubes were respun and the residual supernatant was 

removed by pipetting. The remaining phage pellet was then resuspended in 200 uL TBS and 
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spun at 18,000 g for 1 min. The supernatant was removed and transferred to a new tube. The 

amplified phage eluate was then titered (1.0 x 1013 Pfu/mL). 

The 2nd and 3rd rounds of biopanning were conducted in the same manner as listed above 

with the following exceptions. The amplified eluate from the previous round was used instead of 

NEB’s Ph.D. c7c library, and amplified eluate was diluted to the same order of magnitude as was 

used in the first round (1.0 x 1011 Pfu/mL for the 2nd round and 1.6 x 1011 Pfu/mL for the 3rd 

round). For wash steps, Tween-20 concentration was increased to 0.5% [v/v] in TBST buffer. 

3rd round eluate was titered (4.4 x 107 Pfu/mL) and 10 plaques were picked for 

sequencing. Plaques were amplified by incubating at 37°C for 4.5 hrs in 1 mL of an overnight 

culture of E. coli ER2738 diluted 100x in LB. Phages were purified by 20% [w/v] PEG-8000, 2.5 

M NaCl precipitation. pM13KE was extracted from phage pellets by precipitation for 15 min at 

RT in Iodide buffer (10mM Tris-HCl (pH 8.0), 1mM EDTA, 4 M sodium iodide) and ethanol. 

Plasmid purity was verified by agarose gel electrophoresis and c7c inserts were sequenced with 

the -96 gIII sequencing primer, 5´- HOCCC TCA TAG TTA GCG TAA CG –3´. 
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B.3 Results 

 The MSU substrate prepared for biopanning was imaged by optical microscopy before 

and after biopanning. MSU crystals formed in single needles or radial clusters (Fig. B.1). 

Dissolution of MSU crystals did occur but MSU crystals still remained after three rounds of 

biopanning (Fig. B.2). MSU biopanning eluate phage titers were above 2.2x106 Pfu/mL for all 

biopanning rounds (Tab. B.1). After the third round of biopanning, plaques containing MSU 

binders were sequenced. Of the ten MSU binding heptapeptides identified, nine had isoelectric 

points (pIs) above pH 7 and eight were hydrophilic (Tab. B.2). 

 

Fig. B.1: MSU plate before washing at (A) 20x magnification and (B) 50x magnification. 
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Fig. B.2: MSU plate after biopanning at (A) 20x magnification and (B) 50x magnification. An 
artifact is present in the top right quadrant of the images. 

Table B.1: MSU biopanning eluate phage titers 

 

  

Biopanning round Pfu/mL
1 Eluate 4.0E+07

Amplified Eluate 8.8E+13
2 Eluate 1.0E+08

Amplified Eluate 1.6E+14
3 Eluate 2.2E+06

A B 
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Table B.2: Monosodium Urate (MSU) c7c Binders 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence: Basic     Acidic     Hydrophobic     Hydroxyl     Amide 

 

pI:       Highly basic            Moderately basic   

          Moderately acidic       Highly Acidic 

 

GRAVY:    Highly hydrophobic      Moderately hydrophobic  

          Moderately hydrophilic  Highly hydrophilic  

 

Name Sequence MW pI GRAVY 

MSU1 ILMPQLS 801.0 5.52 1.157 

MSU2 RIMSMPK 862.1 11.00 -0.357 

MSU3 QPPRIRI 879.0 12.00 -.957 

MSU4 TTQQRMR 920.0 12.00 -2.214 

MSU5 IPRIRRQ 938.1 12.3 -1.371 

MSU6 MIQILKL 858.1 8.50 1.586 

MSU7 RLPLKSS 799.9 11.00 -0.571 

MSU9 HLQPRIR 919.1 12.00 -1.286 

MSU10 PRKPHTR 891 12.01 -2.857 
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B.4 Discussion 

 Analysis of optical microscopy images of MSU substrates revealed that MSU crystals 

were formed as single needles or radial clusters and similar MSU crystal morphology has been 

found in gouty individuals.111 Crystallography analysis of MSU crystals revealed that MSU 

crystals are triclinic needles.122 

 Ten disulfide constrained heptapeptides with binding affinity to MSU were identified 

after three rounds of phage display biopanning. The majority of identified MSU binders shared 

similar properties. Positively charged residues seemed to play an important role in binding since 

9/10 binders had basic pIs and 8/10 had pIs at or above pH 11. Also, the identified MSU binders 

were mostly hydrophilic with 8/10 binders having negative grand average of hydropathy indices 

(GRAVY). 

These findings are in agreement with theorized MSU binding sequences based upon the 

crystal faces of MSU.122 Exposed crystal MSU faces are rich in hydrogen and oxygen atoms and 

hydrogen bonding between the MSU binders and the MSU crystal face explains the prevalence 

of hydrophilic MSU binders (8/10). The oxygen atoms in the urate molecule may also contribute 

to electrostatic interactions between the MSU crystals and peptide binders. The prevalence of 

positively charged residues (Lys, His, and Arg) in the identified MSU binders indicates 

electrostatic interactions are involved in MSU crystal-peptide binding. 

Gout is characterized by the accumulation of MSU crystals at the site of inflammation.97 

Pain and inflammation caused by MSU crystals is attributed to the phagocytosis of MSU crystals 

by leucocytes which causes lysis and/or release of pro-inflammatory molecules.127, 163, 168 

Hydrogen bonding between lysosomal membranes and MSU crystals after phagocytosis has been 
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suggested as a mechanism for lysosome rupture which causes the release of leucocyte cell 

contents resulting in pain and inflammation.197 Pretreatment of MSU crystals with proteins has 

been shown to block lysis and lysosomal enzyme release in neutrophils.102 The MSU binders 

identified through phage-display biopanning help elucidate interactions involved in in vivo MSU 

crystal-protein binding and may aid in the development of alternative protein therapeutics that 

prevent MSU crystal phagocytosis and growth by coating MSU crystals with adsorbed proteins. 
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Appendix C: Supplemental Information 

C.1: Supplemental information for Chapter 4 

 

Fig. C.1.1: Anti-OVA total IgG titers at day 20 and 27 

 

Fig. C.1.2: Anti-OVA total IgG1 titers 
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Fig. C.1.3: Anti-OVA total IgG2a titers 
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C.2: Supplemental information for Chapter 5 

 

Fig. C.2.1: pVAX-OVA plasmid size, Lanes, L: DNA ladder, NEB N3232S, D: pVAX-OVA 
(expected size 4.1 kb) 

 

Fig. C.2.2: Particle size by DLS of CaP, cPN38, and pVAX-OVA particles used for in vivo 
immunizations. 

   L       D 

4kb 
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Fig. C.2.3: Zeta potential of CaP, cPN38, and pVAX-OVA particles used for in vivo 
immunizations. 

 

Fig. C.2.4: OVA mRNA size and template plasmid. Lanes, DL: DNA ladder, NEB N3232S, RL: 
RNA ladder, Invitrogen 15623-200, R: OVA mRNA product (expected size 1.3kb), T: pGEM4z-
OVA-A64 template, LT: SpeI linearized pGEM4z-OVA-A64. 

  DL         RL         R         T         LT 

1.5kb 
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Fig. C.2.5: Particle size by DLS of CaP, cPN38, and OVA mRNA particles used for in vivo 
immunizations. 

 

Fig. C.2.6: Zeta potential of CaP, cPN38, and OVA mRNA particles used for in vivo 
immunizations. 
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Fig. C.2.7: Example gating for RAW 264.7 cell transfections. Cell population gated from the 
FSC-H and SSC-H channels. 
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Fig. C.2.8: Example gating for transfection efficiency in RAW 264.7 cells. GFP+ cells detected 
in FL1-H channel and PI+ (dead cells) gated out in the FL3-H channel. Asymmetrical gates were 
drawn for GFP+ cells to remove false positives from autofluorescence. Transfection efficiency 
reported as GFP+ cells from the PI- population. 
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Fig. C.2.9: Gating of cell populations for RAW 264.7 cell DNA-Cy3 uptake. Cell population 
gated on FSC-H vs SSC-H channels. 1-1: No Treatment, 2-1: CaP Micro, 3-1: CaP Nano, 4-1: 
CaP Nano Mannosylated, 5-1: No Treatment, Trypan Blue (TB), 6-1: CaP Micro, TB, 7-1: CaP 
Nano, TB, 8-1: CaP Nano Mannosylated, TB. Cell population gated on FSC-H vs SSC-H 
channels. 
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Fig. C.2.10: Gating of Cy3+ RAW 264.7 cells. Cy3+ cells gated on FL2-H channel. 
Asymmetrical gate drawn to exclude false positives from autofluorescence. 1-1: No Treatment, 
2-1: CaP Micro, 3-1: CaP Nano, 4-1: CaP Nano Mannosylated, 5-1: No Treatment, Trypan Blue 
(TB), 6-1: CaP Micro, TB, 7-1: CaP Nano, TB, 8-1: CaP Nano Mannosylated, TB.  
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Fig. C.2.11: Protection of gWiz-GFP from DNAse. 1 uL of DNAse (2U/µL) (Ambion AM2238) 
added to 20uL of naked gWiz-GFP (0.05mg/mL), CaP standard (1xHBS, 125mM CaCl2, and 
0.05mg/mL gWiz-GFP), CaP nanoparticles (1xHBS, 60mM CaCl2, 50µM cPN38, and 
0.05mg/mL gWiz-GFP) and incubated at 37°C before loading onto a 1% agarose gel (1hr at 
100V). Lanes: (1) DNA ladder, NEB N3232S, (2) naked DNA, (3) CaP standard, (4) CaP 
nanoparticles, (5) Naked DNA digested for 1 hr, (6) CaP standard digested for 1 hr, (7) CaP 
nanoparticles digested for 1 hr, (8) Naked DNA digested for 30min, (9) CaP standard digested 
for 30min, (10) CaP nanoparticles digest for 30 min. 

  

 1   2   3  4   5   6  7    8   9  10 
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