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Abstract 

The application of only FDA-licensed human anthrax vaccine BioThrax is limited due to it requires 

five-immunization series over 18 months to induce protective immune response and annually 

booster to maintain immunity; In addition, the employment of trace LF and EF in the formulation 

rises concerns on side effects.  In this study, we aim to develop an anthrax vaccine with liposomes 

containing cobalt-porphyrin-phospholipids (CoPoP) as adjuvant and anthrax protective antigen 

(PA) with his-tags as antigen that can provide long-term protective immunity rapidly with less 

immunization series and injection dose.  His-tagged PA is able to bind to liposomes containing 

CoPoP spontaneously to form antigen-adjuvant nanoparticle with size around 150 nm. Mice 

immunization of PA conjugated with liposomes containing CoPoP and PHAD with immunization 

regimens (single immunization, and shortened prime-boost immunization intervals) induced high 

PA-neutralized IgG antibodies in 21 days and provided complete immune protection to mice 

against anthrax spore and lethal toxin challenge. 
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1. Introduction 

Anthrax is a serious infection caused by the contact with the spores produced by a gram-positive 

bacterium Bacillus anthracis. There are three forms of anthrax infections based on the routes of 

anthrax spores invade human body: cutaneous, gastrointestinal, and inhalational anthrax. 

Mortality of anthrax infection varies among these three forms of anthrax infection. Cutaneous 

anthrax infection is the most common form of anthrax infection that accounts for more than 95% 

of cases, has lowest death rate since it can be cured by antibiotics or antibodies treatment. 

Nevertheless, gastrointestinal and inhalational anthrax infection have extremely high mortality 

rates even with appropriate treatment such as the combination of antibiotics and monoclonal 

antibodies treatment. Due to high mortality rates of anthrax infection and anthrax spores’ long-

period preservable and highly resilient properties, bacterium Bacillus anthracis or anthrax spores 

are most likely to be used as bioweapon in wars or terror attack [1, 2]. To prevent anthrax infection, 

prophylactic anthrax vaccines are recommended by CDC for people at high risk like military 

personnel or anthrax laboratory researchers before possible exposure to anthrax spores.  

Anthrax Vaccine Adsorbed (AVA), the current FDA-licensed human anthrax vaccine approved for 

both pre- and post-exposure prophylaxis, is produced from sterile bacterium-free culture media 

filtrate of a toxigenic and non-encapsulated strain of Bacillus anthracis that contains proteins/toxins 

released by bacteria during the period of growth, note that the content of proteins is varied from 

lot to lot. The current administration regimen of AVA for pre-exposure prophylaxis purpose 

requires 3-immunization primary series (0, 1, 6 months for intramuscular injection, or 0, 2, 4 weeks 

for subcutaneous administration) and 2-immunization booster series at 6 and 12 months after the 

completion of primary series. To main enough immunity, an annual booster is also required [3].  

AVA is effective but it leaves much to be improved due to its long multiple immunization series 

and short duration of vaccine-induced immunity protection. Another major drawback of AVA is its 
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relatively high frequency of vaccine associated adverse side effects [4, 5]. Previous studies found 

that AVA is formulated to contain protective antigen (PA) as principal antigen and traces of lethal 

factor (LF) and edema factor (EF) [6], which these three proteins are the components of anthrax 

exotoxins. These proteins are non-toxic to human and animals if they are present alone, however, 

the two combinations of them are virulent: lethal toxin (LT) that induces cell apoptosis is formed 

as a result of the combination of PA and LF; EF combines with PA to form edema toxin (ET) which 

causes edema and tissue swelling [7]. The employment of multiple antigens in AVA improves 

immunogenicity and vaccine effectiveness, on the other hand, the gather of PA, LF, and EF in 

AVA may lead to the formation of virulent toxins that rises concerns on safety issues.  Hence, the 

aim of this study is to develop an effective single-antigen anthrax vaccine that can provide long 

last immune protection against anthrax with few immunization doses.  

Among three anthrax exotoxin components, intensive studies indicate that PA is the most 

promising protein antigen in single-antigen anthrax vaccine due to PA’s critical role in anthrax 

pathogenesis [7, 8]. In the process of anthrax toxin entry into cellular cytoplasm, 83-kDa protein 

PA (PA83) binds to the cellular receptor on host cell surface, then PA83 is cleaved by cellular 

protease to produce two fragments, PA20 and PA63. PA63 is the functional portion that is able to 

assemble into hollow-cylinder shaped oligomers, and this oligomeric structure forms an internal 

channel and enables the translocation of LF and EF into cytosol, where LF and EF become 

catalytic and toxic (Fig 1) [7-10]. Based on aforementioned information, PA is essential in 

developing anthrax pathogenesis while it is incapable of undergoing any catalytic activity in 

cytosol to harm cells, which makes it a safe antigen in vaccines. In addition, there are studies 

reported that antibodies against PA are able to neutralize anthrax toxin and have anti-spore 

activity in vitro [11], which indicates anti-PA antibodies can confer immune protection. Therefore, 

PA is used as primary antigen in this vaccine system.  
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Figure 1 Schematic overview of cellular entry of anthrax toxin and anthrax pathogenesis. 
Bacterium Bacillus anthracis produces and releases three anthrax toxin components: PA83, LF 
and EF. PA83 binds to the cellular receptor on host cell surface, then PA83 is cleaved by cellular 
protease to produce two fragments, PA20 and PA63. PA63 is the cellular receptor-binding portion 
that is able to assemble into hollow-cylinder shaped oligomers, and this oligomeric structure forms 
an internal channel and enables the translocation of LF and EF into cytosol. In the cytosol, LF 
cleaves MEKs that leads apoptosis; on the other hand, EF converts ATP to cAMP so that the 
increase of cAMP level causes edema and tissue swelling. 

 

The elimination of LF and EF as antigens in anthrax vaccine formulation, the immunogenicity and 

toxicity rely on antigens weaken so that adjuvants and antigen-engineering are needed to improve 

overall vaccine immunogenicity. The adjuvant used in commercial AVA is Alum, which is widely 

used as adjuvant in vaccines of different diseases over decades because its cheap cost and good 

record of safety. Alum, an aluminum hydroxide wet gel suspension, adsorbs protein antigens 

through ligand exchange and electrostatic interactions [12, 13]. The injection of Alum activates 

the antigen uptake by innate immune cells through pattern recognition receptors and triggers 

immune response over a long time through the formation of depot at injection site since adsorbed 

antigen on the Alum’s surface can be released gradually, which induces long-lasting Th2 
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response and great production of IgG antibody titers [14, 15]. However, Alum is not an effective 

vaccine adjuvant for those intracellular pathogens that requires strong Th1 cell-mediated immune 

response. Although bacterium Bacillus anthracis is not an intracellular pathogen which they multiply 

and secrete anthrax endotoxins extracellularly, yet the mechanism and the location where 

germination of anthrax spores occur after anthrax spores invade into body is not fully understood. 

However, some studies reported that anthrax spores can survive through the phagocytosis 

process and germinate within macrophages’ endosomes intracellularly [16-19]. Therefore, Th1 

cell-mediated immune response induced by anthrax vaccine is important as well [20].   

The recent trend is to develop nanoparticles as vaccine adjuvants since the critical advantage of 

nanoparticles is to enhance antigen uptake by antigen presenting cells [21]. Synthetic 

oligodeoxynucleotides containing unmethylated CpG motifs are one of well-studied novel 

nanoparticles as potential vaccine adjuvant for anthrax PA. Unmethylated CpG motifs are 

prevalently found in bacterial DNA but only found in the mitochondrial DNA in vertebrates. 

Synthetic CpG oligodeoxynucleotides are recognized by TLR-9 on macrophages, dendritic cells 

and B cells to induce Th1-biased humoral immune response [22, 23]. In [24], the immunization of 

10 µg recombinant PA mixed with synthetic CpG oligodeoxyneucleotides linked to sucrose 

polymer ficoll that formed nanoparticles with size of 50 nm in monkeys induced high toxin-

neutralization IgG antibody titers on day 42 after primary injection. In addition, all immunized 

monkeys survived inhaled anthrax spore challenge. Another approaches include conjugating PA 

to T4 Bacteriophage and engineering PA into virus-like particles [25, 26]. These strategies are 

promising, however, are complex and time consuming and may risk in inducing heterogeneous 

antigen population.  

Liposome containing CoPoP can easily conjugate with his-tagged proteins easily and stably by 

simple mixing and incubation [27, 28] (Fig 2). So that Liposomes composed of CoPoP and PHAD 

with average 150-nm size are potent vaccine adjuvant since they can be an antigen delivery 
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platform to promote antigen processing for mounting innate immunity and stimulant to enhance 

adaptive immunity. In my thesis, I characterized the particlization of liposomes and anthrax 

protective antigen, and compared the efficacy of liposome- antigen nanoparticles with other 

vaccine adjuvants in vitro and in vivo. 

 

Figure 2 Spontaneous nanoliposome-antigen particlization (SNAP). His-tagged protein 
antigens stably bind to CP liposomes that contain CoPoP via non-covalent bonding to form all-in-
one nanoparticles by simple mixing and incubating at room temperature. Protein antigen binding 
to CP liposomes results in slight increase in the effective diameter of liposomes.  
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2. Materials and Methods 

2.0 Protein antigens 

Protein antigens used in this thesis projects included PA-3M, PA-3MH6, PA-CT, which were 

provided by Dr. Stephen Leppla, these proteins were produced by similar method as previously 

described [29-32]. 

2.1 Liposome preparation 

PoP and CoPoP lipid were synthesized as previously described in detail [28]. The formulation of 

liposomes was summarized in Table 1.  

Liposomes 

Componetial Lipids in mass ratio 

DPPC Chol PHAD CoPoP PoP 

CP liposomes 4 2 1 1 0 

2HP liposomes 4 2 1 0 1 

CoPoP-Alone liposomes 4 2 0 1 0 

CoPoP/PoP liposomes 4 2 0 0.8 0.2 

Table 2 A summary of formulation of liposomes used in experiments.  

CP liposomes were composed of DPPC (Corde #LP-R4-057), cholesterol (PhytoChol, Wilshire 

Technologies), PHAD (Avanti #699800P), and CoPoP in a mass ratio of 4:2:1:1, respectively. The 

formulation of 2HP liposomes was DPPC, cholesterol, PHAD, and PoP in a mass ratio of 4:2:1:1, 

respectively. CoPoP-Alone liposomes were composed of DPPC, cholesterol and CoPoP in a 

mass ratio of 4:2:1, respectively. CoPoP/PoP liposomes were composed of DPPC, cholesterol, 

CoPoP and PoP in a mass ratio of 4:2:0.8:0.2, respectively. CP liposomes, 2HP liposomes, 

CoPoP-Alone liposomes and CoPoP/PoP liposomes were produced by using the same method. 

Componential lipids in designated mass ratio were completely dissolved in 1 mL pre-heated proof 

200 ethanol at  60 ºC, briefly sonication of lipid solution in a water bath sonicator may help break 

up large particles to fully dissolve lipids. Then 4 mL PBS was injected to lipid solution to form 

liposomes spontaneously. The size and PDI of liposomes were uniformized by three steps. First, 
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liposomes solution was filtered through a sterile 0.45 µm filter, followed by 15 times lipid extrusion 

driven by 200 PSI nitrogen gas pressure through an ordered stack of polycarbonate membranes 

with 0.2, 0.1, and 0.08 µm in a nitrogen pressurized liposome extruder (Northern Lipids) at 60 ºC. 

Residual ethanol in liposome solution was removed by dialysis in 500 mL PBS twice. Liposomes 

were passed through a sterile filter with 0.2 µm cut-off for further quality control. Liposomes 

solution was diluted in sterile DPBS to have a stock concentration of 320 µg/mL PHAD and then 

stored at 4 ºC.   

2.2 Characterization of liposomes 

The size and PDI of liposomes were 250-fold diluted in PBS and then measured at room 

temperature by using dynamic light scattering (NanoBrook 90 plus PALS instrument, Brookhaven 

Instruments). The size and shape of liposomes were characterized by transmission electron 

microscopy. 10 µL of liposomes were deposited on carbon-coated mesh grids (Carbon type-A, 

300 mesh, copper, Ted Pella #01821) and then the grids were stained with 2% uranyl acetate. 

Liposomes images were captured by JEM-2010 electron microscope at 200 kV at various 

magnifications.  

2.3 SNAP 

SNAP was carried out by incubating liposomes and protein antigen in a [PHAD: protein antigen] 

mass ratio of 4:1. To achieve that, stock protein antigen concentration was diluted to 80 µg/mL, 

equal volume of 80 µg/mL protein antigen and stock liposomes at 320 µg/mL PHAD concentration 

were mixed and incubated at room temperature for 3 hr to allow protein antigen binding with 

liposomes’ surface.  

2.4 Assessment of SNAP 
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Following the 3-hr incubation of liposomes and protein antigen in a [PHAD: protein antigen] mass 

ratio of 4:1, protein binding to liposomes was assessed by three ways: microcentrifugal filtration, 

high speed centrifugation, electrophoretic mobility shift assay. 

2.4.1 Microcentrifugal filtration method 

Prior to samples loading, microcentrifugal tubes with 100-kDa MWCO filter membrane (PALL 

#29300) were rinsed with PBS. Samples were loaded in microcentrifugal tubes and then 

centrifuged at 1200 rcf until samples fully pass through the filter membrane. In this process, non-

bound and liposome-bound protein antigen were separated since non-bound protein antigen was 

able to flow through while liposomes and liposome-bound protein antigen were too large to pass 

through filter membrane. Filtrate of each microcentrifugal tube was collected to assess protein 

antigen binding to liposomes. First, the absorbance at 655 nm of filtrate was measured to detect 

if there was any PoP or CoPoP signal from liposomes, this step was to ensure there were no 

liposomes in the filtrate due to defects in filter membrane, which eliminates the possibility of false 

positive non-bound protein signal in the future BCA assay coming from liposome-bound protein 

antigen. The non-bound protein antigen in the filtrate was quantified by adding BCA working 

reagent (micro BCA protein assay kit, Thermo Fisher Scientific #23235) in 1:1 volume ratio and 

measuring BCA absorbance at 562 nm after the formation purple-colored reaction product. 

Protein antigen binding to liposome was indirectly quantified by following calculation: (1 – OD562 

non-bound protein antigen in filtrate/ OD562 filtered same amount of protein antigen at start point) x 100%. 

2.4.2 High speed centrifugation method 

Samples were centrifuged at 20,000 rcf at 4 ºC for 2 hr. As a result of this process, liposomes and 

liposome-bound protein antigen were spin down to form a pellet while non-bound protein antigen 

stayed in the supernatant. Supernatant was collected to determine protein antigen binding to 

liposomes. The absorbance at 655 nm of filtrate was measured to detect if there was any PoP or 
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CoPoP signal from liposomes, this step was to ensure there were no liposomes in the supernatant. 

The protein antigen binding to liposome was determined as described in previous section. 

2.4.3 Electrophoretic motility shift assay 

Both native PAGE and SDS PAGE can be applied for the assessment of SNAP. 5x loading dye 

for native PAGE was prepared and comprised of 50% glycerol, 0.25 M Tris-HCl (pH 6.8), and 

0.25% bromophenol blue. For SDS PAGE, 5x loading dye was comprised of 0.5 M dithiothreitol, 

50% glycerol, 10% SDS, 0.25 M Tris-HCl (pH 6.8), and 0.25% bromophenol blue. Loading dye 

was diluted with samples and then loaded into PAGE gels (4-12%, Tris-Glycine, Lonza #58520) 

and ran with respective running at 160 mV for 1 hr, bufferTris/Glycine buffer (Biorad #1610734) 

for native PAGE, and Tris/Glycine/SDS buffer (Biorad #1610732) for SDS PAGE. Following 

electrophoresis process, the gel was stained with Coomassie blue staining buffer containing 0.1% 

Coomassie Brilliant Blue R-250, 50% methanol, and 10% acetic acid and then destained with 

destaining buffer containing 40% methanol and 10% acetic acid. Gels were imaged by ChemiDoc 

Imaging system (Biorad) and further analyzed with Image Lab Software.  

2.5 Murine Immunization 

Murine studies were conducted in accordance with University at Buffalo IACUC (Approved 

Protocol# BME05044Y). 8-week-old female outbred ICR (CD-1) mice (Envigo RMS Incorporated) 

received IM injections containing different protein antigens combined with types of adjuvants 

following varied immunization regimens. Blood was drawn from lateral saphenous vein at certain 

time points post immunization, mice were sacrificed after final blood collection. Mice blood 

samples were centrifuged at 2000 rcf for 15 min to extract serum.   
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Figure 3 Murine immunization regimen. A) In pilot studies that compared the immunogenicity 
between protein antigen PA-3M and PA-3MH6, PA-3MH6 and PA-CTH6, with adjuvant groups, 
the two inoculations were separated by 3 weeks, on days 0 and 21. Mice blood samples were 

collected on day 42. B) To study the effect of immunization regimen，three groups of mice 

received no boost injection, boost injection on day 7, and boost injection on day 14, repsectively. 
Mice blood samples were collected every week for six weeks and on days 63 and 100. Mice were 
sacrificed on day 100 after final serum collection. 

 

In pilot immunogenicity studies, groups of mice (n=3) were immunized with protein antigen (PA-

3M, PA-3MH6, or PA-CTH6) at dose 100 ng protein antigen per injection formulated with three 

adjuvant groups: CP liposomes, 2HP liposomes and 2% Alum (Accurate Chemical and Scientific 

Corporation #A1090BS). To prepare samples for this immunization study, for CP and 2HP 

liposomes group, 5 µL of the protein antigen (at concentration 80 µg/mL) were mixed and 

incubated with 5 µL stock CP liposomes or stock 2HP liposomes (320 µg PHAD /mL) for 3 hr at 

room temperature to allow liposome-antigen particlization, and then samples were diluted with 

190 µL DPBS prior to injection. For Alum group, 5 µL protein antigen were mixed with 30 µL Alum 

(stock 10 mg/mL Aluminum) and 165 µL 1x DPBS prior to injection. Mice were inoculated with 50 

µL samples in quadriceps on days 0 and 21, mice were bled for serum collection on day 42. Mice 

were sacrificed on day 42 after final serum collection. 

In immunization schedule time de-escalation study, mice were immunized with PA-CTH6 at dose 

100 ng per injection formulated with three adjuvant groups: CP liposomes, 2HP liposomes, and 
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Alum. To prepare samples for this immunization study, for CP and 2HP liposomes group, 7.5 µL 

of 80 µg/mL PA-CTH6 were mixed and incubated with 7.5 µL stock CP liposomes or stock 2HP 

liposomes (320 µg PHAD /mL) for 3 hr at room temperature to allow liposome-antigen 

particlization, and then samples were diluted with 285 µL DPBS prior to injection. For Alum group, 

7.5 µL of 80 µg/mL PA-CTH6 were mixed with 45 µL Alum (stock 10 mg/mL Aluminum) and 247.5 

µL 1x DPBS prior to injection. Each adjuvant group had three subgroups that designated to 

receive boost injection at different days after the primary injections: no boost injection, boost 

injection on day 7, and boost injection on day 14. Mice sera were collected every week for six 

weeks and on days 63 and 100. Mice were sacrificed on day 100 after final serum collection. 

In repeat immunization study, a group of 3 mice were immunized with 100 ng PA-CTH6 along 

with CP liposomes following the one week prime one week boost immunization regimen (prime 

injection on day 0, booster on day 7). Mice blood samples were collected at days 7, 14, 21, and 

42. Mice were sacrificed on day 42 after final serum collection. Samples for this immunization 

study were prepared by mixing 5 µL of 80 µg/mL PA-CTH6 and 5 µL stock CP liposomes (320 µg 

PHAD /mL) for 3 hr at room temperature and then diluting in 190 µL 1x DPBS. 

In another immunization study, mice were received prime and boost injection on days 0 and 7 

with PA-CTH6 at dose 50 or 10 ng per injection formulated with CP liposomes, 2HP liposomes, 

or Alum. To prepare 50-ng PA-CTH6 vaccine samples, 2.5 µL of 80 µg/mL PA-CTH6 were mixed 

and incubated with 2.5 µL stock CP liposomes or stock 2HP liposomes for 3 hr at room 

temperature to allow liposome-antigen particlization, and then samples were diluted with 195 µL 

DPBS prior to injection. For Alum group, 2.5 µL of 80 µg/mL PA-CTH6 were mixed with 30 µL 

Alum (stock 10 mg/mL Aluminum) and 167.5 µL 1x HEPES prior to injection. To prepare 10-ng 

PA-CTH6 vaccine samples, 0.75 µL of 80 µg/mL PA-CTH6 were mixed and incubated with 0.75 

µL stock CP liposomes or stock 2HP liposomes for 3 hr at room temperature to allow liposome-

antigen particlization, and then samples were diluted with 198.5 µL DPBS prior to injection. For 
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Alum group, 0.75 µL of 80 µg/mL PA-CTH6 were mixed with 30 µL Alum (stock 10 mg/mL 

Aluminum) and 169.25 µL 1x HEPES prior to injection. Mice blood samples were collected at days 

7, 14, 21, and 42. Mice were sacrificed on day 42 after final serum collection.  

2.6 ELISA 

Mice IgG titers were assessed by ELISA in 96-well plates (Nunc MaxiSorp flat bottom, Thermo 

Fisher Scientific #44-2404). 1 µg of protein antigen in 100 µL coating buffer (3.03 g Na2CO3, 6 g 

NaHCO3 in 1 L distilled water, pH 9.6, stored at 4 ºC) was incubated in wells for 2 h at 37 ºC. 

Wells were washed 3 times with PBS-T (PBS containing 0.1% Tween 20) and then blocked with 

100 µL 2% bovine serum albumin (BSA) in PBS-T for 2 h at 37 ºC. Immunized mouse serum 

samples were serially diluted in 1% BSA in PBS-T and then incubated in wells, as well as non-

immunized mouse serum samples served as negative control and monoclonal antibody 14B7 as 

positive control. Monoclonal antibody 14B7 was reported to block PA binding to cellular receptors 

so that neutralize both LT and ET [33, 34]. Followed by 1 h incubation at 37 ºC, wells were washed 

3 times with PBS-T, and then goat anti-mouse IgG-HRP (GeneScript #A00160) were added to 

each well and incubated for 30 min at 37ºC. Wells were washed 6 times with PBS-T. After that, 

100 µL TMB liquid (VWR #97064-344) were added to wells and incubated at 37ºC for detection 

of HRP, and this reaction was stopped by adding 100 µL 1M HCl to wells, and absorbance at 450 

nm was read by microplate reader. Titers were calculated as the reciprocal serum dilution at which 

the absorbance at 450 nm exceeded background value by 0.5 absorbance unit.  

2.7 Toxin neutralization assays 

Mice sera were tested in macrophage cytotoxicity assay to assess the functionality and toxin 

neutralizing ability of IgG antibodies in the mice sera after immunization. Wild type PA and LF 

used in assays were provided by Dr. Leppla, as well as the monoclonal antibody, 14B7. 5 x 104 

RAW 264.7 murine macrophage cells (ATCC TIB-71) were seeded in flat-bottom 96-well cell 
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culture plates with 120 µL DMEM supplemented with 10% FBS and 1% penicillin streptomycin for 

24 h at 37 ºC. Individual immunized mouse serum and monoclonal antibody 14B7 as positive 

control was serially diluted in 100 ng/mL LT (PA plus LF in 1:1 mass ratio) in cell culture media 

starting at 1:150 and then 3-fold serially diluted for 5 times. After 30 min incubation of serum and 

lethal toxin, the mixture was transferred to the 96-well plate with RAW 264.7 cells growing and 

incubated for 3 h at 37 ºC. Then the mixture was removed, cell culture media was added to each 

well after the RAW 264.7 cells were washed with DPBS. Viability of RAW 264.7 cells post 

incubation with serum-lethal toxin mixture was assessed with alamar Blue (Biorad #BUF012A) 

cell proliferation assay. 100 µL of alamar Blue working solution (10% alamar Blue diluted in cell 

culture media) was added to each well. Following overnight incubation, the fluorescence was 

measured using TECAN microplate reader with 560 nm excitation wavelength and 590 nm 

emission wavelength. 50% effective concentration (EC50) was calculated. 

2.8 Spore and toxin challenge in Mice 

40 8-week old ICR mice were divided into 4 groups (n=10). First group received immunization 

with CP liposomes only, no protein antigen PA-CTH6; second group received immunization with 

particlized PA-CTH6 – CP liposomes at 100 ng PA-CTH6 per injection; third group received 

immunization with mixture of PA-CTH6 and 2HP liposomes at 100 ng PA-CTH6 per injection; last 

group is Alum group. All mice received  primary injection on day 0 and booster on day 7, and then 

mice were shipped to Laboratory of Parasitic Diseases at NIAID to perform spore and toxin 

challenge in mice on day 14. Spore and toxin challenge was performed on day 24. 

For spore challenge, 5 mice from each vaccinated group and 5 non-immunized mice from animal 

facility at NIAID were subcutaneously injected 9 x 107 Sterne strain anthrax spores. Mice were 

monitored on daily basis for signs of anthrax infection symptoms and mortality.  
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For lethal toxin challenge, the rest 5 mice in each vaccinated group were intraperitoneally injected 

with 80 µg lethal toxin (80 µg PA plus 80 µg LF) in 1 mL sterile PBS. Mice were monitored every 

8 h for signs of discomfort and mortality.  

 

Figure 4 Challenge Study. Mice were challenged with anthrax spores or lethal toxin on day 24 
after prime and boost immunization on days 0 and 7.  

2.9 Labeling protein antigen with fluorescent dyes 

PA-3MH6 and PA-CTH6 were labeled with DY490 (Dyomics GmbH). Prior to labeling, protein 

antigen was dialysis in 50 mM sodium bicarbonate buffer (pH 9) twice at 4 ºC for 4-6 h to allow 

buffer exchange. PA-3MH6 and PA-CTH6 was individually incubated with DY490 in a DY490 to 

protein molar ratio of 5:1 at room temperature under stirring condition for 1 h. Excess unreacted 

dye was removed by twice dialysis in PBS.  

2.10 In vitro uptake studies 

5 x 105 RAW 264.7 cells were seeded in 24-well cell culture plate in cell culture media for 24 h. 

Cells were treated with 1 µg/mL protein antigen mixed with CP liposomes and 2HP liposomes 

and incubated for 4 h. Prior to samples incubation, some groups of cells were treated with 10 

µg/mL Cyto B (Santa Cruz Biotechnology #14930-96-2) for 1 hr. Cells were washed 3 times with 

DPBS and then harvested with cell scrapers. Cells samples were run in flow cytometer (BD 

LSRFortessaTM X-20 cytometer) to detect the number of cells with protein antigen and liposomes 

uptake.     



15 
 

3. Results and Discussions 

3.1 Stable his-tagged protein antigen binding to CP liposomes results in SNAP 

CP liposomes were composed of DPPC, cholesterol, PHAD, and CoPoP. In this formulation, the 

structure of liposomes was shaped by DPPC as main lipids and cholesterol as liposomes 

stabilizer by modulating the fluidity and integrity of lipid bilayer [35, 36]. PHAD is a derivative of 

LPS that retains monophosphoryl lipid A portion of LPS, which makes PHAD less toxic than LPS 

but equally immunologically active [37, 38]. PHAD stimulates innate immune response through 

interacting with TLR 4 expressed by dendritic cells and macrophages [38-40]. Many literatures 

suggested that monophosphoryl lipid A as vaccine adjuvant boosts immune response and 

induces rapid adaptive immunity by enhancing antigen uptake and presentation by antigen-

presenting cells [41-43]. In a few words, the function PHAD in our liposome formulation is to 

stimulate immune response. CoPoP conjugates with his-tagged proteins spontaneously viathe 

formation of coordinate bonds between histidine in his-tagged proteins and cobalt (II) in CoPoP 

to confer liposome-antigen particilization [28], and this non-covalent bonding between CoPoP and 

his-tagged protein is stable in biological media such as serum while retains the natural protein 

conformation [27, 37]. CP liposomes were formulated with DPPC, cholesterol, PHAD and CoPoP 

in a mass ratio of 4:2:1:1 and produced by ethanol-injection method and followed by lipid extrusion. 

2HP liposomes that used in experiments as comparison were formulated with PoP instead CoPoP 

which PoP is incapable of conjugating with his-tagged protein antigens. Transmission electron 

microscopy revealed that CP liposomes were spherical and unilamellar with approximately 100-

nm effective diameters (Fig 5A). CP liposomes and 2HP liposomes were assessed by DLS, as 

shown in Fig 6A &6B and Fig 5D &5E, CP liposomes had an average of 100-nm effective 

diameters and less than 0.05 of PDI, while the size of 2HP liposomes was approximately 120 nm 

in effective diameters and less than 0.10 of PDI.  
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Figure 5 His-tagged PA-CTH6 for spontaneous nanoliposome-antigen particlization 
(SNAP). Images of CP liposomes before (A) and after (B) incubation with PA-CTH6 were 
captured with transmission electron microscopy, a 100-nm scale bar is shown. C) Image of native 
PAGE qualitatively shows PA-CTH6 promising binding to CP liposomes, but not to 2HP liposomes. 
D & E) Assessed by dynamic light scattering, results show the size and PDI of liposomes samples 
was stable post incubation with PA-CTH6. Values show mean +/- std. dev. for n = 3 independent 
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experiments. F) PA-CTH6 binding to CP liposomes was promising (more than 80%), but poor to 
2HP liposomes (less than 20%). 

 

Protein antigens PA-3M, PA-3MH6 and PA-CTH6 are recombinant PA. PA-3M and PA-3MH6 are 

closely relative; PA-3M has no his-tag while PA-3MH6 has a C-terminal sortase followed by his-

tags. Protein antigen PA-CTH6 mainly studied in this thesis project is also his-tagged. Protein 

antigens PA-3M, PA-3MH6 and PA-CTH6 were individually simply mixed with CP liposomes or 

2HP liposomes in a PHAD to protein antigen mass ratio of 4:1. Following 3-hr incubation, image 

of native PAGE (Fig 5C and 6C) showed that his-tagged PA-3MH6 and PA-CTH6 bound to CP 

liposomes but not to 2HP liposomes, while PA-3M did not bind to any liposomes. Further, the 

protein antigen binding to liposomes was assessed with microcentrifugal filtration or high-speed 

centrifugation followed by micro BCA protein quantitation assay. As shown in Fig 6D and 5F, 

almost 100% PA-3MH6 and PA-CTH6 was binding to CP liposomes, and minimal binding to 2HP 

liposomes; PA-3M had poor binding to both CP liposomes and 2HP liposomes. After 3-hr 

incubation, the size of liposomes were assessed by DLS. As shown in Fig 6A & 6B and Fig 5D 

& 5E, the size and PDI of CP liposomes that incubated with PA-3MH6 or PA-CTH6 increased 

slightly due to the SNAP while the size and PDI of CP liposomes that incubated with PA-3M and 

all 2HP liposomes samples did not change. In addition, after particlization with PA-3MH6 or PA-

CTH6, CP liposomes-antigen nanoparticles had an average effective diameter of 150 nm, which 

nanoparticles in this size can efficiently enter lymphatic system and enhance antigen uptake by 

professional antigen-presenting cells (dendritic cells and macrophages) to stimulate immunity [21, 

44, 45]. 
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Figure 6 Non his-tagged PA-3M vs. his-tagged PA-3MH6. After 3 h incubation of PA-3M and 
PA-3MH6 with indicated liposomes with a PHAD to protein ratio of 4:1 at room temperature, A & 
B) Size and PDI of liposomes samples increased non-significantly. Values show mean +/- std. 
dev. for n = 3 independent experiments. C) PA-3M and PA-3MH6 binding to indicated liposomes 
was shown qualitatively in native PAGE. D) Protein antigen binding to liposomes was assessed 
by high-speed centrifugation method followed by micro BCA protein quantitation assay. In pilot 
immunogenicity study, mice were immunized intramuscularly with 100 ng PA-3M or PA-3MH6 in 
combination with CP liposomes, 2HP liposomes, or Alum on days 0 and 21, and mice were bled 
for serum collection on day 42 post initial immunization. E) IgG antibody titers against PA-3M in 
serum samples collected from immunized mice on day 42 were assessed by ELISA. F) Lethal 
toxin neutralization titers in same serum samples were assessed by macrophage cytotoxicity 
assay. In E and F, geometric mean is shown +/- std. dev. for 3 mice in each immunization group.  



19 
 

3.2 In Vitro antigen uptake study 

The uptake of fluorescently labeled PA-CTH6 into RAW 264.7 murine macrophages, a 

professional antigen presenting cells, was assessed in vitro with flow cytometer. As shown in Fig 

7A, in the presence of cytochalasin B, reported as a phagocytosis inhibitor [46], critically reduced 

the PA-CTH6 uptake which implied that the PA-CTH6 uptake into macrophages was through a 

phagocytic mechanism. Anyway, PA-CTH6 binding to liposomes containing CoPoP to form 

liposome-antigen nanoparticle significantly enhanced PA-CTH6 uptake compare to free PA-CTH6 

and 2HP liposomes- PA-CTH6 mixture. However, we can also see that PA-CTH6 this protein 

antigen is quite immunogenic since its original function in anthrax pathogenesis is to target 

macrophages and then impair the innate immunity [7, 9, 10].  On the other hand, based on 

fluorescence of PoP, Fig 7B showed all liposomes were recognized and then uptake by murine 

macrophages so that they are capable of triggering innate immune response.  

 

Figure 7 In vitro uptake study.  RAW 264.7 murine macrophages were treated with 1 µg 

fluorescently labeled PA-CTH6 mixed with CP liposomes and 2HP liposomes. Cells were 
harvested and then the uptake of PA-CTH6 and liposomes was assessed with flow cytometer. N 
= 2 for groups of cells pre-treated with Cyto B, and n = 3 for groups of cells without Cyto B 
treatment.  A) PA-CTH6 uptake by macrophages. B) Liposomes uptake by macrophages.  
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3.3 Murine Immunization 

Having confirming that his-tagged PA-3MH6 and PA-CTH6 were particlized with CP liposomes, 

murine immunization studies were carried out to investigate the functionality of protein antigen-

liposome nanoparticle compare to protein antigen-adjuvant mixture. 

3.3.1 Non his-tagged PA-3M vs. his-tagged PA-3MH6 

For this, six groups of mice (n=3) were injected intramuscularly with 100 ng of the protein antigen 

mixed with three adjuvants (CP liposomes, 2HP liposomes and Alum) prior to injection on days 0 

and 21. The IgG antibodies titers specific to PA-3M produced in mice serum samples collected 

on day 42 and toxin neutralizing titers were assessed by ELISA and macrophage cytotoxicity 

assay, respectively. Since PA-3M and PA-3MH6 are close relative, their immunogenicity should 

be similar.  

As illustrated in Fig 6E, CP liposomes- PA-3MH6 nanoparticles group induced the strongest PA-

3M specific IgG antibodies titers among six groups. CP liposomes- PA-3MH6 produced orders of 

magnitude higher than PA-3MH6 mixed with 2HP liposomes and PA-3M mixed with CP liposomes, 

which suggested that the antigen-liposome particlization facilitated immune response. The 

observation that IgG antibody titers induced by CP liposomes- PA-3MH6 were roughly an order 

of magnitude higher than all Alum groups suggests that antigen particolization with CP liposomes 

is more immune-effective than antigen adsorbed to alhydrogel via electrostatic forces [13, 47, 48] 

at 100-ng low dose of antigen. CP liposomes- PA-3MH6 group was the only group that induced 

toxin-neutralizing titers to protect RAW 264.7 macrophage cells from killing by anthrax lethal toxin 

(Fig 6F). The results of this murine immunization study suggest that liposome-antigen 

nanoparticles are more immunopotent than antigen-adjuvant mixtures at low dose of antigen.    

3.3.2 Immunogenicity of PA-3MH6 vs. PA-CTH6 
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Both PA-3MH6 and PA-CTH6 are his-tagged recombinant PA protein antigen so that they are 

able to particlize with CP liposomes. PA-3M and PA-3MH6 are mutant due to 3 amino acid residue 

substitutions in PA’s domain 4 that are critical for cell receptor binding and following cytotoxicity, 

hence their names. These 3 substitutions disable PA-3M/ PA-3MH6’s cellular receptor binding 

activity so that weaken the immunogenicity of PA-3M/ PA-3MH6 as protein antigens [32]. PA-

CTH6 is one of the active recombinant PA variant. Theoretically, PA-CTH6 should be a better 

antigen candidate for anthrax prophylactic vaccine than PA-3MH6. An murine immunization study 

was performed to validate this. Four groups of mice (n=3) were injected intramuscularly with 100 

ng of PA-3MH6 or PA-CTH6 combined with either CP liposomes as intact liposome-antigen 

nanoparticles or Alum as mixture on days 0 and 21. The IgG antibodies titers specific to PA-3M 

produced in mice serum samples collected on day 42 and toxin neutralizing titers were assessed 

by ELISA and macrophage cytotoxicity assay, respectively. Although these four groups of mice 

produced comparable level of IgG antibodies in mice sera response to immunizations (Fig 8A), 

overall, IgG antibodies induced by PA-3MH6 immunizations were less functional than the IgG 

antibodies induced by PA-CTH6 immunization. As shown in Fig 8B, mice immunized with CP 

liposomes- PA-CTH6 nanoparticles showed almost an order of magnitude stronger lethal toxin 

neutralization titers than mice immunized with CP-liposomes- PA-3MH6 and mice immunized with 

Alum- PA-CTH6 mixture, these results point that PA-CTH6 is a stronger antigen candidate in 

anthrax prophylactic vaccine than PA-3MH6. 
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Figure 8 Immunogenicity of PA-CTH6 vs. PA-3MH6. Mice were immunized intramuscularly 
with 100 ng PA-3MH6 or PA-CTH6 with adjuvants CP liposomes or Alum on days 0 and 21, and 
mice were bled for serum collection on day 42 post initial immunization. A) The IgG antibody titers 
produced in serum samples from mice immunized with PA-3MH6 were comparable to PA-CTH6. 
However, B) the IgG antibodies in serum samples from mice immunized with PA-CTH6 generated 
almost an order of magnitude higher lethal toxin neutralization titers than in PA-3MH6 mice serum 
samples. In A and B, mean is shown +/- std. dev. for n = 3 in each immunization group. 

 

3.3.3 PA-CTH6 immunization schedule time de-escalation study 

Further, immunization schedule time de-escalation study was performed to see if it is possible to 

reduce the interval between doses while induce same adaptive immunity. There were nine 

immunization groups. Mice received intramuscular injection with 100 ng PA-CTH6 dose with three 

adjuvant groups (CP liposomes, 2HP liposomes, and Alum) with three immunization regimens: A) 

single immunization on day 0; B) booster on day 7; C) booster on day 14. Mice were bled for 

serum collection every week for 6 weeks and days on 63 and 100 after primary injection. IgG 

antibody titers against protein antigen PA-CTH6 and toxin neutralization titers in serum samples 

were monitored and assessed by ELISA and macrophage cytotoxicity assays. Results were 

shown in Fig 9. 
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Figure 9 PA-CTH6 SNAP vaccination resulted in rapid production of PA- neutralizing IgG 
antibodies in mice sera. Mice received intramuscular injection with 100 ng PA-CTH6 dose with 
three adjuvant groups (CP liposomes, 2HP liposomes, and Alum) with indicated immunization 
regimens: A) single immunization on day 0; B) booster on day 7; C) booster on day 14. Mice were 
bled for serum collection every week for 6 weeks and days on 63 and 100 after primary injection. 
IgG antibody titers against protein antigen PA-CTH6 and toxin neutralization titers in serum 
samples were monitored and assessed by ELISA and macrophage cytotoxicity assays. Top 
panels in A-C show anti-PACT-H6 IgG titers throughout the study, and bottom panels show toxin 
neutralization titers. Mean with error bars is shown for n = 4. 

 

On day 7: CP liposomes- PA-CTH6 immunization induced a mean level of 103 IgG antibody titers 

against PA-CTH6 in serum samples and that did not neutralize lethal toxin to provide protection 

to RAW 264.7 macrophages from killing; mice in 2HP liposomes and Alum group produced a 

baseline level of IgG antibody titers against PA-CTH6.  After blood collection, mice in Boost-at-

day 7 group received boost injection. 

 

On day 14: for mice in No-boost group and mice in Boost-at-day 14 group, the induced IgG 

antibody titers were maintained at the same level as on day 7, as well as the toxin-neutralization 

titers. A jump of induced IgG antibody titers was observed for the mice received booster on day 
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7, CP liposomes group induced an average level of 105 IgG antibody titers that was 100 times 

greater than the IgG antibody titers on day 7, while 2HP liposomes group and Alum groups had 

a mean level above 103 and 104 IgG antibody titers, respectively. The However, in terms of 

functionality, only IgG antibodies produced in CP liposomes group obtained neutralization titers 

above 103 level, which there was less one order of magnitude difference than monoclonal 

antibody 14B7. After blood collection, mice in Boost-at-day 14 group received boost injection. 

 

On day 21: there was a non-significant increase in IgG antibody titers induced by mice in No-

boost group; the IgG antibody titers induced by CP liposomes group reached above 104 level 

while 2HP liposomes and Alum group induced an average level of 103 IgG antibody titers. Among 

these three groups, CP liposomes group showed toxin-neutralization titers ranging from 102 to 

103, and 2HP liposomes and Alum group just had neutralization titers at baseline level. IgG 

antibody titers induced by mice in Boost-at-day 7 also slightly increased. However, neutralization 

titers in CP liposomes group mice sera became closer to the positive control level, in contrast, 

2HP liposomes and Alum group had very little neutralization titers. This time, a huge gap of 

induced IgG antibody titers and neutralization titers was observed for the mice received booster 

on day 14. CP liposomes group induced a mean level of 105 IgG antibody titers that was 100 

times greater than the IgG antibody titers on days 7 and 14, the IgG antibody titers induced by 

2HP liposomes group was one order of magnitude less than CP liposomes group, while the IgG 

antibody titers induced by Alum group were non-significantly less than CP liposomes group. IgG 

antibodies produced in CP liposomes group obtained neutralization titers above 103 level, the 

neutralization titers of 2HP liposomes and Alum group were barely under 103 level. 

 

In an addition, the IgG antibodies produced in response to each immunization group plateaued 

since day 21 and maintained until day 100, the terminal day of this immunization study. However, 

the toxin-neutralization titers steadily increased to the limit as time went on, the monoclonal 
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antibody14B7 as positive control here. The point of this murine immunization was to show that 

liposome-antigen nanoparticles immunization rapidly induced a great amount of production 

functional IgG antibodies within a significantly shorter period than 2HP liposomes and Alum group. 

 

Figure 10 PA-CTH6 SNAP vaccination with 1-week prime 1-week boost immunization 
regimen induced rapid production of PA-neutralizing IgG antibodies in mice sera. Data 
shown (A & B) are from the same experiment results shown in Figure 6, but with a focus on the 
comparison of the level of PA-neutralizing IgG antibodies in mice sera induced by the vaccination 
of PA-CTH6 with CP liposomes with three different immunization regimens.  

 

Fig 10 illustrated only the results of CP liposomes- PA-CTH6 immunization from the same 

experiment as in Fig 9 to compare the effect of interval between immunization doses. The group 

received booster on day 7 showed very strong toxin-neutralizing IgG antibody titers on day 14, 

and the group received booster on day 14 show comparable immune responses on day 21. This 

observation suggests that our approach of two CP liposomes- PA-CTH6 nanoparticles 

immunizations in two weeks is potent to provide rapid immune protection with an antigen dose of 

100 ng, which is 50 to 100 times lower than the typical antigen doses used in murine immunization 

studies with other approaches, and significantly less immunization doses as well [24, 49].  
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3.3.4 PA-CTH6 immunization repeat 

 

Figure 11 Comparison of two PA-CTH6 SNAP immunization studies with 1-week prime 1-
week boost immunization regimen. 

 

The previous immunization of CP liposomes- PA-CTH6 with 1-week prime and 1-week boost 

immunization schedule showed promising results that induced rapid production of high PA-

neutralizing IgG antibodies, a new group of three mice were immunized with PA-CTH6 particlized 

with CP liposomes following the 1-week prime and 1-week boost immunization schedule to see if 

the results would be promisingly reproducible. In Fig 11, CP1 comes from the results in the first 

PA-CTH6 SNAP immunization study as shown in Fig 9 and 10; while the CP2 stands for the 

results got from the repeat immunization study. Fig 11A showed that the traces of the anti- PA-

CTH6 IgG antibody titers between two immunization studies matched between days 7 and 21 

after prime injection. However, in CP2, the anti-PA IgG antibody titer maintained at a similar level 

instead of increased, then there was roughly an order of magnitude difference between the anti- 

PA-CTH6 IgG antibody titers of CP1 and CP2 on day 42 after prime injection. Also, as shown in 

Fig 11B, in terms of IgG antibody functionality, the CP2 had obviously lower PA-neutralizing titer 

than CP1. The variance between PA-neutralizing IgG antibody titers resulted in two 
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immunizations of CP liposomes- PA-CTH6 with 1-week prime and 1-week boost immunization 

schedule could be due to the joint variability of the sample size and strain of mice used in 

immunization studies. First of all, ICR mice are outbred mice; therefore, high level of genetic 

variation presents in ICR mice, as well as in natural human population. For anthrax vaccine 

development, outbred strains including ICR mice are suitable rodent model to mimic the 

heterogeneity in human population. On the other side, the genetic variation in ICR mice is a factor 

responsible for the variation in the results, the production of toxin-neutralizing IgG antibodies 

response to vaccine immunizations. Second factor for the variation in the results would be the 

samples size of mice in two immunization studies being too small. To increase the power for the 

assessment of SNAP immunization efficacy in ICR mice, in the future, the number of mice in each 

group in an immunization study could be increase to 10.  

3.3.5 PA-CTH6 immunization dose-escalation study  

Next, immunization-dose time de-escalation study was performed to see if it is possible to reduce 

antigen PA-CTH6 dose to induce same adaptive immunity. In this study, there were six 

immunization groups: three adjuvant groups (CP liposomes, 2HP liposomes, and Alum) and two 

PA-CTH6 doses (50 and 10 ng) following one-week prime and one-week boost schedule. Mice 

were bled for serum collection on days 7, 14, 21 and 42 after primary injection. IgG antibody titers 

against protein antigen PA-CTH6 and toxin neutralization titers in serum samples were traced 

and assessed by ELISA and macrophage cytotoxicity assays. Results were shown in Fig 12.  

For groups of mice received immunizations with 50-ng PA-CTH6 (Fig 12A), Alum group produced 

the greatest anti-PA IgG antibody titers over time from days 7 to 42 after prime injection while had 

similar traces of PA-neutralizing titers to 2HP liposomes group; CP liposomes group induced 

lower anti-PA IgG antibody titers but the highest toxin-neutralizing titers. For groups of mice 

received immunizations with 10-ng PA-CTH6 (Fig 12B), all groups induced roughly the same 
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level of anti-PA IgG antibody titers but no toxin-neutralizing function, which implied that 10-ng PA-

CTH6 immunization dose was too low to induce immune protection for ICR mice. 

 

Figure 12 PA-CTH6 SNAP immunization with down to 50-ng antigen dose can produce PA- 
neutralizing IgG antibodies rapidly.  

 

3.4  Mice challenge 

Mice challenge was performed to test the immunized mice if immune responses induced by 

immunizations can protect mice to survive challenge with spores or systemic anthrax lethal toxin.  



29 
 

 

Figure 13 Survival Plots of mice after challgenge. A) Spore challenge of different groups of 
immunized mice with Sterne anthrax spores. B)  Toxin challenge of different groups of 
immunized mice with a 80-µg dose of systemic anthrax lethal toxin. 

 

In challenge with anthrax spores (Fig 13A), mice immunized with PA-CTH6 survived the spore 

challenge regardless of the adjuvant group, this result could not provide any reference about 

which adjuvant was more advanced for anthrax protective antigen vaccine. Surprisingly, mice 

immunized with CP liposomes only showed a perfect 100% survival rate for 14 days after the 

subcutaneous injection of anthrax spore, though 4 out of 5 mice eventually fatally overwhelmed 

by anthrax spore infection at day 18 after spore challenge. In contrast, all ICR mice control died 

within 3 days after challenge with anthrax spores while mice immunized with CP liposomes only 

extended survival for more than 10 days and had no show of massive localized edema. Our 

hypothesis for getting this intriguing result was that the immunization with CP liposomes could 

induce mild innate immune response to struggle with anthrax spores, and more challenge studies 

and investigation are needed to follow up.  

In challenge with lethal toxin (Fig 13B), all mice that were immunized with PA-CTH6 with 

adjuvants suffered anaphylactic shock within 30 min, 2 out of 5 mice in Alum group and 1 out of 

5 mice in 2HP liposomes group died an hour after challenge. This time, mice immunized with CP 

liposomes only died 3 days after the challenge. Mice immunized with CP liposomes- PA-CTH6 
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recovered from the anaphylactic shock and survived the toxin challenge, while 2HP liposomes 

and Alum group showed survival rates of 80% and 60%, respectively. However, lethal-toxin-

mediated cytotoxicity was not the cause of those 3 deaths; and it was not sure if the survival of 

all mice immunized with CP liposomes- PA-CTH6 from anaphylactic shock was related to the 

induced adaptive immune protection. Therefore, the results in spore and lethal toxin challenge 

both agreed that mice immunized with PA-CTH6 were immune protected, there was no significant 

difference in immune response level between these three adjuvants with twice immunization at 

dose of 100 ng PA-CTH6 on day 24 after prime immunization. 
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4. Conclusions and future directions 

Recombinant his-tagged proteins spontaneously reacts with the immobilized cobalt in liposomes 

containing CoPoP to form stable liposome-antigen nanoparticles easily. In this thesis, it was 

showed that the resulting particlization of CP liposomes and PA-CTH6 was potent to promote PA-

CTH6 uptake into RAW 264.7 murine macrophage in vitro. Two immunizations of CP liposomes- 

PA-CTH6 nanoparticles at dose 100 ng PA-CTH6 induced strong anthrax lethal toxin neutralizing 

antibody titers two weeks after primary injection that provided complete protection for mice against 

anthrax spore and lethal toxin challenge. On the other hand, immunization of PA-CTH6 with 2HP 

liposomes and Alum developed intermediate toxin-neutralization titers later than the immunization 

of CP liposomes- PA-CTH6 but still provided some immune protection to mice after challenge.  

These results suggested that the immunization of CP liposomes- PA-CTH6 might be potent for 

induction of adaptive immune response rapidly with lower antigen dose or single immunization. 

In the future, more immunization and challenge studies could be performed with larger mice group 

size at lower dose of PA-CTH6 or single immunization with CP liposomes, 2HP liposomes, Alum 

and more available adjuvant as comparison, then mice will challenge on day 21 instead of day 24 

after primary injection.  

In the future, performing surface plasmon resonance (SPR) would be helpful to characterize and 

understand better the binding nature between his-tagged protein antigen and immobilized cobalt 

in CoPoP-based liposomes, this may help to further confirm that CoPoP binds to his-tagged 

protein antigen at specific sites so that results in homogenous antigen populations on the surface 

of CoPoP-based liposomes without changing protein antigen’s conformation or masking any key 

epitopes. SPR could be also performed to characterize the binding specificity, affinity and kinetics 

between IgG antibodies produced in mice sera responding to immunization and anthrax toxin 

protein compare to monoclonal 14B7. This quantitative characterization may be useful to further 
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support that the effectiveness of IgG antibodies induced by immunization of PA-CTH6 with CP 

liposomes.  

Of course, more investigations such as study on IgG isotyping, cytokine induction/ release, lymph 

node study, study on immune cells recruitment on injection site, and study on induction of long-

term memory B cells / T cells  are needed to learn the difference in mechanism of action of CP 

liposomes and 2HP liposomes as vaccine adjuvants to encourage the development of CoPoP-

based liposomes as vaccine adjuvant move further. Notice that one advantage of liposomal 

vaccine adjuvant is that the formulation of liposome can be manipulated to look for better adjuvant 

potency. Further, As indicated in previous literature, liposomes containing CoPoP as vaccine 

adjuvants are applicable for multivalent  immunization so that can open door for the development 

of vaccines that target different biological weapons or other infectious diseases. 
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