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ABSTRACT 

Liposomes, which are bilayered vesicles formed by self-assembly of phospholipid molecules in 

an aqueous medium, provide a versatile vaccine platform for delivering vaccine antigens due to its 

amphiphilic construct. The unique bilayer structure allows encapsulation of hydrophilic substances in 

the inner aqueous compartment, entrapment of hydrophobic substances within the lipid bilayer, and 

incorporation of amphiphilic substances at the interfaces. A non-covalent approach in antigen 

attachment using cobalt porphyrin phospholipid (CoPoP) enables surface functionalization of 

liposomes using polyhistidine tag as anchor and allows natural presentation of antigenic epitopes on the 

liposomal surface without chemical modification. Spontaneous association of antigens to pre-formed 

CoPoP liposomes occurs by insertion of histidine tag into hydrophobic bilayer and subsequent 

coordination of imidazole moiety to the metal center. To evaluate significance of particleization in 

cobalt tetrapyrrole immunization, a cobalt-containing corrin macrocycle, aquocobalamin, is utilized to 

mimic the antigen attachment method in the non-particleized form using histidine-tagged Pfs25, a 

sexual stage antigen that is the primary target of malaria transmission-blocking vaccine. Serum stability 

assay indicated weak association of Pfs25 to cobalamin but stable protein binding to CoPoP, 

underscoring the advantage of a sheltered binding site in CoPoP liposome. Immunization with Pfs25 

bound to liposome, not cobalamin, elicited antibodies which recognized ookinetes and exhibited 

transmission-blocking activity. This emphasizes the impact of particleization in differential uptake by 

macrophages and in modulating adjuvant efficacy. 

As a proof-of-concept study, a non-lipidated form of outer surface protein A (OspA) derived 

from B. burgdorferi B31 is utilized to exhibit the adjuvanticity of CoPoP liposome in modulating the 

immune response against Lyme disease. OspA was purified to homogeneity and then conjugated to a 
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liposomal vaccine adjuvant containing both CoPoP and PHAD, a synthetic monophosphoryl lipid A, by 

simple aqueous incubation. Prime-boost immunization with nanogram antigen dosing in mice elicited 

Th1-biased OspA antibodies with year-long durability. Based from ELISA, CoPoP/PHAD liposomes 

induced higher antibody response compared to other adjuvant systems. Antibodies were reactive with B. 

burgdorferi in an immunofluorescence assay and induced potent complement-mediated bactericidal 

activity in vitro. These results demonstrated applicability of the CoPoP/PHAD liposomes as a vaccine 

platform for future development of Lyme disease vaccines. 

Different strategies in Zika virus (ZIKV) subunit vaccine design has been used in this study to 

further explore utility of the CoPoP liposome as a vaccine adjuvant platform. Initial strategy involves 

association of the ZIKV envelope (E) protein lacking the stem region and transmembrane anchor to the 

CoPoP/PHAD liposomal system. Immunization studies indicated stimulation of robust immune 

response but with high cross-reactivity to the E protein of dengue virus, a close homologue of ZIKV. The 

next approach used in ZIKV vaccine development involves attachment of ZIKV E domain III to the 

liposomal scaffold to improve specificity of vaccine-induced antibodies. The last vaccine strategy 

involves novel membrane-proximal biomimetic stem portions of ZIKV. To prevent post-binding 

liposome aggregation, a liposome variant containing the monounsaturated lipid, DOPC, instead of 

DPPC, was formulated. Incorporation of QS-21, a saponin adjuvant, into DOPC-based liposomes 

enhanced immunogenicity and enabled neutralization, albeit weak, in PRNT assay. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1. Liposomes: Morphology and Structural Components 

Liposomes are colloidal vesicular structure composed of one or more concentric phospholipid 

bilayers with the polar groups of phospholipids oriented to the interior and exterior aqueous phase. The 

spontaneous formation of closed bilayers in aqueous medium is mainly driven by hydrophobic effect, 

which minimizes entropically unfavorable interactions between hydrocarbon chains and surrounding 

aqueous medium.1-2 In addition to its biocompatibility and highly tunable property, another attractive 

characteristic of liposomes stems from its amphiphilic construct. The unique bilayer structure allows 

encapsulation of hydrophilic substances in the inner aqueous compartment, entrapment of hydrophobic 

substances within the lipid bilayer, and incorporation of amphiphilic substances at the interfaces.3 As a 

consequence, liposomes are extensively utilized as macromolecular carriers for targeted delivery of 

drugs, fluorescent detection reagents, and biomolecules.4-5 

The morphology of liposomes is classified according to the compartmentalization of aqueous 

regions between bilayer shells. Unilamellar vesicles (ULV) feature an interior aqueous core enclosed by 

a single bilayer sphere, multilamellar vesicles (MLV) are characterized by the presence of two or more 

concentric lipid bilayers in an onion-like structure separated by layers of aqueous phases, and 

multivesicular liposomes (MVL) comprises of multiple non-concentric aqueous chambers surrounded 

by a network of lipid membranes (Figure 1.1). ULVs can be further categorized into small unilamellar 

vesicles (SUV) and large unilamellar vesicles (LUV). SUVs have diameters from 25 nm to 100 nm, while 

LUVs range from 100 nm to 2500 nm.6 

1 



  

 

     
 

           

          

             

         

           

            

          

           

             

             

       

               

            

               

        

    

 

Figure 1.1. Classifications of liposome morphology. 

The bulk component of liposomal lipid membrane is a combination of natural and synthetic 

phosphatidylglycerides or phospholipids, which are amphipathic molecules consisting of a hydrophilic 

phosphate head group and hydrophobic fatty acid chains bridged together by a glycerol backbone. Early 

conventional liposomes were primarily composed of phosphatidylcholine, sphingomyelin, and 

monosialoganglioside, which are all mixtures of different hydrocarbon chain lengths. The type of 

phospholipid utilized has a significant impact on the properties of the resulting liposome. Integrity of the 

liposomal membrane is improved when sphingolipids are used instead of phospholipids due to hydrogen 

bonding between adjacent lipids, which leads to better retention of liposome contents and prolonged 

lifetimes in vivo.6-8 However, the high cost of sphingolipids caused current liposome formulations to rely 

on highly purified synthetic phospholipids to modulate the properties of the liposome. The fluidity of 

the liposomal bilayer depends on the lipid phase transition temperature (Tc), which is the temperature 

required to change the lipid physical state from an ordered gel phase to a liquid crystalline phase. As 

illustrated in Figure 1.2, the hydrocarbon chains adopt from a relatively extended and closely packed 

conformation at T < Tc, but transitions to a randomly oriented and fluid phase at T > Tc. The phase 

transition temperature is significantly affected by hydrocarbon length, unsaturation, charge, and head-

group species of the lipid.9 

2 



  

 

   
 

              

          

      

              

            

              

             

            

             

            

              

             

                

  

Figure 1.2. Lipid phase transition. 

Cholesterol plays a significant role in altering the properties of liposomes by increasing the 

packing of phospholipid molecules,10-11 changing membrane permeability and fluidity,12-14 and enhancing 

resistance to aggregation.15 Intercalation of cholesterol between adjacent phospholipids within the 

bilayer, as depicted in Figure 1.3, restricts the movement of the fatty acid hydrophobic tails but 

simultaneously introduces spaces towards the center of the bilayer, which allows for an increased 

freedom of movement for the hydrophobic chains.6 As a consequence, the permeability and fluidity of 

the membrane is increased especially at T > Tc. On the contrary, at temperatures below Tc, permeability 

and fluidity declines due to a “condensation effect” where the area per lipid decreases more than one 

would expect from ideal mixing.11 The increased packing of lipids due to the presence of cholesterol in 

the bilayer results to an improved liposomal stability as it prevents rapid interaction of the liposome with 

plasma proteins such as albumin, transferrin, and macroglobulin, which may lead ultimately to physical 

instability.16 The maximum amount of cholesterol into reconstituted bilayers is reported to be 50% 

molar ratio though the optimum ratio of cholesterol to lipid for a stable and efficient formulation is not 

well clarified.17-19 

3 
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Figure 1.3. Intercalation of cholesterol (red) between phospholipids (blue). 
Only a single leaflet of the bilayer is shown. 

1.2. Traditional Vaccines and Modern Adjuvants 

Prophylactic immunization remains the more cost-effective strategy to combat myriad diseases 

than therapeutic treatment.20 Vaccines are attenuated pathogens or component of a pathogen that 

trigger a host’s immune response during a natural infection without the undesirable clinical outcomes of 

the disease, and typically administered in a prime-boost fashion. It exploits the natural defense 

mechanism of the immune system with the goal of promoting long-term immunological protection 

against infection. The priming dose of the vaccine induces the innate immune system to respond to the 

immunogen and result to a slow development of antibody specific to the antigen along with initiating the 

adaptive immune system to produce T- and B-cells with antigen-specific receptors. Subsequent exposure 

to the same immunogen on the booster dose, the B-cells immediately recognize the antigen and produce 

antibody specific to it at a greater magnitude and faster rate than the priming stage.21 

4 
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1.2.1. Live-attenuated Vaccines 

Conventional vaccines used for prophylaxis of infectious diseases include live-attenuated or 

inactivated pathogenic organisms, which stimulate robust immunity against cognate microbes.22 

Weakened form of invariant pathogens is achieved through accumulated mutations introduced by the 

blind passage of the pathogen in different cell types and being exposed to varying environments.23 

Attenuated pathogens have been used for immunization against acute infections, such as smallpox, 

yellow fever, measles, mumps, rubella, and chicken pox.24 Although live-attenuated vaccines require 

fewer inoculations and offer several decades of immunity, the possibility of reversion to the pathogenic 

state poses as a significant risk and cannot be administered to immunosuppressed individuals.25 

1.2.2. Killed Inactivated Vaccines 

Killed vaccines comprised of heat- or chemically-treated whole microorganisms avoid the risks 

of pathogenicity and possible transmission,25-26 but these are associated with high reactogenicity and 

high incidence of adverse side effects. Non-live vaccines do not confer immunity as long as attenuated 

vaccines and often require adjuvants to enhance its immunogenicity.27 The production of such vaccines 

involves large-scale culture of the disease-causing microorganisms has latent safety risks and is one of its 

drawbacks. With the current requirements imposed by regulatory agencies for vaccine preparations, it is 

increasingly difficult to pass a vaccine under this class for human use. 

1.2.3. Subunit Vaccines 

Subunit vaccines take advantage of using specific fragments of the infectious micro-organism 

that contain the epitopes to convey a protective immune response. These vaccines have a lower 

5 
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propensity to elicit adverse reactions than its attenuated and inactivated counterparts due to the 

presence of fewer antigens. The fragments used in subunit vaccines can be protein, polysaccharide, or 

virus-like particles.26 However, the subunit antigens are considered poor immunogens, requiring co-

formulation with an immunological adjuvant and administration of multiple booster doses to augment 

their immunogenicity.27 

1.2.4. Immunological Adjuvants 

Adjuvants are defined as any vaccine components that (a) facilitate a depot effect and deliver the 

antigen in proximity of antigen presenting cells (APC) such as dendritic cells and macrophages, (b) 

generate an inflammatory microenvironment necessary for the activation of APC, and (c) induce the 

secretion of specific cytokine patterns by APC for the differentiation of naïve T cells into different CD4 

and/or CD8 T cell subpopulations.9 A range of substances have been assessed as adjuvants including 

mineral salts, microbial products, emulsions, saponins, cytokines, polymers, microparticles, and 

liposomes.28 Alum and oil-in-water emulsion are the first-generation adjuvants approved by the FDA. In 

general, benefits of adjuvant incorporation into vaccine formulation must outweigh the risk for any local 

or systemic adverse reactions. Hence, the major challenge in adjuvant research is maximizing potency 

whilst minimizing toxicity.29 

Traditionally, immunological adjuvants are broadly classified according to their principal 

mechanism of action, i.e., delivery systems or immunopotentiators.30 Along with the better 

understanding on the mechanism of action of adjuvants, the classification has been transitioned into a 

spectrum ranging from predominantly delivery-based to predominantly immunostimulatory adjuvants 

(Figure 1.4). 
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Figure 1.4. Classification of adjuvants based on depot/carrier and immunostimulatory properties. 
ISCOM, immunostimulating complexes; W/O, water-in-oil emulsion; O/W, oil-in-water emulsion; 
PRR, pattern-recognition receptor; TLR, Toll-like receptor; Th1/Th2, T helper 1- or 2-biased 
responses. Reprinted with permission from Guy, B.28 Copyright© 2007, Nature Publishing Group. 

Gram-negative bacterial extracts confer strong immunopotentiating effects but the concomitant 

toxicity is unsafe for routine use in human vaccines. Lipid A, the hydrophobic anchor of 

lipopolysaccharide (LPS), is a glucosamine-based lipid that constitutes the outer monolayer of the outer 

membrane of Gram-negative bacteria.31 It is a potent activator of Toll-like receptor 4 (TLR-4) and 

initiates a cascade of immunological responses that include the production of a number of cytokines and 

chemokines. However, its clinical use as an adjuvant is curtailed by its intrinsic pyrogenicity. 

Monophosphoryl lipid A (MPLA), which lacks the glucosamine C1 phosphate in lipid A, is a detoxified 

derivative of lipid A from Re595 strain of Salmonella minnesota that exerts similar immunostimulatory 

activity to the parent molecule but with significantly reduced endotoxic activity.32-34 Its reduced toxicity 

is due to preferential recruitment of Toll-interleukin 1 receptor domain-containing adapter inducing 

interferon-beta upon TLR-4 activation.35 It has been reported that it promotes a strong systemic Th1 

immune response in animal studies.34,36 Although the mechanism of action is not fully elucidated, it has 

been suggested that MPLA enhances immunogenicity by stimulating antigen presenting cell 

maturation.36 Phosphorylated HexaAcyl Disaccharide (PHAD®, Figure 1.5), developed by Avanti, is a 

7 
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synthetic MPLA variant that exhibits comparable adjuvanticity and safety profile to bacterially-derived 

MPLA. 

O OH 

NH4 O P O
O OHO O 

O NH O
HOO O 

O O NH OH
O O 

O 
O 

HO 
HO 

Figure 1.5. Structure of PHAD. 

QS-21 (Figure 1.6) is an acylated triterpene glycoside, or saponin, isolated from the bark of a 

Chilean tree, Quillaja saponaria Molina and purified by silica and reverse-phase chromatography.37-39 QS 

denotes the source, Q. saponaria, and the number 21 the identity of the chromatographic peak.38 Its 

intrinsic lytic activity is reduced when bound to liposomal cholesterol or combined in emulsion while 

retaining its adjuvant activity.40 This saponin is a potent plant-derived immunological adjuvant that 

stimulates production of cytotoxic T-lymphocytes (CTLs) and promotes Th1 cytokines secretion and 

antibodies of the IgG2a isotype.37,39,41 Structure-functional studies suggested that the aldehyde group in 

the triterpene backbone (quillaic acid) may be involved in the adjuvant mechanism.42 The exact 

mechanism of action of QS-21 is still to be elucidated fully. 

8 
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Figure 1.6. Structure of QS-21 showing the three key structural domains and the aldehyde group 
identified as the adjuvant-active site. 
Reprinted with permission from Marty-Roix, R., et al.43 Copyright© 2016, The American Society for 
Biochemistry and Molecular Biology, Inc. 

1.3. Liposome-based Vaccines 

Free pathogen fragments, such as peptides and proteins, have been demonstrated to be weakly 

immunogenic, and as a consequence, considerable effort has been given to fabricate a robust 

conjugation of these fragments to larger scaffolds. Nanoparticle-bioconjugates have found widespread 

application in areas such as photodynamic therapy,44-45 MRI imaging, and vaccines, owing to the versatile 

and tunable properties of nanoparticles. One of the attractive properties of nanoparticles is its high 

surface-to-volume ratio, which allows multiple biomolecules to be displayed on the surface of the 

nanoparticle and ultimately contributes to an increased avidity.46 In particular, synthetic vaccines that 

induce antibody production against non-immunogenic peptides have been generated by anchoring the 

peptides to a liposome.47 

Liposomes are ideal carriers for antigens and adjuvants due to the ability to modulate their features 

through a judicious choice of lipid-to-antigen mass ratio, bilayer fluidity, vesicle size, surface charge, and 
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mode as well as location of antigen association. It is also accommodating to a wide variety of compounds 

such that water-soluble substances can be encapsulated within the core of the liposome, lipophilic 

compounds can be embedded in the lipid bilayer, and amphiphilic materials can be situated at the 

membrane interface. Ligand attachment to liposomes can be achieved either through covalent or non-

covalent techniques. 

Traditional chemistries used in protein labelling reactions, such as maleimide-thiol reaction, 

succinimidyl ester-amine reaction, and carbodiimide-mediated coupling, have been successful in 

conjugating biomolecules to nanoparticles.48 Notwithstanding, drawbacks to this array of 

bioconjugation reactions include low conjugation yields, rigorous purification steps, incompatibility 

with biological buffers, and variable labelling across the nanoparticle surface. The discovery of 

bioorthogonal reactions provided a more robust and controlled conjugation technique to produce 

bioconjugates suitable for clinical studies. Nevertheless, the need to have specific moieties in the 

biomolecule or nanoparticle necessitates exogenous catalysts and unconventional amino acids.49 The 

possibility of epitope modifications during formulation limits applicability of covalent conjugation as 

method of association. A strategy using immobilized metal ion affinity chromatography50 circumvents 

the limitations of covalent conjugation. Polypeptides containing a polyhistidine-tag can be non-

covalently attached to liposomes through lipids bearing a metallo-complex functionality.51-52 

1.4. Scope and Outline of Thesis 

This dissertation evaluates a novel liposomal vaccine platform containing cobalt porphyrin 

phospholipid (CoPoP) as an immunological adjuvant. This nanoliposome scaffold enables facile antigen 

conjugation with simple aqueous incubation of histidine-tagged antigen via non-covalent interactions. 

10 

https://acids.49
https://nanoparticles.48


  

          

            

            

          

             

           

        

 

  

          
            
             

     
               

  
           

           
           

            
            

            
            

     
                 

        
                

 
               

     
             

       
      

           
             

Chapter 2 assesses the significance of particleization in cobalt tetrapyrrole immunization and compares 

immunogenicity and transmission-reducing activity of Pfs25, a malaria antigen, when bound to CoPoP 

liposomes or cobalamin, the non-particleized cobalt-containing form. Chapter 3 explores the adjuvant 

capability of CoPoP/PHAD liposomes displaying recombinant non-lipidated form of outer surface 

protein A, a Lyme disease antigen, in inducing robust and durable antibody response. Chapter 4 

describes subunit vaccine strategies using different Zika virus antigens. Formulation and vaccination 

parameters were modified to enhance production of neutralizing antibodies. 
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CHAPTER 2: NANOSTRUCTURE IS REQUIRED FOR ENHANCED COBALT 
TETRAPYRROLE VACCINE ADJUVANT EFFECTS 

2.1. Introduction 

Limited immunogenicity of subunit antigens is augmented by co-formulation with particulate 

adjuvants, which act as delivery system and/or immunostimulant. Liposomes, which are self-assembling 

phospholipid bilayer vesicles, constitute a robust nanoparticulate platform in the induction of protective 

immune response. Structural versatility, biocompatibility, and low reactogenicity are a few important 

facets of liposomes as immunological adjuvant and antigen carrier.1 Liposomal adjuvanticity involves 

enhanced antigen delivery, uptake, processing, and presentation to antigen presenting cells. Its 

immunopotentiating effect requires physical or chemical association of hydrophilic antigen through 

conjugation to vesicle surface or encapsulation within the aqueous core.2 The surface functionalization 

approach provides antigen accessibility on liposomal surface for antibody or B cell receptor recognition.3 

An incorporation strategy involving non-covalent attachment of antigens on metallochelating 

liposomes using polyhistidine tag as anchor allows natural presentation of antigenic epitopes on the 

liposomal surface without chemical modification. Such strategy is exemplified by a liposomal vaccine 

platform containing cobalt porphyrin phospholipid (CoPoP), which spatial location in the hydrophobic 

bilayer rendered stability under physiological conditions higher than that for nickel-chelating 

liposomes.4 Spontaneous antigen attachment to pre-formed CoPoP liposomes occur by insertion of 

histidine tag into hydrophobic bilayer and subsequent coordination of imidazole moiety to the metal 

center. A recent study demonstrated the potent immunoadjuvant action of CoPoP/PHAD(synthetic 

monophosphoryl lipid A) liposomes in inducing durable functional antibodies against Plasmodium 

falciparum surface protein (Pfs25), a malaria transmission-blocking vaccine antigen candidate.5 
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Vesicle size is an important physicochemical property which plays a crucial role in the 

adjuvanticity of a particulate delivery system.6-9 It affects clearance at the injection site, trafficking to 

lymph nodes, and consequently downstream immune responses. This study investigates the importance 

of particleization in cobalt tetrapyrrole immunization. Due to poor solubility of CoPoP in water, 

aquocobalamin (CblOH2), which is a water-soluble tetrapyrrole macrocycle containing cobalt, is 

utilized to mimic the antigen attachment method in the non-particleized form. The core macrocycle in 

cobalamin is corrin, a porphyrin-related ring consisting of four reduced pyrrole rings linked by three – 

CH= methylene bridges and one direct bond.10 Results showed that vaccination with liposome-bound 

Pfs25, but not the cobalamin-bound, can induce antibodies with transmission-blocking activity. 

2.2. Materials and Methods 

2.2.1. Liposome Preparation and Characterization 

CoPoP liposomes composed of 4:2:1 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Corden # 

LP-R4-057): cholesterol (PhytoChol, Wilshire Technologies):CoPoP (synthesized as previously 

described) were prepared by ethanol injection method and nitrogen-pressurized lipid extrusion. 

Extruded liposomes were dialyzed in PBS at 4 °C to facilitate removal of ethanol and then were 

characterized by dynamic light scattering (DLS) using NanoBrook 90Plus PALS instrument to measure 

liposome size (100 nm) and polydispersity index. CoPoP concentration was adjusted to 320 µg/mL by 

dilution. 
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2.2.2. Absorption Spectra of Cobalt Tetrapyrroles 

Imidazole (Sigma-Aldrich # I202) and hexahistidine-tagged peptide (synthesized by Genscript) were 

incubated with hydroxocobalamin hydrochloride (Sigma-Aldrich # 95200), cyanocobalamin (Sigma-

Aldrich # V2876), and CoPoP liposomes at a final concentration of 0.5 mM overnight at 4°C. Pre- and 

post-incubation absorption spectra of aquocobalamin, cyanocobalamin, and CoPoP liposome were 

acquired using Perkin Elmer UV-Vis spectrophotometer Lambda 365 at 0.5 nm interval. The chosen 

peptide with the amino acid sequence SELLSLINDMPITNDQKKLMSHHHHHH has no internal 

histidine residue. 

2.2.3. Characterization of Histidine Binding to Cobalt Tetrapyrroles 

Histidine-tagged Plasmodium falciparum surface protein, Pfs25, prepared from a Baculovirus system as 

previously described11 was diluted to 80 µg/mL and incubated with varying amounts of 

hydroxocobalamin hydrochloride. At the optimum binding ratio, hydroxocobalamin hydrochloride 

(320 µg/mL) was incubated with 80 µg/mL Pfs25 at different time points and then subjected to native 

electrophoresis using Tris-Gly gel (Lonza). Hydroxocobalamin acetate (Sigma-Aldrich # H8017) and 

cyanocobalamin were also incubated with Pfs25 for comparison at 1:4 Pfs25:Cbl/CoPoP binding ratio. 

2.2.4. Cryo-electron microscopy (Cryo-EM) 

CoPoP liposomes (320 µg/mL) were incubated with histidine-tagged Pfs25 (80 µg/mL) at equal 

volumes for 3 hr at room temperature. Pre-washed Holey carbon grids (c-flat CF-2/2-2C-T) were glow-

discharged at 5 mA for 15 seconds immediately before sample application. Reaction mixture was 

deposited on the electron microscopy grid. Vitrification was performed in a Vitrobot (ThermoFisher) 
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by blotting the grids once for 3 seconds and blot force +1 before they were plunged into liquid ethane. 

Temperature and relative humidity during the vitrification process were maintained at 25 °C and 100%, 

respectively. The grid was loaded into the Tecnai F20 electron microscope operated at 200kV using a 

Gatan 626 single tilt cryo-holder. Images were collected with a total dose of 25 e-/Å2. using a defocus of 

-2.7 μm in a CCD camera at a nominal magnification of 50,000X, which produced images with a 

calibrated pixel size of 2.21Å. 

2.2.5. Serum Stability of FAM-RGD peptides 

After incubation of liposomes with FAM-RGD peptide, human serum was added to a final concentration 

of 20% (v/v) and then incubated at 37 °C. Aliquots were taken at different time points to monitor 

fluorescence quenching resulting from peptide binding. Fluorescence measurements were acquired at 

excitation and emission wavelengths of 495 and 525 nm, respectively, on a 5 nm bandwidth using 

TECAN Safire multi-plate reader. Percent fluorescence quenched was calculated by comparing to the 

free peptide. 

2.2.6. Enzyme-Linked Immunosorbent Assay (ELISA) 

Anti-Pfs25 IgG titers were estimated by enzyme-linked immunosorbent assay (ELISA). A 96-well plate 

(Thermo Scientific Nunc # 442404) was coated with 100 ng/well Pfs25, blocked with 2% bovine serum 

albumin (BSA) in PBS containing 0.1% Tween20 (PBS-T), and incubated with mouse serum serially 

diluted in 1% BSA in PBS-T. After incubation with horse radish peroxidase-conjugated goat anti-mouse 

IgG secondary antibody (Genscript # A00160), tetramethylbenzidine (Amresco # J644) was added. 

After color development, 1 M HCl was added to stop the reaction. Absorbance at 450 nm was acquired 
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using TECAN Safire multi-plate reader. Endpoint titers were defined as the reciprocal serum dilution at 

absorbance cutoff of 0.5. 

2.2.7. Pfs25 Conjugation with Fluorescent Dye 

Prior to labeling with DY-490-NHS-Ester (Dyomics # 490-01), Pfs25 was dialyzed at 4 °C against 

sodium bicarbonate solution pH 9.0 at least twice. Stock solution of the dye was added at fivefold molar 

excess to the dialyzed sample, followed by stirring at room temperature for 2 hr. Extensive dialysis 

against PBS was then performed to remove any free dye. Post-dialysis protein concentration was 

quantified using micro-BCA assay. 

2.2.8. Nanoparticle Uptake Study 

RAW264.7 murine macrophage cells (ATCC # TIB-71) were cultured in a 24-well plate in Dulbecco's 

Modified Eagle's Medium (DMEM, ThermoFisher Scientific) containing 10% fetal bovine serum, 1% 

penicillin/streptomycin and grown to a confluence of approximately 70-80%. Macrophage cells were 

incubated for 4 hr at 37 °C with the indicated samples at final concentration of 1 µg/mL DY-490-

conjugated Pfs25. Following incubation, macrophage cells were re-suspended in PBS and subjected to 

flow cytometry using BD LSRFortessa X-20 flow cytometer. FlowJo (version 10) software was used for 

data analysis. 

2.2.9. Murine Immunization 

Animal experiments were conducted in accord to University at Buffalo IACUC. Female eight-week-old 

CD-1® (ICR) mice received intramuscular (IM) injections containing 250 ng of Pfs25 combined with 
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indicated adjuvants on days 0 and 21. CoPoP liposomes were incubated with Pfs25 at 4:1 mass ratio of 

CoPoP:protein for 3 hr at room temperature prior to injection and diluted in PBS to achieve desired 

antigen dose for immunization. For Alhydrogel 2% aluminium gel (Accurate Chemical and Scientific 

Corporation # A1090BS), alum was mixed with the antigen to a final concentration of 1.5 mg/mL. 

Mouse sera were collected on day 42. 

2.2.10. Indirect Immunofluorescence Assay (IFA) 

P. falciparum ookinete were obtained from the midgut of Anopheles stephensi mosquitoes and fixed 

onto slides as previously described.5 After blocking with 5% BSA in PBS containing 0.1% Tween20, 

slides were incubated with mouse serum diluted 1/500 in 5% BSA in PBS at 37 °C for 1 hr and 

subsequently washed with PBS in humidity chamber for 5 min thrice. DyLight488-conjugated goat anti-

mouse IgG secondary antibody (ImmunoReagents # GtxMu-003-F488NHSX) was diluted 1/500 in 5% 

BSA in PBS and then incubated with slide for 30 min at 37 °C. Slides were mounted with ProLong Gold 

Antifade with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific # P36931) and imaged 

with an EVOS FL microscope using a 100× objective lens. 

2.2.11. Standard Membrane-Feeding Assay (SMFA) 

IgG was purified from pooled mouse serum (n=4) via protein G affinity chromatography (Pierce, 

Rockford, IL) and mixed with a mature gametocyte culture of P. falciparum NF54 to a final 

concentration of 0.75 mg/mL. Using a membrane-feeding apparatus, the final mixture was fed to female 

Anopheles stephensi (Nijmegen strain) mosquitoes. After 8 days, the mosquitoes (n=20 per sample) 

were dissected to enumerate the oocysts in the midguts. 
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2.3. Results and Discussion 

Analogous to the porphyrin ring, the structure of cobalamins features a central cobalt atom that 

is tightly coordinated to the four equatorial nitrogen donors from the corrin ring (Figure 2.1 A and B). 

The heterocyclic nitrogen atom of 5,6-dimethylbenzimidazole occupies the lower α-axial fifth 

coordination site in the base-on configuration whereas the upper β-axial position (sixth) may be 

occupied by various ligands, i.e., H2O in aquocobalamin.10 The axial β-ligand in aquocobalamin is 

exchangeable and hence can be displaced by the imidazole group, which exhibits intermediate affinity.12 

This β-ligand exchange in the octahedral complex allows attachment of Pfs25 to cobalamin via 

coordinate bonding of the imidazole nitrogen of any histidine residue to the metal center. Displacement 

of the aquo ligand by the histidine residue, however, is not exclusive to the purification tag. Due to 

favorable accessibility in the upper plane of cobalamin, binding of any exposed histidine residue on the 

protein surface to aquocobalamin is possible. In contrast, CoPoP binding necessitates a short segment of 

histidine residues to facilitate insertion into the hydrophobic bilayer prior to coordination.4 

Nevertheless, mode of binding in aquocobalamin exemplifies a close representation of CoPoP binding 

in aqueous medium. Moreover, non-toxic nature of cobalamin eliminates the possibility of any 

undesired side effects upon vaccination. Intramuscular injection of high doses of vitamin B12 rarely 

elicits adverse reactions.13 

Imidazole coordination to the cobalt center is reflected by the changes in the absorption 

spectrum. Post-incubation absorption spectra for aquocobalamin, but not cyanocobalamin (CblCN), 

revealed a spectral shift towards longer wavelength (Figure 2.1 C). The red shift has also been observed 

in a binding study with transcobalamin, a cobalamin-binding protein.14 The absence of a bathochromic 

shift in cyanocobalamin indicates that the cyanide group was not substituted by imidazole, which is 
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likely due to the strong metal-carbon bond. Coordination of the imidazole to metal center in CoPoP 

liposome results in both hyperchromic and bathochromic shifts in absorption. 

Figure 2.1. Cobalt tetrapyrroles and spectral shifts induced by imidazoles. 
Structure of cobalamin (A) and CoPoP (B). Porphyrin and corrin rings are rendered in red. (C) 
Absorption spectra of aquocobalamin, cyanocobalamin, and CoPoP liposomes before and after 
incubation with the indicated samples. The hexahistidine-tagged peptide used lacks any internal 
histidine residue. Spectral data shown is the average of three independent scans. 
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Figure 2.2. Binding characteristic of his-tagged Pfs25 with cobalt tetrapyrroles. 
(A) Optimum binding mass ratio of Pfs25 to aquocobalamin as evaluated by native PAGE. (B) Kinetics 
of Pfs25 binding to aquocobalamin incubated at 1:4 mass ratio at room temperature. (C) Pfs25 binding 
to different cobalt tetrapyrroles under the same binding conditions. (D) Representative plot of particle 
size against the light scattering intensity acquired before and after incubation with Pfs25. (E) Cryo-
electron micrographs of CoPoP liposomes with and without bound Pfs25. Pfs25 was incubated with 
CoPoP liposomes for 3 hr before acquisitions using DLS and cryo-EM. *hydroxocobalamin acetate. 

Association of Pfs25 to the cobalamin complex is associated with changes in the electrophoretic 

migratory properties that arise from the small size increase and different overall charge. Applying the 

same binding conditions to cobalamin resulted in an optimum binding mass ratio similar to CoPoP 

(Figure 2.2 A), that is 1:4 antigen:CoPoP/Cbl. Deviation from the expected stoichiometry of the 

substitution reaction for cobalamin can be partly attributed to the fact that hydroxocobalamin 

hydrochloride is a mixture of CblOH and CblOH2 under physiological conditions.15 Binding kinetics 

(Figure 2.2 B) showed that binding of histidine-tagged protein to cobalamin started to plateau about 3 

hr after incubation. Ligand substitution was also observed for hydroxocobalamin acetate, an analog of 

hydroxocobalamin hydrochloride. Cyanocobalamin with the tightly bound β-group displayed no 

apparent band shift in native electrophoresis (Figure 2.2 C), suggesting non-association of Pfs25. 
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CoPoP and PoP liposomes serve as positive and negative controls, respectively. Dynamic light scattering 

measurements depicted a slight increase in liposomal size and polydispersity after binding of Pfs25 

(Figure 2.2 D). Cryo-electron micrographs indicate that liposomal shape remains predominantly 

unaltered after binding (Figure 2.2 E). 

Figure 2.3. Relative stability of cobalt(III) tetrapyrrole complexes in buffer with and without 20% 
human serum. 
Binding was assessed with a fluorescence quenching assay. The percent fluorescence quenched was 
calculated based on the intensity of free peptide. Error bars represent standard deviations for n=3 
experiments. 

Coordination of a fluorophore-containing peptide to CoPoP liposome or aquocobalamin 

induced fluorescence quenching. Incubation with 20% human serum in PBS at 37 °C disrupted the 

peptide binding to the cobalamin complex within 24 hr (Figure 2.3). Competition might have arisen in 

the presence of cobalamin-binding proteins in serum such as transcobalamin II.16 Fluorescence intensity 

measurements also indicated that peptide binding to CoPoP remained intact after two weeks of 

incubation. Fluorescence quenching was not observed for PoP liposomes, which lack the chelating 

metal. Poor serum stability of the cobalamin complex reflects weak association of the antigen through 
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non-covalent interactions, accentuating the advantage of the sheltered antigen binding site in CoPoP 

liposome. In the absence of serum, a minimal decrease in percent fluorescence quenched was observed 

for cobalamin complex, suggesting that temperature only accounts for a minor contribution to the 

instability of the cobalamin complexes in serum at 37 °C and that exposition to human serum is mainly 

responsible for Pfs25 detachment. 

Figure 2.4. Antigen-cobalt tetrapyrrole uptake in macrophages. 
Pfs25-Dy490 uptake by murine RAW 264.7 macrophage cells following 4 hr incubation with indicated 
samples and Pfs25. See Figure A1 in Appendix section for gating strategy. Error bars represent standard 
deviations for n=3 experiments. 
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Uptake study using macrophages showed a size-dependent particle internalization. While 

antigen uptake was minimal when Pfs25 was in its free form, efficient cellular internalization was 

observed when Pfs25 was liposome-bound (Figure 2.4). Given the instability of cobalamin-antigen 

complex in serum, it was expected that Pfs25 uptake would be similar to that for the free form. Likewise, 

minimal antigen internalization was observed for the non-chelating PoP liposomes. High liposome 

internalization was obtained for PoP liposomes, but not for CoPoP liposomes due to low fluorescence 

signal. To augment fluorescence of CoPoP liposomes, CoPoP/PoP liposomes containing 1:1 ratio of 

CoPoP:PoP was produced. With CoPoP/PoP liposomes, high antigen and liposome internalization 

were observed. 

Pfs25 is a sexual stage protein expressed on the surface of zygote and ookinete forms of P. 

falciparum.17-18 At 250 ng antigen dose, immunogenicity of three delivery platforms of varying size was 

evaluated using ELISA (Figure 2.5 A). Prime-boost immunization with Pfs25 bound to 100-nm 

liposomes on days 0 and 21 elicited an antibody titer on the order of 105, which is at least two orders of 

magnitude higher than that for the micrometer-sized alum. Vaccination with cobalamin, which is 

presumably less than 10 nm in size, failed to induce Pfs25-specific antibodies. Immunological difference 

between these three different vaccine formulations, however, cannot solely be explained by the size 

difference. Immunofluorescence micrographs revealed that Pfs25-specific antibodies induced by CoPoP 

liposome immunization can recognize surface epitopes on ookinetes (Figure 2.5 B). No apparent 

labeling of ookinetes observed for antisera raised against alum suggests low levels of functional 

antibodies. Poor immunogenicity of cobalamin-bound Pfs25 is substantiated by the absence of surface-

labeled ookinetes. 

25 



  

 

 

          
              

           
            

             
            

            
             
    
 

           

         

          

              

Figure 2.5. Immunogenicity of his-tagged Pfs25 and functionality of induced antibodies. 
A) ELISA titers following prime-boost vaccination of CD-1 mice with 250 ng of Pfs25 bound to 
indicated samples. (B) Immunofluorescence assay of fixated P. falciparum ookinetes using goat anti-
mouse IgG (H+L) secondary antibody DyLight® 488 conjugate. Mice sera and secondary antibodies 
were both diluted at 1:500. (C) Transmission-reducing activity based on oocysts intensity of pooled 
mouse sera antibodies. Horizontal bars in (A) and (C) represent geometric mean for n=4 mice and 
arithmetic mean for n=20 mosquitoes, respectively. Average oocyst counts are indicated above. Asterisk 
denotes statistical significance for (C) as assessed using a zero-inflated negative binomial random effects 
model,19 **P < 0.01. 

Malaria transmission-blocking vaccines based on Pfs25 work by inducing antibodies that inhibit 

parasite development within the vector, Anopheles mosquitoes. Assessment of transmission blocking 

activity of mouse sera antibodies induced by CoPoP liposome vaccination by SMFA demonstrated the 

capacity of Pfs25-specific IgG antibodies to prevent oocysts formation (Figure 2.5 C). SMFA studies 
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further showed no functionality of antibodies from immunization with cobalamin-bound and alum-

adsorbed Pfs25. Poor potency of cobalamin, the non-particleized form, to induce functional antibodies 

is probably due to its small dimension and loose antigen association. This highlights the crucial role of 

vesicle size and particleization in cobalt tetrapyrrole immunization. 

2.4. Conclusion 

Stability of antigen attachment to metallochelating liposome containing cobalt porphyrin 

phospholipid is superior compared to that in the non-particleized form based from serum stability assay. 

As such, high particle internalization by macrophages was observed with the liposome-bound Pfs25 than 

with the non-associated forms. The particleized cobalt tetrapyrrole also exhibited higher 

immunogenicity than non-particleized counterpart and alum. SMFA studies demonstrated that higher 

levels of functional antibodies can be induced with the cobalt tetrapyrrole in the liposomal form. 
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CHAPTER 3: A COBALT PORPHYRIN-PHOSPHOLIPID VACCINE ADJUVANT 
FOR SPONTANEOUS PARTICLEIZATION OF OSPA, A LYME DISEASE 
ANTIGEN 

3.1. Introduction 

Lyme disease, or Lyme borreliosis, has become the most prevalent vector-borne disease in 

North America and Europe. The Center for Disease Control and Prevention estimated an annual 

incidence of 300,000 cases in the United States based on insurance claims, laboratory results, and 

population surveys.1 In Europe, reported cases of Lyme disease range between 65,000 and 85,000, which 

is likely underestimated due to high number of unreported cases and undiagnosed infections.2 This 

disease is a zoonotic illness that typically manifests with a distinct erythema migrans rash in its early 

localized stage, but can lead to severe rheumatologic, neurologic, or cardiac complications in its 

disseminated stage without timely diagnosis and treatment.3 Etiological agents belong to Borrelia 

burgdorferi sensu lato bacteria classified under the eubacterial spirochete phylum.4-5 The major 

pathogenic species in North America is Borrelia burgdoferi sensu stricto whereas the main infectious 

agents in Europe also include other two genospecies, Borrelia afzelii, and Borrelia garinii. Infrequent 

clinical cases of Borrelia mayonii6 and Borrelia bissettii7 have been identified in the United States, as well 

as Borrelia spielmanii8 in Europe. These pathogens are primarily transmitted to humans and animals by 

hard-bodied ticks of the species Ixodes spp. The principal tick vectors are the deer tick, I. scapularis 

(northeastern and north central US) and I. pacificus (western US); the sheep tick, I. ricinus (Europe); 

and the taiga tick, I. persulcatus (Asia). With the prevalence on the rise and the growing expansion of 

tick’s endemic range, there is a pressing need for effective countermeasures to mitigate escalating risk of 

contracting the disease. Prophylactic vaccination against Lyme disease is an appealing countermeasure 
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due to logistical challenges and potential, environmental hazard of using acaricides, tick-specific 

pesticides, challenges in early diagnostic testing, and incidence of antibiotic-refractory Lyme arthritis. 

3.1.1. Outer Surface Protein A 

The most well-explored vaccinogen is outer surface protein A (OspA), a surface lipoprotein 

expressed by Lyme borreliae while residing in the tick gut. OspA expression facilitates spirochete 

colonization and persistence in the vector’s gut by binding to the tick receptor of OspA (TROSPA).9 

The structure of OspA (Figure 3.1) comprises 21 consecutive antiparallel β-strands followed by a single 

α-helix, arranged sequentially in a dumbbell shape in which the N- and C-termini globular domains are 

connected by a unique ‘single-layer’ β-sheet.10-11 Epitope mapping studies delineated protective epitopes 

within the C-terminal half of OspA.11-14 An important monoclonal antibody (mAb) LA-2 recognizes a 

conformational epitope encompassing three surface-exposed loops connecting β-strands 16-17, 18-19, 

and 20-21 of the C-terminal domain.11 Location of LA-2 epitope determined by NMR chemical-shift 

perturbation method is consistent with the resolved crystal structure of the OspA/LA-2 Fab complex. 

Studies showed that mAb LA-2 can protect severe combined immunodeficiency mice from Lyme 

borreliae infection.15 LA-2 equivalent antibody, not the total anti-OspA antibody titer, is correlated to 

the protective capacity of anti-OspA antibodies.16 
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Figure 3.1. Crystal structure of OspA (PDB ID: 1OSP) rendered using PYMOL. 

3.1.2. Development of Lyme Disease Vaccines 

Initial efforts in vaccine development for Lyme disease focused on the use of OspA, the 

predominant surface lipoprotein expressed of spirochetes residing in the tick gut. The protective 

mechanism of OspA-based vaccines involves blockage of spirochete transmission to the host by 

eradicating the bacteria within the tick vector (Figure 3.2).17-19 The first licensed Lyme disease vaccine 

developed by GlaxoSmithKline (LYMErix®) consisted of recombinant lipidated OspA (B. burgdorferi 

s.s. strain ZS7) with aluminum hydroxide as an adjuvant.20 Its vaccine efficacy against symptomatic 

disease was 76% after three injections at 0, 1, and 12 months.20 Low durability of the antibody response 

necessitated additional boosters to retain high level of protective antibodies. After its release in 

December 1998, this vaccine was voluntarily withdrawn from the market in February 2002 due to poor 

sales partly caused by unsubstantiated claims of vaccine-induced arthritis, as well as by the requirement 

for multiple boosting shots.21-22 Licensure of a non-adjuvanted form of OspA (B. burgdorferi s.s. strain 

B31) vaccine, ImuLyme® by Pasteur Mérieux Connaught, was no longer pursued due to business-related 

decisions21 despite good vaccine efficacy (92% after three injections) in a phase III clinical trial.23 
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Renewed interest in Lyme disease vaccines spurred the development of a novel multivalent OspA 

vaccine manufactured by Baxter.24-26 Unfortunately, this multivalent vaccine was discontinued after 

completing phase I/II clinical trial and a phase III efficacy study is not being conducted.25-26 Another 

multivalent vaccine candidate, VLA15 by Valneva, is in phase I clinical trials (ClinicalTrials.gov 

Identifier: NCT03010228) with an United States Food and Drug Administration (FDA) fast track 

designation, aiming for accelerated market approval.27-29 

Figure 3.2. Protective mechanism of OspA-based transmission blocking vaccines against Lyme 
disease. 
Antibodies uptaken from the blood of the immunized host bind to spirochetes and inhibit transmission 
from the feeding tick vector to the mammalian host. 

Many vaccine strategies have involved OspA either directly, in recombinant form, or indirectly 

from inactivated bacteria that express the antigen. In fact, all veterinary vaccines available on the market 

appear to mount a response against this protective antigen.30-35 Valneva’s VLA15, the only human Lyme 

disease vaccine presently in clinical trials, is a multivalent OspA-based vaccine.27-29 Prior human vaccines, 

including the withdrawn recombinant LYMErix vaccine and the discontinued vaccines of ImuLyme and 
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Baxter’s multivalent OspA vaccine, have focused on OspA. OspC has also received attention as a vaccine 

candidate.36-37 There is interest in discovering new Lyme disease antigens and engineering better ones.38-

This work assesses a next generation vaccine system that induces spontaneous antigen 

particleization using OspA as a model antigen, given its relevance to human and veterinary vaccines. Due 

to potential challenges in expressing and characterizing full-length, lipidated, recombinant OspA in 

Escherichia coli, a truncated form of OspA was constructed by eliminating the first 17 amino acid 

residues that encompass the lipidation signal sequence and the adjacent cysteine residue. Though this 

deletion can significantly improve expression yield without compromising the conformational stability 

of the non-lipidated construct,40 it consequently lowers immunogenicity.41-42 Co-administration of an 

adjuvant is thus highly needed to enhance immunogenicity of the non-lipidated OspA. As a proof-of-

concept study, a non-lipidated form of OspA derived from B. burgdorferi B31 is utilized to exhibit 

adjuvanticity of a liposomal vaccine platform in modulating the immune response against Lyme disease. 

Biomaterials hold great potential to enhance vaccine potency.43 Metallochelation offers a 

strategy to surface functionalize nanoparticle scaffolds via noncovalent conjugation using a short 

polyhistidine sequence as anchor. This study employs a self-assembling liposomal platform containing 

cobalt porphyrin-phospholipid (CoPoP) that enables facile antigen conjugation with simple aqueous 

incubation of histidine-tagged antigen with the metallochelating liposome.44-45 Inaccessibility of the 

porphyrin moieties from the aqueous milieu renders antigen attachment highly stable under 

physiological conditions and in the presence of large excess of competing imidazole. This is noteworthy 

compared to liposomes with surface-exposed nickel-chelated NTA, with a limited half-life in serum at 37 

°C with other Lyme disease antigens.46 Other studies have shown that nickel-NTA liposomes have 

limited serum stability with his-tagged antigens.47 The amphipathic character of the liposome bilayers 
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allows co-formulation of an immunostimulatory adjuvant, Phosphorylated HexaAcyl Disaccharide 

(PHAD), which can further boost immunogenicity of this vaccine platform. This work demonstrates 

that a functionalized nanoparticle formed by binding hexahistine-tagged OspA to CoPoP/PHAD 

liposome can induce strong OspA-specific antibody response. 

3.2. Materials and Methods 

3.2.1. Liposome Preparation and Characterization 

CoPoP/PHAD® liposomes composed of four parts 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC, Corden # LP-R4-057), two parts cholesterol (PhytoChol, Wilshire Technologies), one part 

synthetic monophosphoryl lipid A, PHAD (Avanti # 699800P), and one part laboratory-made CoPoP 

by mass were prepared as previously described.45 In brief, liposomal components at indicated mass ratio 

were dissolved in ethanol at 60 °C, followed by slow addition of pre-heated PBS and then nitrogen-

pressurized lipid extrusion at 200 PSI using a membrane stack of decreasing size (i.e., 200, 100, and 80 

nm). Extruded liposomes were dialyzed in PBS at 4 °C to facilitate removal of ethanol and then were 

characterized by dynamic light scattering using NanoBrook 90Plus PALS instrument to measure 

liposome size and polydispersity index. After determining CoPoP concentration, the liposome solution 

was diluted to adjust concentration to 320 µg/mL. An analogous preparation was conducted for 

PoP/PHAD® liposomes. 

3.2.2. Protein Expression and Purification 

The DNA sequence encoding for non-lipidated OspA (B. burgdorferi B31) was synthesized into 

pET21a vector by Genscript and the prepared plasmids were transformed into BL21 (DE3) competent 
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Escherichia coli cells. Transformed cells were grown at 37 ºC in 250 mL Luria Bertani (VWR # N526) 

broth to an OD600 of 0.6-0.8 prior to induction with isopropyl β-D-1-thiogalactopyranoside (Corning # 

46-102-RF). Bacterial growth was continued at 22 °C overnight after induction. Bacterial cells were then 

harvested by centrifugation, re-suspended in modified binding buffer at pH 7.4, and lysed by sonication. 

Cell debris were pelleted by centrifugation and the protein of interest was purified from collected 

supernatant by immobilized metal affinity chromatography. Manufacturer’s recommended protocol for 

Ni-NTA resin (G Biosciences # 786-939) was modified by including another wash buffer supplemented 

with 0.5 % 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS, BioShop 

CHA003) that facilitates removal of endotoxin. Pure fractions determined from SDS-PAGE (Tris-

Glycine buffer system) was then dialyzed to remove imidazole. Protein concentration was quantified 

using micro-BCA assay (Thermo Fisher Scientific # 23235). Far-UV CD spectroscopic data of non-

lipidated OspA in 20 mM sodium phosphate pH 7.4 was acquired at room temperature on a bandwidth 

of 1 nm, scan rate of 50 nm/min, pathlength of 0.1 cm, and accumulations of three scans using Jasco J-

815 CD spectrometer. Secondary structure content was calculated by deconvolution of the buffer-

corrected spectral data using analysis program CDSSTR and reference set 7 provided by DichroWeb 

online server. 

3.2.3. Characterization of Histidine-tag OspA to CoPoP/PHAD liposomes 

Non-lipidated OspA diluted to 80 µg/mL was incubated with CoPoP/PHAD liposomes at 4:1 mass 

ratio of PHAD:protein, unless otherwise stated. Liposomes were then pelleted by high-speed 

centrifugation and any unbound protein in the resulting supernatant was quantified by micro-BCA 

assay. A non-histidine tagged lysozyme (VWR # 97062-138) was used as negative control. Percent 
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binding was calculated based on the absorbance signal of the free protein. For non-denaturing 

electrophoretic analysis, protein binding was evaluated using a histidine-MOPS buffer system at near 

neutral pH. Due to the protein’s net positive charge under native conditions, polarity of the voltages 

applied to electrophoretic cells was reversed. Transmission electron micrographs were acquired using 

negative staining techniques. After deposition of 10 µL of the liposome sample on carbon-coated mesh 

grids (Carbon type-A, 300 mesh, copper, Ted Pella # 01821), the grids were stained with 2% uranyl 

acetate. Images were then captured by JEM-2010 electron microscope at 200 kV using various 

magnifications. 

3.2.4. Murine Vaccination and Adjuvant Formulations 

Animal experiments were conducted in accord to University at Buffalo IACUC. Eight-week-old female 

CD-1® (ICR) mice received intramuscular (IM) injections containing 100 ng of non-lipidated OspA 

combined with indicated adjuvants on days 0 and 21. CoPoP/PHAD and PoP/PHAD liposomes were 

incubated with OspA at 1:4 mass ratio of protein:PHAD for 3 hr at room temperature prior to injection 

and diluted in PBS to achieve desired antigen dose for immunization. Vaccine formulation per one dose 

consists of 100 ng OspA, 0.4 µg CoPoP, 0.4 µg PHAD, 0.8 µg cholesterol, and 1.6 µg DPPC. For 

commercial adjuvants, AddaVax (InvivoGen # vac-adx-10) and Adju-Phos (InvivoGen, # vac-phos-

250), vaccine formulations were prepared according to manufacturer’s instructions. For Alhydrogel 2% 

aluminium gel (Accurate Chemical and Scientific Corporation # A1090BS), alum was mixed with the 

antigen to a final concentration of 1.5 mg/mL. Final bleed was done on day 42 unless otherwise stated. 

Serum was collected after centrifugation at 2,000 rcf for 15 min. 
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3.2.5. Antibody Titer Estimation and Immunoglobulin Isotype Profiling 

Anti-OspA IgG titers were estimated by enzyme-linked immunosorbent assay (ELISA). A 96-well plate 

(Thermo Scientific Nunc # 442404) was coated with 100 ng/well OspA, blocked with 2% bovine serum 

albumin (BSA) in PBS containing 0.1% Tween20 (PBS-T), and incubated with mouse serum serially 

diluted in 1% BSA in PBST. After incubation with horse radish peroxidase-conjugated goat anti-mouse 

secondary antibody IgG (Genscript # A00160), IgG1 (Invitrogen A10551), or IgG2a (Invitrogen # 

A10685), tetramethylbenzidine (Amresco # J644) was added. Endpoint titers were defined as the 

reciprocal serum dilution at absorbance (450 nm) cutoff of 0.5. 

3.2.6. OspA Conjugation with Fluorescent Dye 

Prior to labeling with DY-490-NHS-Ester (Dyomics # 490-01), non-lipidated OspA was dialyzed at 4 °C 

against sodium bicarbonate solution pH 9.3 at least twice. Stock solution of the dye was added at fivefold 

molar excess to the dialyzed sample, followed by stirring at room temperature for 2 hr. Extensive dialysis 

against PBS was then performed to remove any free dye. Post-dialysis protein concentration was 

quantified using micro-BCA assay. 

3.2.7. Serum Stability of liposome-bound OspA-Dy490 

After incubation of liposomes with fluorescent-labeled OspA, human serum was added to a final 

concentration of 20% (v/v) and then incubated at 37 °C. Aliquots were taken at different time points to 

monitor fluorescence quenching, which directly correlates to protein binding. Fluorescence 

measurements were acquired at excitation and emission wavelengths of 491 and 515 nm, respectively, 

on a 5 nm bandwidth using TECAN Safire multi-plate reader. Recovery of fluorescence signal for 
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CoPoP/PHAD liposomes was performed by incubating the sample in 0.1% Triton X-100, 100 µg/mL 

proteinase K (EMD Millipore # 539480) for 30 min at 50 °C. Percent fluorescence quenched was 

calculated by comparing to free DY490-conjugated OspA. 

3.2.8. Immunoprecipitation Assay 

Following recommended protocol for Protein G Magnetic Beads (New England Biolabs # S1430S), 

OspA-specific monoclonal antibody LA-2 (Absolute Antibody # Ab01070) was incubated with pre-

washed magnetic beads at 4 °C for at least 30 min. CoPoP/PoP liposomes with bound non-lipidated 

OspA were incubated with the antibody-coated magnetic beads for 4 hr at room temperature. At the end 

of the incubation period, the beads were pelleted using a magnetic separation rack after extensive 

washing with PBS and then re-suspended in 0.1% Triton X-100, PBS to release any liposomal 

components. After pelleting the beads using the magnetic separation rack, fluorescence of the 

supernatant was acquired at excitation and emission wavelengths of 420 and 670 nm, respectively, on a 5 

nm bandwidth using TECAN Safire multi-plate reader. The percent liposomes captured was calculated 

based on a standard curve of the liposomes. An irrelevant monoclonal antibody specific for Pfs25, a 

malaria antigen, was used as negative control. 

3.2.9. Nanoparticle Uptake Study 

RAW264.7 murine macrophage-like cells (ATCC # TIB-71) were cultured in a 24-well plate in 

Dulbecco's Modified Eagle's Medium (DMEM, ThermoFisher Scientific) containing 10% fetal bovine 

serum, 1% penicillin/streptomycin and grown to a confluence of approximately 70-80%. Macrophage 

cells were incubated for 2 hr at 37 °C with the indicated liposome solution at OspA-Dy490 final 

38 



  

              

               

             

            

 

   

              

            

                 

              

               

          

          

          

              

           

        

            

 

  

concentration of 1 µg/mL. Cytochalasin B (Acros # 228090010) was supplemented to the medium at a 

final concentration of 10 µg/mL at least 1 hr prior to incubation with indicated sample. Following 

incubation, macrophage cells were re-suspended in PBS and subjected to flow cytometry using BD 

LSRFortessa X-20 flow cytometer. FlowJo (version 10) software was used for data analysis. 

3.2.10. Western Blot 

Bacterial cultures (B. burgdorferi B31, ATCC #35210; B. afzelii BO23, ATCC #51992, B. garinii CIP 

103362 ATCC #51383; B. hermsii HS1 ATCC #BAA-2821; B. kurtenbachii 25015 ATCC #BAA-2495) 

grown in BSK-H media (Sigma) containing 6% rabbit serum at 33 °C, 5% CO2 were re-suspended in 1% 

SDS and boiled for at least 20 min, followed by centrifugation to remove cellular debris. After protein 

quantification using DC Protein Assay (Bio-Rad), 1.5 µg of cell lysate was loaded onto a 12% Tris-

Glycine gel under denaturing conditions and separated proteins in the acrylamide gel were transferred to 

a ProTran nitrocellullose membranes (GE Healthcare LifeSciences) using a semi-dry Power Blotter XL 

(ThermoFisher Scientific). Immunoblot was blocked with 1% BSA in Tris-buffered saline containing 

0.1% Tween20 (TBS-T) and then incubated with diluted mouse sera (1/2000) in TBS-T overnight at 4 

°C. After washing, immunoblot was incubated with anti-mouse secondary antibody conjugated with 

horse-radish peroxidase (Jackson ImmunoResearch Laboratories Inc.) diluted 1/6667 in 1% BSA, TBS-

T for 1.5 hr. Chemiluminescence was visualized using Lumina Crescendo Western HRP Substrate 

(Millipore Sigma). 
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3.2.11. Indirect Immunofluorescence Assay 

For qualitative determination of IgG antibodies in mouse serum, recommended protocol for B. 

burgdorferi (strain B31) antigen substrate slides (MBL Bion # BB-6112) was followed. A 1/500 dilution 

was carried out for both mouse serum antibody and DyLight488-conjugated goat anti-mouse IgG 

secondary antibody (ImmunoReagents # GtxMu-003-F488NHSX). Slides were mounted with ProLong 

Gold Antifade with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific # P36931) and 

imaged with an EVOS FL microscope using a 40× objective lens. 

3.2.12. Splenocyte Study 

Murine spleen collected on day 42 post-immunization was excised and passed through a sterile Nylon 

cell strainer, followed by RBC lysis and re-suspension in Dulbecco's Phosphate-Buffered Saline 

(Thermo Fisher Scientific). After cell counting, isolated splenocytes were diluted to 2.5 x 105 well-1 in 

RPMI 1640 Medium (ThermoFisher Scientific Gibco) containing 10% fetal calf serum, 2 mM L-

glutamine, 1 mM sodium pyruvate, 1% Eagle’s medium nonessential amino acids, and 1% 

penicillin/streptomycin and then incubated with non-lipidated OspA (final concentration of 1 µg/mL) 

for 72 hr at 37 °C. Following antigen stimulation, interferon-gamma and interleukin-4 were quantified 

using standard ELISA based on a standard curve of the cytokine. 

3.2.13. Bactericidal Assay 

The B. burgdorferi strain B31-A3 used in this study is a clonal isolate of B3148 and was cultivated at 33 oC 

in BSKII complete medium to mid-log phase. Two-fold serial dilution of the heat-inactivated mouse 

serum (56 °C, 30 min) was performed starting at 1/20 dilution. Then, 50 µL of the diluted serum and 10 
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µL of guinea pig serum (Sigma-Aldrich # S1639) were mixed with 40 µL of BSK II complete medium 

containing 5 x 105 cells of B. burgdorferi strain B31-A3 and subsequently incubated at 33 °C for 24 hr. 

Surviving spirochetes were quantified by direct counting of motile spirochetes under dark field 

microscopy. Survival percentage was determined from the proportion of serum-treated to untreated 

spirochetes. For quantitative comparison, 50% borreliacidal titer, which represents the dilution rate that 

effectively eradicated 50% of the spirochetes, was calculated using dose-response stimulation fitting in 

GraphPad Prism 5.04 (GraphPad Software, La Jolla, CA, USA). 

3.3. Results and Discussion 

Truncation of the lipidation signal sequence facilitated purification of the recombinant 

histidine-tagged OspA using Ni-NTA affinity chromatography. Electrophoretic analysis (Figure 3.3 A) 

indicated homogeneous protein preparation and confirmed molecular weight of the purified non-

lipidated protein, which is about 29 kDa. Structural characterization using circular dichroism 

spectroscopy confirmed the expected foldedness of the purified protein. OspA displayed a CD spectrum 

with a maximum at 195 nm and a minimum at 218 nm characteristic for anti-parallel β-pleated sheets 

(Figure 3.3 B). Calculated secondary structure content from the deconvolution of the CD spectral data 

is in close agreement with the reported values in the literature (Figure 3.3 C).49 
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Figure 3.3. Characterization of purified recombinant non-lipidated OspA. 
(A) Degree of purity assessed by SDS-PAGE of 2 µg OspA (MW 29 kDa). (B) Far-UV circular 
dichroism spectrum of OspA in 20 mM sodium phosphate pH 7.4 solution (solid line) and calculated 
best fit spectrum (blue dotted line) with NRMSD of about 0.05. (C) Secondary structural content in 
percentage deconvoluted from buffer-corrected spectral data using CDSSTR provided by Dichroweb 
server. 

Spontaneous formation of the functionalized nanoparticles occurs via insertion of the histidine 

tag into the hydrophobic bilayer and subsequent coordination of the imidazole moiety to the metal 

center.44-45 Binding conditions were evaluated using native electrophoresis, which allows physical 

separation of liposome-bound and free proteins due to the limiting pore size of the acrylamide gel. 

Observed optimum binding mass ratio of 1:4 of OspA:PHAD (Figure 3.4 A) is consistent with previous 

studies using the malaria antigen, Pfs25.45 Incubating 80 µg/mL OspA with an equal volume of 320 

µg/mL CoPoP liposomes required over an hour to reach full binding with incubation at room 

temperature (Figure 3.4 B). Visual inspection of the acrylamide gel showed that kinetics of binding 

started to plateau after 15 min likely due to steric hindrance for subsequent binding to nearby 

unconjugated sites. It can be deduced that the initial phase of binding occurred at a fast rate based upon 

the relative band intensities for time points, 0 and 15 min. At the particleization conditions, specific 
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binding is estimated to be about 80% based from micro-BCA assay of the supernatant obtained from 

high speed centrifugation (Figure 3.4 C). Using the same method, low non-specific binding was 

observed for PoP/PHAD liposome, which lacks the chelating metal. A non-histidine tagged protein, 

lysozyme, bound neither CoPoP/PHAD nor PoP/PHAD liposomes. Based upon DLS measurements, 

post-incubation liposomal size remains essentially the same for both CoPoP/PHAD and PoP/PHAD 

liposomes (Figure 3.4 D). Moreover, transmission electron micrographs revealed that CoPoP/PHAD 

liposomes retained their shape after antigen binding (Figure 3.4 E). 

Serum stability was assessed using fluorescently labeled OspA (Figure 3.5 A). Upon binding to 

liposomes, the fluorescent label undergoes energy transfer to the porphyrin moieties in the bilayer and 

the overall fluorescence becomes quenched. Incubation of the OspA-bound CoPoP/PHAD liposomes 

with human serum at 37 °C did not significantly increase the fluorescence signal after 12 days. This 

reflects OspA remains associated to the metallochelating liposomes within the duration of the study. As 

expected, liposomes lacking cobalt did not bind the antigen. Serum-stable antigen binding ensures 

integrity of the nanoparticles during transit to draining lymph nodes. 
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Figure 3.4. Spontaneous binding of his-tagged OspA to CoPoP/PHAD liposomes. 
(A) Impact of antigen to liposome ratio on binding of OspA to CoPoP/PHAD liposomes evaluated by 
native PAGE. (B) Kinetics of OspA binding to CoPoP/PHAD liposomes incubated at 1:4 mass ratio at 
room temperature. Bands visible in the acrylamide gels represent unbound protein. (C) Specific binding 
of his-tagged OspA to CoPoP/PHAD liposomes measured by microBCA assay of supernatant obtained 
from high-speed centrifugation of liposomes. (D) Hydrodynamic diameter and polydispersity index of 
pre- and post-incubated liposomes measured using dynamic light scattering. (E) TEM images of 
CoPoP/PHAD liposomes with and without bound his-tagged protein. Acquisitions were made 3 hr after 
incubation of liposomes with protein. Error bars represent standard deviations for n=3 measurements. 
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Figure 3.5. Serum stability, epitope availability, and enhanced uptake of particleized OspA. 
(A) Stability of nanoliposome-antigen particles in 20% (v/v) human serum based on fluorescence 
quenching assay. The asterisk indicates when protease K and detergent were added to restore OspA 
fluorescence. (B) Immunoprecipitation of OspA-bound liposomes by OspA-specific monoclonal 
antibody LA-2. The irrelevant monoclonal antibody specific for a malaria antigen, 85RF45.1, serves as 
the negative control. Percent liposomes captured was quantified based on the standard curve of 
indicated liposomes. (C) DY-490-OspA uptake by murine RAW 264.7 macrophage cells following 2 hr 
incubation with indicated samples at 37 °C. Cytochalasin B was supplemented to medium 1 hr prior to 
incubation. See Figure A2 in Appendix section for gating strategy. Error bars represent standard 
deviations for n=3 experiments. 
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Previous studies using analogous nanoparticle systems demonstrated variation of the 

immunogenicity and protective efficacy with the point of attachment to the nanoparticle scaffold.50-51 

This highlights the importance of proper antigenic epitope presentation on the particle surface. In this 

study, polyhistidine tag was appended at the N-terminus opposite to the locality of protective epitopes 

to ensure epitope accessibility on the liposomal surface and avoid possible occlusion of the important C-

terminal epitopes. This configuration basically mimics the lipoprotein integration to the outer 

membrane of Lyme borreliae. Assessment of the epitope availability using immunoprecipitation method 

indicated exposure of the LA-2 epitope on the surface-bound OspA (Figure 3.5 B). LA-2 antibody-

OspA recognition suggested that structural integrity of the binding antigen, that is the C-terminal 

domain at least, is maintained after attaching to liposomes. A negative control, is a monoclonal antibody 

for a non-homologous protein, exhibited low PoP fluorescence signal with immunoprecipitation. 

Practical utility of liposomes as antigen delivery vesicles is attributed to its enhanced uptake by 

antigen presenting cells. Nanoparticle internalization studies using murine macrophage-like cells 

(Figure 3.5 C) showed high antigen uptake only with the surface-functionalized liposome (CoPoP/PoP 

liposome). Minimal uptake was observed with the free non-adjuvanted or mixed non-associated (i.e. 

PoP/PHAD) forms of the antigen. These results corroborate studies demonstrating enhanced antigen 

internalization in the nanoparticulate form. The macrophage selective uptake of PoP/PHAD liposomes 

in the mixed form further implicates that physical association of antigen to liposomes may be necessary 

for liposomal adjuvanticity. Co-delivery of surface-exposed antigen and immunostimulant to immune 

cells is an important facet of the CoPoP/PHAD liposome. Cellular uptake mechanism via phagocytosis 

is supported by the diminished uptake for both antigen and liposome in the presence of cytochalasin B, 

which inhibits actin polymerization.52 

46 

https://polymerization.52


  

          

        

           

          

           

          

          

          

            

         

              

            

              

            

         

 

 

 

 

 

 

 

Assessment of the immunogenicity using ELISA indicates that this vaccine adjuvant platform 

can stimulate strong immune response at low antigen dose in outbred CD-1 mice. Prime-boost 

vaccination with CoPoP/PHAD liposomes elicited OspA-specific IgG antibody titer higher than other 

commercial adjuvants (Figure 3.6 A). Furthermore, immunofluorescence labeling of permeabilized B. 

burgdorferi B31 spirochetes (Figure 3.6 B) demonstrates epitope recognition by OspA-specific 

antibodies induced by immunization with functionalized CoPoP/PHAD liposomes, supporting results 

obtained from immunoprecipitation assay. Fluorescence micrographs further reveal low functionality of 

the anti-OspA antibodies induced from immunization with alum and PoP/PHAD liposomes. As 

expected, no labeling was observed for the pre-immune serum, which serves as the negative control. 

Immunoblot using antisera from CoPoP/PHAD immunization showed that OspA-specific antibodies 

recognize different strains of Lyme borreliae but to different extents (Figure 3.6 C). Different band 

intensity depicts antigenic heterogeneity of OspA across different genospecies. The relapsing fever agent 

B. hermsii, which lacks the ospA gene, has no visible band. Minimal non-specific bands were observed 

for E. coli lysate expressing recombinant histidine-tagged OspA. Lower molecular weight observed for 

the OspA band may be due to the substitution of the lipidation signal sequence with a polyhistidine 

segment. 
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Figure 3.6. Immunogenicity of the OspA-based nanoliposomal vaccine. 
(A) Anti-OspA IgG titers induced by CoPoP/PHAD liposomes in comparison to other commercial 
adjuvants. Prime and boost injections were administered to CD-1 mice on day 0 and 21. Serum 
collection was performed on day 42. Detection of anti-OspA IgG antibodies by (B) indirect 
immunofluorescence assay of permeabilized B. burgdorferi B31 using goat anti-Mouse IgG (H+L) 
secondary antibody DyLight® 488 conjugate and by (C) immunoblot assay using whole cell lysates of 
different Borrelia species. Mouse serum and secondary antibodies used for immunofluorescence assay 
were both diluted at 1/500. Horizontal lines represent geometric mean. 

Inclusion of the synthetic version of monophosphoryl lipid A, PHAD, which is a TLR-4 agonist, 

in the liposomal formulation skewed the immune response towards Th1, switching the isotype to IgG2a. 

CoPoP/PHAD liposomes produced higher levels of OspA-specific IgG2a antibodies than IgG1 (Figure 

3.7 A). Alum, on the other hand, induced higher levels of IgG1 isotype. Predominance of IgG2a isotype 

is vital as this isotype exhibits higher bactericidal activity and greater capacity to activate complement 

than IgG1 isotype. The Th1-biased immune response observed for CoPoP/PHAD liposomes correlates 
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with the higher stimulation of interferon-gamma than interleukin-4 in the splenocyte study (Figure 3.7 

B). 

Figure 3.7. Th1-biased immune response of OspA-specific antibodies from functionalized 
nanoparticle immunization. 
(A) IgG isotype profiling for post-immune sera (day 42) using ELISA. (B) Splenocyte stimulation study 
to detect interferon-gamma and interleukin-4 secretion after 72-hr stimulation with OspA. Splenocytes 
were isolated from murine spleen collected on day 42 post-immunization. Error bars represent standard 
deviations from n=3 triplicate stimulation experiments. Horizontal lines show geometric mean. 

Transmission-blocking mechanistic studies revealed that pathogen clearance within the vector is 

not necessary to block spirochete transmission from feeding tick to mammalian host.19,53 At low antibody 

titer, the transmission process was aborted by plainly reducing the spirochete population density below a 

critical threshold necessary to prevent transmission. Higher antibody concentration is in fact required 

for eradication of spirochetes within the feeding vector.19 Though the exact mechanism of the 

transmission-blocking activity of OspA-specific antibodies remains unclear, protection from spirochetal 

infection certainly depends on the circulating OspA antibody titer in the immunized host. To 

demonstrate whether OspA-specific antibodies can eliminate spirochetes in vitro, a bactericidal assay 

was performed and the borreliacidal titers were then compared. Generated antibodies from 

CoPoP/PHAD-OspA immunization exhibited higher bactericidal activity compared to alum or 
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PoP/PHAD liposomes (Figure 3.8). Calculated 50% borreliacidal titer for CoPoP/PHAD liposomes 

was significantly higher than alum. Challenge studies via tick transmission or needle inoculation should 

be conducted in the future to determine whether OspA-specific antibodies induced by CoPoP/PHAD 

immunization can prevent spirochete transmission. 

Figure 3.8. Borreliacidal antibodies induced by vaccination with functionalized CoPoP/PHAD 
liposomes. 
(A) Serum bactericidal antibody assay performed using guinea pig complement incubated with varying 
concentrations of mouse IgG. Survival percentage was derived from normalization of the number of 
spirochetes after overnight serum treatment to that immediately after incubation. Surviving B. 
burgdorferi B31-A3 were counted using dark-field microscopy. (B) Average 50% borreliacidal activity 
(serum dilution rate that effectively eliminated 50% of the bacteria) from three different mice sera. The 
50% borreliacidal titer was calculated using the dose-response simulation fitting the data points using 
non-linear regression analysis. Error bars represent standard error of the mean. NI stands for no 
inhibition. Statistical significance (p < 0.05, indicated by asterisks) of differences between bactericidal 
titers is assessed by Kruskal-Wallis test with Dunn’s post-hoc analysis. 

Protection conferred by OspA-based transmission blocking vaccine heavily relies on the levels of 

circulating antibodies in the host blood, which enters the tick gut at the start of a blood meal. In this 

study, ELISA titers calculated at different time points remained fairly similar one year after initial 

vaccination, indicating high durability of the antibody response (Figure 3.9). This may entail less 
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frequency for booster injection required to retain antibody levels. However, further studies are necessary 

to evaluate protective capacity of the long-lived antibodies. 

Figure 3.9. Longevity of anti-OspA IgG levels. 
Prime and boost vaccinations of 100 ng OspA with CoPoP/PHAD liposomes were administered to CD-
1 mice on day 0 and 21, respectively. Endpoint titer is defined as the reciprocal of serum dilution at 
absorbance cut-off value of 0.5. Data points and the error bars represent geometric mean and 95% 
confidence interval, respectively. 

3.4. Conclusion 

The non-covalent approach to surface functionalization using CoPoP leads to a relatively stable 

binding without disruption of the antigen conformation. Immunogenicity of OspA that converted 

spontaneously into particulate form was superior compared to other mixed-and-inject adjuvants. Prime-

boost vaccination with CoPoP/PHAD liposomes with surface-bound OspA generated antibodies which 

recognized B. burgdorferi and displayed borreliacidal activity. Moreover, high durability of the antibody 

response validated the potential use of CoPoP/PHAD liposomes in the development of a transmission 

blocking vaccine against Lyme disease. Altogether, it can be concluded that this vaccine adjuvant 

technology warrants further research into Lyme disease immunization strategies. 
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CHAPTER 4: ZIKV SUBUNIT VACCINE STRATEGIES USING A COBALT 
PORPHYRIN-PHOSPHOLIPID LIPOSOME ADJUVANT 

4.1. Introduction 

Zika virus (ZIKV) is an arthropod-borne enveloped virus first isolated from a sentinel rhesus 

macaque in the Zika forest of Uganda, Africa in 1947.1 Subsequent epidemiological studies revealed 

wide geographic distribution of ZIKV in Africa and Southeast Asia via sylvatic transmission cycle 

between nonhuman primates and mosquitoes.2 First known ZIKV epidemic occurred in 2007 on Yap 

Island, Micronesia, followed by an outbreak in French Polynesia and other regions in South Pacific in 

2013-2014. Soon thereafter, an alarming epidemic arose in Brazil, where it rapidly spread throughout the 

Americas. As of January 2018, 220,000 confirmed and 580,000 suspected cases are reported in 52 

countries in the Americas.3 In the recent epidemics, ZIKV has been linked to upsurge cases of 

devastating congenital birth defects, primarily microcephaly, and the autoimmune disorder, Guillian-

Barré syndrome, in adults.2-4 Historically, symptomatic ZIKV infection was reported as mild, self-

limiting febrile illness associated with rash, myalgia, and conjunctivitis. This occurred in 20% of infected 

individuals whereas 80% are clinically asymptomatic during initial infection.4 Massive ZIKV epidemics 

in new geographical niche alongside with the severe clinical manifestations elicited major public 

concerns, calling for effective countermeasures to combat the disease. 

The main mode of ZIKV infection is through its arthropod vector, Aedes (subgenus stegomyia) 

mosquito, which also transmits dengue virus, yellow fever virus, and chikungunya. Aedes aegypti and 

Aedes albopictus mosquitoes are the two primary agents of transmission.5-6 In addition to mosquito 

vectors, non-vector forms of transmission including sexual, transfusion, and materno-fetal routes have 

been recognized.7 Reverse transcriptase-polymerase chain reaction (RT-PCR) detected ZIKV in urine, 
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blood, saliva, semen, cerebrospinal fluid, breastfeeding milk, vaginal and cervical secretions. Prolonged 

viremia has been reported in pregnant women than non-pregnant individuals.8 Extent of vertical 

transmission and congenital infection remains unknown as well as the possibility of neonatal 

transmission via breastfeeding.8 

4.1.1. Viral Structure and Life Cycle 

ZIKV is a member of the Flaviviridae family, which consists of a large group of enveloped viruses 

including other globally relevant human pathogens: dengue virus (DENV), yellow fever virus, tick-

borne encephalitis virus, West Nile virus, and Japanese encephalitis virus.9 Like any flaviviruses, ZIKV 

encapsulates a single-stranded, positive-sense RNA genome (10.749 Kb), which consists of a single 

open reading frame (ORF) flanked by 5’ and 3’ untranslated regions. The ORF encodes for a 

polyprotein that is post-transitionally cleaved into three structural [capsid (C), precursor membrane 

(prM), envelope (E)] and seven non-structural proteins by both viral and host proteases. After assembly 

in the endoplasmic reticulum, flavivirus virions exists as a non-infectious immature spiky particle, which 

consists of 60 trimeric protrusions of the E:prM heterodimers arranged in a icosahedral symmetry.10-11 

When the virus transits through the secretory pathway, the acidic environment in the trans-Golgi 

network induces a reorganization of the heterodimers into E homodimers, exposing the furin protease 

cleavage site within prM. Removal of the pr peptide following prM cleavage generates the mature 

infectious virion, which is a smooth particle that displays an icosahedral arrangement of 90 E:M 

heterodimers.12 When the virion enters host cells via endocytosis, an irreversible conformational change 

in E protein triggered by the acidic endosomal environment allows dimer to trimer transition and the 

subsequent membrane fusion event.13 This fusion with the endosomal membrane then releases the 

nucleocapsid into cytoplasm. The flavivirus membrane-fusion mechanism involves a low-pH induced 
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dissociation of the Zika E dimer, outward projection of Zika E monomer, and lastly, formation of the 

fusion-state trimer.13-15 

4.1.2. ZIKV Envelope Protein 

ZIKV E glycoprotein (Figure 4.1) is a predominantly β-sheet protein that folds into 

membrane-proximal stem, transmembrane anchor, and three ectodomains: domain I (DI), a central β-

barrel-shaped domain; domain II (DII), an extended finger-like dimerization domain; and domain III 

(DIII), an immunoglobulin-like domain.16 The E ectodomain is anchored to the viral membrane via the 

membrane-proximal helical stem and two anti-parallel transmembrane α-helices.16 DI contains the N-

linked glycosylation site at position E154 that is absent in pre-epidemic ZIKV strains from Africa. The 

hydrophobic fusion loop (FL), which mediates a pH-mediated endosomal fusion, is located at the distal 

end of DII. DIII is responsible for host surface recognition and attachment. 

The E protein is the main antigenic target of neutralizing antibodies, which bind to epitopes in 

the three structural domains. Large fraction of anti-ZIKV antibodies recognize the DII-FL, which is 

highly conserved across flaviviruses. Animal studies demonstrated that the cross-reactive DII-FL 

antibodies exhibited modest, or even low, neutralizing capacity due in part to the partial accessibility of 

the DII-FL epitope on the mature virion.17 Three spatially distinct epitopes in DIII, i.e., lateral ridge, C-

C’ loop, ABDE sheet regions have been defined.12 A monoclonal antibody recognizing the solvent-

accessible lateral ridge epitope conferred protection in vivo12 by preventing E protein rearrangement 

necessary for endosomal fusion.18 Complex quaternary epitopes formed by more than one domain in E 

protein are also recognized by potently neutralizing anti-flavivirus antibodies.17,19-21 
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Figure 4.1. Structure of ZIKV E protein. 
(A) Schematic diagram of domain organization for ZIKV E. Domain I, II, III are shown in red, yellow, 
and blue, respectively. Reprinted with permission from Dai, et al.16 Copyright© 2016, Elsevier Inc. (B) 
Cartoon diagram of the viral membrane showing dimeric ZIKV E (PDB ID: 5JHM) in its pre-fusion 
state. The membrane-proximal stem and transmembrane helices are rendered in orange and green, 
respectively. 

4.1.3. Development of ZIKV vaccines 

Phylogenetic analyses of ZIKV strains isolated from 1947 to 2016 delineated two distinct lineages 

(African and Asian) with <5% amino acid variability.22 The existence of two ZIKV lineages, however, has 

no significant impact on antibody neutralization as ZIKV exists as a single serotype, suggesting that 

strain selection is not a critical factor for vaccine development.23 Nonetheless, close homology of ZIKV 

to DENV prompts issues for diagnosis and vaccine development due to potential cross reactivity. ZIKV 

and DENV E protein DI, DII, and DIII share 35, 51, and 29% amino acid identity, respectively.17 In 

DENV, there is epidemiological evidence that a secondary infection with a heterologous serotype poses 
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a risk factor for an exacerbated disease, leading to dengue hemorrhagic fever/dengue shock syndrome.24 

This is due in part to a phenomenon referred to as antibody-dependent enhancement (ADE), whereby 

antibodies from an initial infection fail to neutralize secondary infection and enhance viral replication.24 

To date, there exists no licensed vaccine or clinically approved therapeutics available to combat 

ZIKV infection. Current prevention strategies include mosquito control, protection of the blood supply, 

barrier protection from sex, and other forms of contraception. Few years after the outbreak, multiple 

vaccine candidates utilizing different platforms have reached preclinical testing or clinical trials. 2 These 

vaccine platforms consists of either inactivated virus,25-26 live attenuated virus,27-28 lipid-nanoparticle-

encapsulated nucleoside-modified mRNA,29-30 naked plasmid or adenovirus-vectored DNA,31-33 Zika 

virus-like particles,34 or recombinant ZIKV E protein.35-36 

Liposomal vaccine for the prophylactic treatment of viral infection has been applied to the 

development of vaccine against hepatitis,37-38 influenza,39-40 and respiratory syncytial virus.41 Aside from 

its biodegradability and versatility, liposomal subunit vaccines elicit low reactogenicity and exhibit a 

safety profile. A vaccine with an excellent safety profile is necessary for high-risk people such as pregnant 

women, immunocompromised patients, and elderly individuals. In this study, a liposomal vaccine 

platform containing cobalt porphyrin phospholipid (CoPoP) allows non-covalent attachment of 

histidine-tagged antigens to the metal center through coordinate covalent interactions. Liposome 

variants incorporating the immunostimulatory adjuvants such PHAD and QS-21 were formulated to 

enhance immunogenicity of the vaccine platform. 

ZIKV E represents an attractive target for vaccine development due to its important role in viral 

entry to host cells, which is the first crucial step in viral infection. Neutralizing antibodies may bind to 

the fusion-state structures and prevent necessary E protein conformational changes to allow fusion of 

the host and viral membranes. Different strategies in ZIKV subunit vaccine design has been employed in 
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this study. Initial strategy involves association of the ZIKV E lacking the stem region and 

transmembrane anchor to the CoPoP/PHAD liposomal system. The second approach involves a 

smaller subunit vaccine using ZIKV EDIII, which is continuous folding domain that is recognized by 

several neutralizing antibodies. The protein approach failed to confer protection in a challenge study 

using a mouse model whereas the single domain approach exhibited high specificity and less cross-

reactive but also lacked protective ability. The last approach involves novel membrane-proximal 

biomimetic stem portions of ZIKV, namely h1 and h2 (Figure 4.2). The membrane-proximal stem is 

involved in enhancing trimer formation and DIII binding during the fusion process.13 The peptide 

vaccine strategy using peptide h2, not h1, bound to CoPoP/PHAD/QS-21 liposomes allowed elicitation 

of neutralizing antibodies, albeit at low level. 

Figure 4.2. Amino acid sequences of stem peptides h1 and h2 used in ZIKV vaccine strategy 3. 

4.2. Materials and Methods 

4.2.1. Liposome Preparation 

CoPoP/PHAD liposomes composed of four parts 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC, Corden # LP-R4-057), two parts cholesterol (PhytoChol, Wilshire Technologies), one part 

synthetic monophosphoryl lipid A, PHAD (Avanti # 699800P), and one part laboratory-made CoPoP 

by mass were prepared as previously described.42 In brief, liposomal components at indicated mass ratio 
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were dissolved in ethanol at 60 °C, followed by slow addition of pre-heated PBS and then nitrogen-

pressurized lipid extrusion at 200 PSI using a membrane stack of decreasing size (i.e., 200, 100, and 80 

nm). Extruded liposomes were dialyzed in PBS at 4 °C to facilitate removal of ethanol and then were 

characterized by dynamic light scattering using NanoBrook 90Plus PALS instrument to measure 

liposome size and polydispersity index. Final liposome solution was diluted to adjust concentration to 

320 µg/mL PHAD. An analogous preparation was conducted for PoP/PHAD liposomes. For liposomes 

labeled CoPoP/PHAD/QS-21, QS-21 (Desert King) was incubated with the liposomes consisting of 

20:5:1:1 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti # 

850375P):cholesterol:PHAD:CoPoP at equal mass ratio with PHAD. 

4.2.2. Characterization of histidine-tag ZIKV antigens to CoPoP-containing liposomes 

ZIKV antigen [ZIKV E (Meridian Life Science # R01635), ZIKV EDIII (US Biological Life Science # 

361725), h1 and h2 (Genscript)] diluted to 80 µg/mL was incubated with CoPoP/PHAD liposomes at 

4:1 mass ratio of PHAD:protein. After incubation, liposomes were pelleted by high-speed centrifugation 

and then any unbound protein in the resulting supernatant was quantified by micro-BCA assay or 

subjected to denaturing electrophoresis. Standard protocol for SDS-PAGE using Tris-Glycine buffer 

system was followed. Percent binding was calculated based on the absorbance signal of the free protein. 

4.2.3. Murine Vaccination and Adjuvant Formulations 

Animal experiments were conducted in accord to University at Buffalo IACUC. For the dose de-

escalation study, eight-week-old female CD-1® (ICR) mice received intramuscular (IM) injections 

containing the indicated dose of ZIKV E (African strain, Fitzgerald # 30-1932) incubated with either 
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CoPoP/PHAD or PoP/PHAD liposomes on days 0 and 21. For the adjuvant comparison study, 100 ng 

ZIKV protein or 0.5 µg peptide combined with indicated adjuvant was administered to CD-1® mice on 

day 0 and 21, unless otherwise stated. All liposomes used in the study were incubated with ZIKV E at 1:4 

mass ratio of protein:PHAD for 3 hr at room temperature prior to injection and diluted in PBS to 

achieve desired antigen dose for immunization. For commercial adjuvants, Sigma Adjuvant System 

(Sigma, # S-6322), AddaVax (InvivoGen # vac-adx-10), and TiterMax Gold Adjuvant (Sigma, # T-

2684), vaccine formulations were prepared according to manufacturer’s instructions. For Alhydrogel 2% 

aluminium gel (Accurate Chemical and Scientific Corporation # A1090BS), alum was mixed with the 

antigen to a final concentration of 1.5 mg/mL. Final bleed was done on day 42 unless otherwise stated. 

Serum was collected after centrifugation at 2,000 rcf for 15 min. 

4.2.4. Antibody Titer Estimation using ELISA 

Immunoglobulin (IgG) titers were estimated by enzyme-linked immunosorbent assay (ELISA). A 96-

well plate (Thermo Scientific Nunc # 442404) was coated with 100 ng/well OspA, blocked with 2% 

bovine serum albumin (BSA) in PBS containing 0.1% Tween20 (PBS-T), and incubated with mouse 

serum serially diluted in 1% BSA in PBST. After incubation with horse radish peroxidase-conjugated 

goat anti-mouse secondary antibody IgG (Genscript # A00160), tetramethylbenzidine (TMB, Amresco 

# J644) was added. Endpoint titers were defined as the reciprocal serum dilution at absorbance (450 

nm) cutoff of 0.5. For cross-reactivity binding studies, ELISA plate was coated with DENV E type 2 

(Neoscientific # DEPS-013). 
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4.2.5. ZIKV Neutralization Assay 

Plaque Reduction Neutralization Test (PRNT) assay was conducted to detect and measure ZIKV 

neutralizing antibodies in the immunized mouse serum samples. Post-immune sera were heat-

inactivated (56 °C, 30 min), serially diluted, and mixed with approximately 50 plaque forming units 

(PFU) of ZIKV (PE243). This is followed by incubation at 37 °C for 1 hr and addition to monolayers of 

BHK-21 (clone 15) cells in multi-well plates, overlayed with 1% methyl cellulose and incubated for 

5 days at 37 °C. The plates were then washed, stained with Crystal Violet, and dried. Plaques were 

subsequently counted and PRNT70 is defined as the reciprocal of the highest dilution of post-immune 

serum that resulted in reduction of viral infectivity by 70% in comparison to non-immunized control. All 

assays were performed in duplicate. 

4.2.6. Challenge Studies using A129 mice 

Eight-to-ten week old A129 mice deficient in interferon α/β receptor were bred in the pathogen-free 

animal facilities of the University of Rochester Medical Center in collaboration with Dr. Stephen 

Dewhurst. Following immunization with ZIKV E nanoliposome, foot pad injection of 103 PFU of ZIKV 

(Paraiba strain) were administered to groups of mixed sex A129 mice (one male, 4 female). After 

infection, mice were monitored daily for the duration of the study. Weight changes and percent survival 

were calculated. Experimental endpoints were determined by either 20% weight loss or paralysis in the 

hind legs. 
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4.2.7. Indirect Immunofluorescence Assay 

Coverslips containing fixed ZIKV-infected Vero cells were kindly provided by Dr. Patricia Aguilar at 

University of Texas Medical Branch. After blocking with 3% BSA in PBS containing 0.1% Tween20, 

coverslips were incubated with mouse serum diluted 1/500 in 3% BSA in PBS at 37 °C for 1 hr and 

subsequently washed with PBS. DyLight488-conjugated goat anti-mouse IgG secondary antibody 

(ImmunoReagents # GtxMu-003-F488NHSX) was diluted 1/500 in 3% BSA in PBS and then incubated 

with slide for 30 min at 37 °C. Slides with the stained coverslips were mounted with ProLong Gold 

Antifade with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific # P36931) and imaged 

with an EVOS FL microscope using a 50× objective lens. 

4.3. Results and Discussion 

In this study, multiple approaches using a liposomal-based vaccine platform have been applied 

in designing a recombinant subunit vaccine against ZIKV. The liposome vaccine involves non-covalent 

surface attachment of a ZIKV antigens to CoPoP liposome variants. ZIKV E, the target of neutralizing 

antibodies, has been the leading candidate for subunit vaccine development against ZIKV. Association 

of this antigen to liposome at post-vesicle formation was achieved by simple incubation under native 

conditions for three hours. Specific binding to CoPoP-containing liposomes was indirectly quantified by 

micro-BCA assay of the supernatant obtained by high-speed centrifugation that contains any unbound 

ZIKV E. Results (Figure 4.3 A) showed about 70% and 60% binding to CoPoP/PHAD and CoPoP 

liposomes, respectively. These are corroborated by electrophoretic results (Figure 4.3 B) showing 

minimal protein bands for both CoPoP/PHAD and CoPoP liposomes. Negative control consisting of a 
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similar formulation with CoPoP/PHAD liposome but without cobalt indicated in both assays the lack of 

ZIKV E binding. 

Figure 4.3. Characterization of his-tagged binding of Zika envelope protein to liposomes 
containing CoPoP. 
Specific binding of his-tagged ZIKV E to CoPoP/PHAD and CoPoP liposomes assessed by (A) 
microBCA assay and (B) SDS-PAGE of the supernatant obtained from high-speed centrifugation after 3 
hr incubation with the indicated liposomes. (C) Hydrodynamic diameter and (D) polydispersity index 
of pre- and post-incubated liposomes measured using dynamic light scattering. Error bars represent 
standard deviations for n=3 measurements. 

DLS measurements (Figure 4.3 C and D) were acquired to evaluate liposomal size and size 

distribution after ZIKV E binding. No drastic changes in effective diameter and polydispersity were 

observed after ZIKV E incubation with CoPoP/PHAD liposomes but not with CoPoP liposomes. 
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Instability of CoPoP liposomes can in part account for the significant increase in liposomal size and 

extensive variation in polydispersity. As expected, PoP/PHAD liposomes maintained both size and size 

distribution after incubation. 

Immunogenicity of ZIKV E liposomal vaccine was further assessed by comparing to 

commercially available adjuvants (Figure 4.4 B). Vaccination with 100 ng ZIKV E combined with 

CoPoP/PHAD liposomes elicited an antigen-specific antibody titer on the order of 105 that is 

comparable to that obtained from dose de-escalation study. In the absence of the immunostimulatory 

adjuvant, PHAD, in the chelating liposomal formulation, calculated antibody titer was lower about one 

order of magnitude. This is comparable to antibody titer induced by the traditional adjuvant, alum. 

Sigma Adjuvant System®, which is an oil-in-water emulsion containing Monophosphoryl Lipid A and 

synthetic Trehalose Dicorynomycolate elicited similar antibody titer to that for the squalene-based oil-

in-water nano-emulsion, AddaVax. ZIKV E immunogenicity combined with adjuvants based on oil-in-

water emulsions exhibited lower anti-ZIKV E antibodies compared to CoPoP/PHAD liposomes. 

Lowest antibody titer was measured for the water-in-oil adjuvant, TiterMax® Gold Adjuvant. 

Despite better adjuvanticity of CoPoP/PHAD liposomes compared to other commercial 

adjuvants, PRNT assay showed lack of avidity or sufficient titer of neutralizing antibodies induced by 

ZIKV E nanoliposomal vaccine. Moreover, assessment of the specificity and cross-reactivity of the ZIKV 

E-induced immune response by ELISA measurements revealed that large population of generated 

antibodies are cross-reactive and recognize epitopes in DENV E (Figure 4.4 C). This is mainly 

accounted by the close homology between ZIKV and DENV E proteins. This antigenic similarity has 

been suggested by the difficulty in distinguishing ZIKV and DENV infection in serological testing.43 
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Figure 4.4. Evaluating immunogenicity of ZIKV E liposomal vaccine following prime-boost 
vaccination of CD-1 mice. 
(A) Dose de-escalation study to evaluate immunogenicity of ZIKV E liposomal vaccine. (B) Anti-ZIKV 
E IgG titers induced by CoPoP-containing liposomes in comparison to other commercial adjuvants. 
Prime and boost injections were administered to CD-1 mice on day 0 and 21. Serum collection was 
performed on day 42. (C) Cross-reactivity of ZIKV E-induced antibodies to DENV E in terms of 
binding. Horizontal lines represent geometric mean. 

Challenge study using A129 mice was conducted to further evaluate functionality and protective 

capacity of ZIKV E-induced antibodies. A129 mice, which lacks the receptor for type I interferon α/β, 

has been used as clinical model to study ZIKV infection.44 Unlike CD-1 mice, this mouse model displays 

signs of ZIKV pathogenesis. Due to its immunocompromised nature, two booster injections were 

administered on days 21 and 42 after prime injection, eliciting an antibody titer on the order of 104 
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(Figure 4.5 A). Vaccination regimen was modified since low antibody titer was obtained after the first 

booster injection. Foot pad inoculation of A129 mice with 103 PFU of ZIKV (Paraiba strain) after the 

second booster injection resulted to substantial weight loss (20%) and low survival rates despite high 

antibody titer for CoPoP/PHAD liposomes (Figure 4.5 B and C). All cohorts of A129 mice succumbed 

to infection at day 9 post-infection. This lack of protection was also observed in a repeat study using a 

lower dose inoculum of 50 PFU, showing susceptibility of the immunized A129 mice to ZIKV infection 

even at this estimated LD50. Increasing antigen dose level may improve effectiveness of ZIKV E 

nanoliposomal vaccine. Other studies using recombinant ZIKV E was able to demonstrate protective 

efficacy at the microgram dose level.35-36 

As the ZIKV E nanoliposomal vaccine failed to confer protective efficacy and generated 

antibodies with high cross-reactivity to DENV, another approach using ZIKV EDIII was undertaken to 

improve specificity of vaccine-induced antibodies by decreasing the antigen size. ZIKV EDIII, a 

continuous folding domain, represents an attractive vaccine target since studies have demonstrated that 

ZIKV EDIII-reactive monoclonal antibodies are more specific and neutralizing than EDI/EDII reactive 

antibodies.17 ZIKV EDIII binding to CoPoP/PHAD liposomes was confirmed by micro-BCA assay of 

the supernatant from high-speed centrifugation (Figure 4.6 A). DLS measurements indicated a slight 

increase in post-incubation liposomal size with fairly insignificant changes in polydispersity (Figure 4.6 

B and C). 
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Figure 4.5. In vivo challenge studies using IFNAR-/- mice following three injections of 100 ng 
ZIKV E with CoPoP/PHAD liposomes. 
(A) Anti-ZIKV E IgG titers at 0.5 A450 cutoff as determined using ELISA. (B) Immunized A129 mice 
were inoculated with 103 PFU of ZIKV (Paraiba strain) though foot pad injection. (C) Daily weight 
changes measured until day 10 post-infection. Horizontal lines and error bars represent geometric mean 
and standard deviation of the mean, respectively. 
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Figure 4.6. Binding characteristics of ZIKV EDIII to CoPoP/PHAD liposomes. 
(A) Specific binding of his-tagged ZIKV EDIII to CoPoP/PHAD liposomes as evaluated by micro-BCA 
assay of the supernatant obtained from high-speed centrifugation. (C) Hydrodynamic diameter and (D) 
polydispersity index of pre- and post-incubated liposomes measured using dynamic light scattering. 
ZIKV EDIII was incubated with the indicated liposomes for 3 hr before acquisitions. Error bars 
represent standard deviations for n=3 measurements. 

Immunogenicity of the ZIKV EDIII nanoliposomal vaccine was evaluated by ELISA. 

Immunization of CD-1 mice with 100 ng ZIKV EDIII combined with CoPoP/PHAD liposomes on day 

0 and 21 stimulated antibody levels on the order of 104 that is not significantly different compared to 

PoP/PHAD liposomes and alum (Figure 4.7 A). Nevertheless, higher specificity of anti-EDIII 

antibodies was observed (Figure 4.7 B). This is attributed to the low amino acid identity between 

DENV and ZIKV EDIII. Virus neutralization assay on post-immune sera, however, suggested lack of 

sufficient concentration or avidity of neutralizing antibodies. Since studies demonstrated that CD8+ T 

cells play a protective role in controlling ZIKV infection in a mouse model,45 incorporation of QS-21 

adjuvant in the liposomal formulation may enhance cell-mediated immune response. Thus, a liposomal 

formulation containing this saponin adjuvant has been utilized to improve overall vaccine efficacy. 

Murine vaccination using double-boost vaccination regimen was performed and post-immune serum 

antibodies were assessed by ELISA (Figure 4.7 C). Calculated IgG titers for CoPoP/PHAD/QS-21 
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liposomes are higher by at least one order of magnitude compared to alum and the liposome counterpart 

that lacks cobalt. However, functionality of induced antibodies has not been tested yet. 

Figure 4.7. Assessing immunogenicity of ZIKV EDIII nanoliposomal vaccine. 
(A) Anti-ZIKV EDIII IgG titers induced by CoPoP/PHAD liposomes. Prime and boost injections 
containing 100 ng of antigen combined with indicated adjuvant were administered to CD-1 mice on day 
0 and 21. Serum collection was performed on day 42. (B) Specificity of ZIKV EDIII-induced antibodies 
as evaluated by ELISA using post-immune sera collected from CD-1 immunization with CoPoP/PHAD 
liposome vaccine. (C) Anti-ZIKV EDIII IgG titers induced by CoPoP/PHAD liposomes. Three 
injections of 100 ng ZIKV EDIII combined with indicated adjuvant were administered to CD-1 mice at 
intervals of 21 days. Horizontal lines represent geometric mean. 

The last ZIKV subunit vaccine strategy used in this study utilizes a novel ZIKV membrane-

proximal stem peptides, which play a role in the trimer formation and DIII binding during the 

membrane fusion event.13 Excellent binding to the CoPoP liposomal system was attained for stem 

peptides, h1 and h2, but without retention of the liposomal size and size distribution (Figure 4.8). This 

binding-induced liposome aggregation was prevented by using a different liposomal formulation using 

DOPC instead of DPPC. Effective diameter and polydispersity measurements after peptide binding to 

DOPC liposomes indicated non-aggregation of surface-conjugated liposomes even in the presence of 

QS-21 (Figure 4.9 A and B). However, percent binding was not evaluated using high-speed 

centrifugation due to difficulty in spinning down completely the DOPC liposomes. 

72 

https://event.13


  

 

 

              
   

              
             

            
             
     

 
 
 

         

             

              

               

           

               

                 

            

          

            

 

Figure 4.8. Binding characteristics of ZIKV membrane-proximal stem peptides h1 and h2 to CoPoP 
liposomal system. 
(A) Specific binding of his-tagged h1 and h2 to CoPoP/PHAD liposomes as evaluated by micro-BCA 
assay of the supernatant obtained from high-speed centrifugation. (B) Hydrodynamic diameter and (C) 
polydispersity index of pre- and post-incubated liposomes measured using dynamic light scattering. 
Peptides were incubated with the indicated liposomes for 3 hr before acquisitions. Error bars represent 
standard deviations for n=3 measurements. 

The saponin adjuvant, QS-21, was incorporated to the DOPC liposomal formulation to enhance 

Th1 response for an efficient anti-viral adaptive response. The effect of QS-21inclusion into liposomal 

formulation was evaluated using ELISA and PRNT assay. Higher level of IgG antibodies was observed 

for both stem peptides bound to liposomes co-formulated with QS-21 based from ELISA of the post-

immune serum from prime-boost immunization (Figure 4.9 C). Lower antibody titers were, however, 

obtained for peptide h2 than peptide h1 regardless of the liposomal variant. Despite the low overall IgG 

titer induced by stem peptide h2, it exhibited a neutralizing titer of 20 at PRNT 80% reduction only in 

the presence of QS-21, exemplifying the enhanced adjuvant effect with QS-21 incorporation. Peptide h2 

exhibited mild neutralizing ability with the PHAD/QS-21 liposomal system but not peptide h1, 

demonstrating that higher IgG antibody does not necessarily correlate with better neutralizing capacity. 
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Figure 4.9. Effect of incorporation of QS-21 adjuvant in DOPC liposomal formulation. 
(A) Hydrodynamic diameter and (B) polydispersity index of pre- and post-incubated liposomes 
measured using dynamic light scattering after 3 hr incubation of his-tagged h1 and h2 with 
CoPoP/PHAD liposomes with and without QS-21. (C) Enhanced immunogenicity of DOPC-based 
CoPoP/PHAD/QS-21 liposomes. Prime and boost injections containing 0.5 µg of the stem peptide 
combined with indicated CoPoP/PHAD liposomes with and without QS-21 were administered to CD-1 
mice on day 0 and 21. Serum collection was performed on day 42. Horizontal lines and error bars 
represent geometric mean and standard deviation of the mean, respectively. 

To improve neutralizing capacity of the CoPoP/PHAD/QS-21 liposomal system containing 0.5 

µg peptide, vaccination regimen was changed to consist of single prime and double boost injections at 

intervals of 21 days. Despite the longer dose schedule that includes a second boost, no remarked 

increase in the calculated ELISA titer for IgG antibodies was observed for both stem peptides. 

Nonetheless, the IgG antibody titers for CoPoP/PHAD/QS-21 liposomes are higher by at least one 

order of magnitude when compared to alum and the liposome counterpart without cobalt (Figure 4.10 

A and B). To evaluate functionality of stem peptide-induced antibodies, immunofluorescence assay was 

conducted. Immunofluorescence micrographs depict ability of serum antibodies to recognize epitopes 

in ZIKV antigens (Figure 4.10 C). Extent of labeling directly correlates well with the antibody levels for 

the specific peptide. Assessment of the protective capacity of serum antibodies was done using PRNT 
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assay. Serum PRNT70 titer of 40 was obtained for peptide h2 bound to CoPoP/PHAD/QS-21 liposomes 

but not for any vaccination groups (Table 4.1). With the additional boost of the peptide liposomal 

vaccine, a minor improvement in the neutralizing activity of h2-induced antibodies was observed. 

Figure 4.10. Immunogenicity of stem peptide nanoliposomal vaccine using a different vaccination 
regimen. 
ELISA titers for peptide h1 (A) and h2 (B) after three injections of 0.5 µg peptide bound to 
CoPoP/PHAD/QS-21 liposomes on day 0, 21 and 42. Serum was collected on da 63. (C) 
Immunofluorescence assay of ZIKV-infected Vero cells using goat anti-mouse IgG (H+L) secondary 
antibody DyLight® 488 conjugate. Mice sera and secondary antibodies were both diluted at 1:500. 
Horizontal lines represent geometric mean. 
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Table 4.1. Results of PRNT assay for individual post-immune mouse serum from vaccination with 
peptide liposomal system. 

Vaccination Group PRNT70 titer 

h1 + CoPoP/PHAD/QS-21 
h2 + CoPoP/PHAD/QS-21 
h2 + PoP/PHAD/QS-21 
h2 + alum 
CoPoP/PHAD/QS-21 alone 

<40 
<40 
<40 
<40 
<40 

<40 
40 

<40 
<40 
<40 

<40 <40 
<40 40 

<40 <40 
<40 <40 
<40 <40 

<40 
40 

<40 
<40 
<40 

4.4. Conclusion 

The CoPoP/PHAD liposomal vaccine platform facilitates facile surface conjugation of ZIKV 

antigens by simple aqueous incubation without any dramatic change in liposomal size and distribution. 

Three approaches to the ZIKV subunit vaccine design was used in this study. The initial approach using 

the ZIKV E lacking the stem region and transmembrane anchor allowed stimulation of IgG antibodies 

that cross-reacted with DENV E. The protein liposomal vaccine also failed to protect immunized A129 

mice from ZIKV infection in a challenge study. The second vaccine strategy entails the use of a single 

domain, ZIKV EDIII, which induces less cross-reactive antibodies but not sufficient neutralizing 

antibodies. The last approach uses a novel membrane-proximal biomimetic stem portions of ZIKV, 

namely h1 and h2. Addition of QS-21 into the CoPoP/PHAD liposomes comprising of DOPC lipids 

enhanced immunogenicity of the peptide liposomal vaccine. Three immunizations of h1 liposomal 

vaccine induced antigen binding IgG titer but failed to neutralize ZIKV whereas post-immune sera for 

h2 demonstrated weak neutralization in PRNT assay. Improvement in neutralizing capacity of these 

76 



  

            

  

 

  
 

                  
       

                 
 

                  
 

             
               

        
                  

               
      

                  
   

                 
                

                     
                   
             

 
              

              
     

                     
             

 
                  

                
      

                     
                

    
              

    
               

    

ZIKV subunit vaccines using CoPoP liposomal system can in principle be achieved by using a higher 

antigen dose level. 
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CHAPTER 5: CONCLUSION AND FUTURE DIRECTION 

Studies in this dissertation overall demonstrated the feasibility of antigen association with 

CoPoP liposomes using polyhistidine tag as anchor. This non-covalent approach to surface 

functionalization using CoPoP leads to a relatively stable binding in serum owing to its sheltered binding 

site. Also, the functionalization process avoids any potential risk of epitope modification associated with 

chemical modification and allows antigen attachment without concomitant conformational changes in 

the antigen. Due to its structural versatility, this liposomal system can allow attachment of any medically 

relevant proteins or peptides against any infectious disease. 

Chapter 2 validated the importance of particleization in cobalt tetrapyrrole immunization. Mode 

of antigen attachment in the liposome membrane via CoPoP facilitated production of functional 

antibodies that recognized P. falciparum ookinetes and displayed transmission-reducing activity. Non-

associated form of cobalt tetrapyrrole as mimicked by cobalamin indicated instability in serum and non-

immunogenicity in mice studies. Further studies can be conducted using different liposomal size and 

types to determine its impact on the immunogenicity of the liposomal platform. 

Chapter 3 demonstrated the use of CoPoP/PHAD liposomes in the development of a 

transmission blocking vaccine against Lyme disease. Double low-dose immunization of CD-1 mice with 

the nanoliposomal vaccine elicited year-long OspA-specific Th1-type IgG antibodies. Generated 

antibodies labeled B. burgdorferi in immunofluorescence assay and displayed potent bactericidal activity 

that is significantly higher than alum. As OspA-based vaccine as a transmission blocking vaccine relies 

heavily on the longevity of bactericidal antibodies, it is vital to check for borreliacidal activity of post-

immune sera one year following prime vaccination. Protective immunity of CoPoP liposomal vaccine 

can be further demonstrated in an in vivo challenge study via tick infestation or needle inoculation. 
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Passive transfer studies can be conducted to study the role of antibody-mediated protection against 

Lyme disease. Considering antigenic heterogeneity of OspA, functionalized CoPoP liposomes 

displaying a multiplex system of the six serotypes of liposomes can confer efficient cross-protection 

against the disease. Extension of the study to include the different serotypes of OspA and thus create a 

multivalent vaccine eliminates serotype-specificity of the protective immunity of anti-OspA antibodies. 

For Borrelia burgdorferi (serotype 1), mutation of cross-reactive T-cell epitope will avoid any potential 

risk of arthritogenicity. 

Chapter 4 described pilot studies using different vaccine strategies involving various ZIKV 

antigens, i.e. ZIKV E, ZIKV EDIII, ZIKV MPER peptide h1 and h2. Protein and single domain 

approaches failed to exhibit neutralization in PRNT assay due to insufficiency or avidity of neutralizing 

antibodies. Large population of cross-reactive antibodies was generated with ZIKV E nanoliposomal 

vaccine. This was circumvented by reducing antigen size to single domain that is mainly recognized by 

highly specific neutralizing antibodies. Using a DOPC-based liposome variant containing both QS-21 

and PHAD, weak neutralization was observed with peptide h2, but not h1, after three injections with 0.5 

µg of the peptide. This demonstrated that elicitation of neutralizing antibodies can be achieved by 

modifying liposome formulation. These ZIKV subunit vaccines using CoPoP liposomal system can be 

further improved using increasing antigen dose level to induce robust immune response with 

neutralizing activity. Dose escalation studies can be conducted to determine minimal dose level that 

allows efficient neutralization. Also, in vivo challenge studies can be performed in pregnant animals to 

demonstrate vaccine-mediated protection against placental and fetal infection. 
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APPENDIX 

Figure A1. Gating Strategy for RAW264.1 macrophage uptake of DY-490-Pfs25 and liposomes. 
Cells were first gated based on the forward and side scatter. Images are representative for three different 
experiments. 
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Figure A2. Gating Strategy for macrophage uptake of DY-490-OspA and liposomes. 
Cells were first gated based on the forward and side scatter. Images are representative for three different 
experiments. 
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