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ABSTRACT OF THE DISSERTATION 

 

Engineering Protein-Based Nanoparticles for Infectious Disease Vaccine Development 

By 

Aaron Ramirez 

Doctor of Philosophy in Chemical and Biomolecular Engineering 

University of California, Irvine, 2024 

Professor Szu-Wen Wang, Chair 

 

Vaccines have employed many designs to eradicate numerous infectious diseases. 

Influenza, the respiratory specific virus that causes flu, is a pathogen that readily mutates every 

year to avoid immune system detection. Due to this characteristic, new vaccine development is 

required each year and the demand for a universal flu vaccine has become very relevant. Coxiella 

burnetii, the causative agent of Q fever and a potential bioterrorism agent with no approved 

vaccine, is a bacterial pathogen that infects and resides internally in host cells. For this reason, a 

T lymphocyte response, in addition to an adequate antibody response, is likely necessary for 

eradication of the pathogen. Our previous studies, utilizing the E2 protein nanoparticle (E2) in a 

viral-mimetic strategy for cancer immunotherapy, resulted in formulations that elicited strong T 

cell responses against tumors. Our current studies aim to integrate immunodominant protein and 

peptide antigens of influenza and C. burnetii onto the surface of E2, to develop improved 

prophylactic vaccine formulations against these infectious diseases. 

We explored the modularity, scope, and effectiveness of loading protein antigens onto 

protein nanoparticles (NPs). Multiple approaches for conjugation of the immunodominant C. 

burnetii protein antigen CBU1910 to the E2 nanoparticle were investigated including direct genetic 

fusion, a newly-synthesized high-affinity tris-NTA-Ni conjugation to polyhistidine-tagged 

CBU1910, and the SpyTag/SpyCatcher (ST/SC) system. Application of the ST/SC approach 



xv 
 

yielded the most stable nanoparticles that could simultaneously co-deliver the protein antigen 

CBU1910 and adjuvant CpG1826 (CpG) on one nanoparticle. Evaluating the prophylactic immune 

responses elicited by these formulations showed that displaying antigen on nanoparticles 

significantly increased antigen-specific antibody responses than soluble antigen and delivering 

adjuvant CpG in nanoparticles increased its immune response skewing potency. In addition, E2 

nanoparticles formulated with T cell epitope antigen peptides from CBU1910 generated elevated 

T cell responses to the whole CBU1910 protein. Integration of protein antigen hemagglutinin (HA) 

from H1N1 influenza with tris-NTA-Ni also revealed a synergistic effect from the combination of 

H1 display on the E2 NP and soluble adjuvant that generated broader homo- and heterosubtypic 

cross-reactivity, which is valuable when developing a universal flu vaccine. 

Many NP-based vaccines build upon a pathogen-mimetic strategy to achieve sizes and 

structures comparable to that of viral or bacterial pathogens with antigens and adjuvants. 

However, the addition of a second, different adjuvant to the same protein NP scaffold has yet to 

be explored. We engineered NPs capable of co-delivering two adjuvants (i.e., flagellin and CpG) 

with protein antigen hemagglutinin from the potentially pandemic H5N1 avian influenza virus on 

a single NP. Displaying antigen and adjuvant elicited greater antigen-antibody responses and 

broader homosubtypic cross-reactivity. Skewing of the immune responses could be modulated by 

adjuvant type and NP attachment. Animals immunized with E2-based NPs and subsequently 

challenged with H5N1 influenza showed 100% survival. In all, these investigations highlight that 

NP-based delivery of antigen and adjuvants can effectively modulate the strength, breadth, and 

bias of an immune response against infectious disease. 
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1.1. Influenza and the Immune System 

Influenza, the respiratory specific virus that causes flu, is a pathogen that readily mutates 

every year to avoid immune system detection (Figure 1.1).1 Due to this characteristic, new vaccine 

development is required each year and the demand for a universal flu vaccine has become 

relevant.2-4 Hemagglutinin (HA) is the highly expressed, immunodominant protein of influenza. HA 

is a highly glycosylated, homotrimeric protein consisting of two distinct regions: a highly variable 

head region (HA1) that is readily used to characterize the specific influenza strain/subtype (i.e., 

group 1 or 2 influenza) and a more conserved stem region (HA2). The head region contains an 

α-sialic acid-binding site that attaches to sialic acids found on host cells to initiate viral entry into 

the cell.5 Both HA1 and HA2 contain regions directly involved in the fusion of the viral membrane 

with the host cell membrane.6  

Due to its error-prone RNA polymerase, influenza is able to rapidly change its HA surface 

epitopes in order to escape antibody responses.7 It has been shown, however, that certain regions 

of HA are far less prone to mutations than others, likely because they play functional roles in viral 

entry or are important for the structural integrity of the protein. These regions are primarily located 

in the stem, deep within the protein, or in areas blocked by glycans.8-11 The fact that these regions 

are highly conserved between flu strains and subtypes makes them prime targets for eliciting 

cross-protective immunity. However, these regions are generally inaccessible to B cell receptors 

and serum antibodies, making them unsatisfactory for eliciting antibody responses. It has 

therefore been suggested that T cells may play a role in the development of cross-protective flu 

vaccines, as T cell epitopes are not limited to exposed surface regions like B cell epitopes.12 

Diagrams describing influenza’s pathogenesis and the immune responses elicited after infection 

can be found in Figure 1.1. We expect that our E2 platform may be able to help direct the humoral- 

and cell-mediated immune response against the influenza antigen, HA. 
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Figure 1.1. Diagrams of influenza pathogenesis and general immune responses elicited by 
influenza infection. (top) Illustration of the replication of influenza A viruses in lung epithelial 
cells which are the primary cell target of influenza. Influenza uses HA to bind and fuse to the 
membrane of target cells. Subsequently, the virus releases its RNA payload into the nucleus of 
the cell, and protein synthesis of influenza proteins occurs. Once the proteins are produced, the 
viral components bud off from the cell membrane releasing new virus. Diagram taken from Herold 
et al.1 (bottom) The innate and adaptive immune responses to avian influenza virus infection. 
Both B cell and T cell responses are needed. Diagram taken from Koutsakos, et al.13  
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1.2. Coxiella burnetii and the Immune System   

A vaccine for the life-threatening disease Q fever is currently not widely available and has 

not received FDA approval due to the potential for severe side effects.14-16 Coxiella burnetii is the 

gram-negative intracellular bacterium that causes Q fever.17-19 C. burnetii is considered a 

ubiquitous zoonotic pathogen that resides most commonly in livestock (i.e., cattle and 

sheep).17,19,20 It has been classified by the U.S. Center of Disease Control and Prevention as a 

potential bioterrorism weapon due to its airborne transmission, highly infectious nature, and 

extreme resistance to environmental conditions.14,17,19,21 In most cases, infection causes low 

mortality, but significant morbidity.17,22  

Unlike typical bacterial pathogens, C. burnetii exhibits a tropism for professional immune 

system phagocytes (i.e., macrophage). C. burnetii actively directs phagocytosis and the 

maturation of phagolysosome-like compartments to reside within host cells in its favorable low pH 

environment enabling its long-term survival and persistence (Figure 1.2).17,23,24 For this reason, a 

T lymphocyte response, in addition to an adequate antibody response, is likely necessary for 

eradication of the pathogen.25,26 A general schematic of the immune response elicited towards 

infectious pathogens is found in Figure 1.3. Proteomics and antigen-specific serological assays 

have identified CBU1910 as the immunodominant protein of C. burnetii.22,27-33 For this reason, 

CBU1910 was chosen as the antigen for this project. Unlike cancers, which generally bear peptide 

neoantigens that are utilized in a cancer vaccine to produce T cell responses, infectious disease 

vaccines typically require the use of whole protein antigens to elicit both antibody and T cell 

responses.34,35 Protein antigens contain numerous immunogenic epitopes in natural 

conformations, allowing for stronger antibody responses and broader adaptive immune 

responses (both T cell and B cell).34-36 
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Figure 1.2. Depiction of C. burnetii intracellular infection of macrophage immune cells. C. 
burnetii enters the cell via αβ integrins where subsequent recruitment of endosomes and 
lysosomes allow for the formation of a low pH compartment where the pathogen resides and 
matures. Diagram taken from Osbron, et al.37 
  

 

Figure 1.3. Diagram of the general immune response that is elicited by an infectious 
pathogen (i.e., bacteria, viruses, fungi, and parasite). As depicted, a complex adaptive 
immune response involves immune cells that work in symphony to produce both humoral 
immunity (B cell maturation and antibody production) and cellular immunity (CD4+ helper T cell 
activation which reinforce  B cell responses and CD8+ cytotoxic T cell activation which kill infected 
cells). Diagram taken from Singh, et al.38   
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1.3. Nanoparticles for Infectious Disease Vaccine Platforms 

Inactivated and live-attenuated vaccines can exhibit a number of problems, including low 

immunogenicity, hypersensitivities, and pathogenic reversion via mutation, that make them 

impractical for use under certain conditions.39-41 Additionally, whole virus vaccines often need to 

be grown under BSL3 conditions which poses safety concerns, and their preparation can make 

controlling dosages of antigen and adjuvant challenging.42,43 For these reasons, vaccinologists 

have turned toward the use of subunit vaccines. While early subunit vaccines overcame some of 

the aforementioned issues, these vaccines tended to have poor immunogenicity caused by 

factors such as rapid draining kinetics, monovalency of vaccine antigens, and differential 

pharmacokinetics of vaccine components.44-46 Nanoparticle-based vaccine delivery systems are 

a promising solution, combining the safety and tunability of subunit vaccines with the strong 

immunogenicity of whole pathogen vaccines. In particular, a library of protein nanoparticles like 

that of our E2 nanocapsule have been applied to a multitude of infectious disease models and 

have exhibited robust humoral and cellular immune responses.47 A representative diagram of the 

mechanism by which protein nanoparticle-based vaccines elicit an adaptive immune response is 

shown in Figure 1.4. 

The improved immunogenicity of nanoparticle vaccines over their subunit counterparts 

has been repeatedly demonstrated.48-50 This phenomenon is primarily due to two unique 

properties of nanoparticles: their increased size and the repetitive pattern in which antigens are 

displayed on their surface. Experimental and computational studies have indicated that dendritic 

cells preferentially take up nanoparticles smaller than 500 nm with an optimal uptake size of ~50 

nm,51-53 and diameters larger than 20 nm have increased retention times within lymph nodes.54-56 

Previous studies of nanoparticle scaffolds with controlled antigen valencies have also suggested 

that B cells are more efficiently activated by 5 or more repeated epitopes, allowing for improved 

B cell receptor crosslinking and subsequent activation.54-56 Therefore, nanoparticle-based 

vaccines designed within these parameters are expected to elicit superior immune responses. 
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Nanoparticles have received attention in tumor57-61 and autoimmunity62-65 models due to 

the strong cytotoxic T lymphocyte (CTL) and regulatory T cell responses, respectively, that they 

can elicit. The success of nanoparticles in these applications is due, in part, to the relative ease 

of conjugating small peptides to the nanoparticle (compared to whole proteins). However, peptide 

antigens are generally not effective for eliciting adequate B cell-mediated antibody responses 

(which are often required for infectious disease eradication) because B cells epitopes, unlike T 

cell epitopes, require specific 3D conformations that are generally not conserved by peptide 

fragments.66-68 Therefore, there is motivation to attach full-length proteins antigens onto 

nanoparticles, rather than rely on peptide attachment alone. One strategy to integrate full-length 

protein antigens to nanoparticles is genetically fusing the antigen to a protein that naturally self-

assembles into a virus-like particle (VLP).69-72 While this method has shown promise, genetic 

fusion frequently leads to protein misfolding or expression issues. For this reason, numerous 

methods have been explored to covalently (i.e., SpyTag/SpyCatcher bioconjugation system)73-77 

and noncovalently (i.e., high affinity Ni-NTA/His-Tag conjugation)78,79 attach full proteins to various 

nanoparticle platforms post-assembly.  
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Figure 1.4. Representative diagram of the immune response elicited by nanoparticle 
vaccines. Nanoparticles loaded with antigens, and potentially adjuvants, are up-taken by antigen 
presenting cells (APCs) which process antigens and display them on their surface to activate T 
cells. T cells then can reinforce humoral antibody responses and/or produce cellular cytotoxic 
responses that eliminate infected cells. This interaction between the nanoparticle vaccines and 
the immune system results in immunological memory and protection against future infections. 
Diagram taken from Butkovich, Li, Ramirez, et al.47    
 

1.4. Pyruvate Dehydrogenase E2 and its Use as a Platform for Inducing Immune Responses 

The protein nanocapsule utilized in this research is derived from the E2 subunit (E2) of 

the multienzyme complex, pyruvate dehydrogenase, sourced from the thermophilic bacteria, 

Geobacillus stearothermophilus.80,81 E2 is a 60-subunit, self-assembling 25-nm dodecahedral 

scaffold with high thermal stability that can be genetically engineered for precise chemical 

conjugation sites at the external surface and internal cavity (Figure 1.5).80,82-86 Our prior studies 

in developing cancer vaccines via a virus-mimetic strategy have demonstrated the utility of this 

scaffold for both adjuvant and peptide antigen delivery (Figure 1.5). This has resulted in a strong 

CTL response against tumor cells, significant delays in tumor growth, and increases in survival 
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time (Figure 1.5).61,87-90 However, application of this strategy for protection against infectious 

disease pathogens had not yet been investigated. Utilizing E2’s unique size, functional 

adaptability, and innate capability to elicit an antigen-specific immune response, in this work, we 

implemented a virus mimetic strategy to develop potential prophylactic vaccines for infectious 

disease.  

 

Figure 1.5. Diagram showing characteristics of E2 platform and subsequent anti-cancer 
immune responses elicited by E2 formulations. (A) Depiction of E1(purple)-E2(blue)-
E3(yellow) complex and E2 size.82 (B) Crystal structure representation of E2 with mutations done 
to its external surface (top) and its internal cavity (bottom).83 (C) Diagram of peptide antigen and 
adjuvant, CpG, attachment to E2 particles that would be used as a cancer vaccine.87 (D) Co-
delivery of antigen and adjuvant in nanoparticle yields higher specific tumor cell lysis.90 (E) 
Immunization with CpG-gp100-E2 nanoparticle significantly delays tumor growth and extends 
survival time in mice.89 
 
 
1.5. Toll-like Receptor (TLR) Agonists as Immune System Adjuvants  

Toll-like receptors are membrane-based proteins that play a key role in innate immunity 

by recognizing pathogen-associated molecular patterns (PAMPs), such as bacterial membrane 

components and viral RNA (Figure 1.6).91-93 The majority of TLRs can be categorized as cell 

surface-based (i.e., TLR2/1, TLR2/6, TLR4, and TLR5) or endosomal-based (i.e., TLR3, TLR7, 
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TLR8, and TLR9). TLRs activate very particular intracellular pathways that help the immune 

system prime for specific types of pathogens based the agonist.  

Endosomal TLRs such as TLR3, TLR9, and TLR7/8 recognize CpG, Poly I:C, and ssRNA 

respectively, and have shown to activate dendritic cell differentiation, B cell antibody production, 

and Th1 bias IgG subclass shifting.94-96 Conjugations of endosomal TLR agonists CpG and ssRNA 

have been demonstrated in nanoparticles and have been confirmed to induce pDC and mDC 

mediated immune responses.97 TLR4 uniquely signals proinflammatory responses through both 

the NFkB and IRF3 pathways and has been shown to elicit Th1 responses.91,96 LPS is the main 

agonist for TLR4 but is not FDA-approved due to its toxicity.98,99 Other TLR4 agonists including 

monophosphoryl lipid A (MPLA) and CRX-527 are less toxic than LPS but suffer from low water 

solubility and typically require complicated sugar-based chemistries for conjugation.100-103 TLR2 

forms a heterodimer with TLR1 or TLR6, where TLR2/1 recognizes triacylated lipoproteins and 

TLR2/6 recognizes diacylated lipoproteins. Examples of TLR2 agonists include heat killed 

bacteria and microbial cell-wall components of which are large polymers that do not have straight 

forward methods for conjugation.104 Synthetic TLR2 agonists (i.e., Pam3CSK4, Pam2CSK4, and 

FSL-1) have shown potential for conjugation to subunit vaccines due to their smaller size (ranging 

from 0.3-2 kDa), bioorthogonal chemistry, and water solubutiy.104-110  

Flagellin is the only agonist for TLR5.111,112 Flagellin has been shown to produce varied 

Th1/Th2 responses and is a potent T cell antigen.113,114 Previous work using flagellin and 

hemagglutinin on a virus-like particle (VLP) produced enhanced levels of IgG2a/2b antibody 

responses, cytokine secreting T-cell responses, and survival protection against heterosubtypic flu 

challenge.114,115 Flagellin from three bacterial species have been studied as vaccine adjuvants 

(Bacillus subtilis (~32 kDa), Pseudomonas aeruginosa (~52 kDa), and Salmonella typhimurium, 

(~55 kDa)).115,116 The most popular and studied of the three is S. typhimurium flagellin. This 

flagellin is encoded by the FliC gene, does not require glycosylation for adjuvant activity, and has 

been expressed and purified in E. coli, making it a prime candidate for conjugation to protein 
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nanoparticles.117-119 Flagellin can be recombinantly engineered to allow for attachment to 

nanoparticles (via bioconjugation systems like SpyTag/SpyCatcher), which we demonstrate in this 

work.  

Combinations of TLR agonists have been shown to improve immune responses.120,121 

Particular studies administering TLR4 and TLR7 agonists or TLR2/6 and TLR9 agonists have 

shown that combining TLR agonists will synergistically increase immune responses, such as 

antigen-specific neutralizing antibodies, when compared to immunization with a single TLR 

ligand.101,122 However, in these studies, the antigen and adjuvants were not attached and co-

delivered on a single vehicle. Thus, the effects of co-delivering each component onto one platform 

that mimics the natural association of TLR agonists from pathogens to TLRs of immune cells has 

not been completely investigated. 

 

 

Figure 1.6. Signal pathways of TLRs after activation with agonists. Diagram taken from 
Baxevanis, et al. 91 depicting TLRs and the subsequent intracellular pathways activated after TLR 
agonist activation. 
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1.6. Project Goals and Specific Aims of Each Chapter  

Our overall goal was to use the E2 protein nanoparticles as a platform to deliver protein 

antigens and immunostimulatory adjuvants for the induction of prophylactic immune responses 

against infectious diseases. The particular Specific Aims of each chapters are listed below. 

 

Specific Aim 1 (Chapter 2): Examine the modularity and effectiveness of loading protein 

antigens onto E2 nanoparticles with an influenza disease model. By applying a tNTA-Ni linker 

strategy, we will determine the feasibility of attaching the immunodominant protein antigen 

hemagglutinin (HA, H1) to the E2 nanoparticle and evaluate the subsequent immune responses 

elicited after immunization in mice. Higher antigen-specific antibody responses are expected with 

HA loaded onto E2 nanoparticles compared to the free antigen. Neutralizing antibodies and 

influenza strain cross-reactive antibodies are most coveted in vaccine development. 

 

Specific Aim 2 (Chapter 3): Examine different methods to conjugate full length protein 

antigen onto a protein nanoparticle, using the C. burnetii antigen CBU1910 as the model 

for evaluating prophylactic immune responses. A higher antigen-specific antibody response 

and T cell activity (via IFN-γ secretion) is expected for mice immunized with CBU1910 loaded 

onto E2 and CpG-E2 nanoparticles compared to the free antigen. In vivo studies will provide 

information of the E2 nanoparticle’s innate adjuvating capability due to its unique size and 

structure. 

Examine if T cell epitope antigen peptides from C. burnetii can be formulated onto E2 

nanoparticles to potentially skew the immune response towards a cell-mediated T cell response. 

A higher antigen-specific T cell response (via IFN-γ secretion) is expected for mice immunized 

with the T cell epitope peptides loaded onto CpG-E2 nanoparticles compared to the free antigen. 

We hypothesize that using specific epitopes that have shown T cell skewing activity an immune 
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response towards the whole protein antigen containing these epitopes may be focused as a cell 

mediated response. 

 

Specific Aim 3 (Chapter 4): Examine the unique antigen-specific immune responses 

elicited by co-delivering multiple TLR agonists and an antigen on one E2 nanoparticle. 

Using the repertoire of E2-infectious disease antigen (protein or peptide) nanoparticles that we 

constructed, we assessed the feasibility of attaching a second adjuvant onto our platform. Utilizing 

the SpyTag/SpyCatcher bioconjugation strategy the feasibility of conjugating the TLR5 agonist 

flagellin, TLR9 agonist CpG, and the influenza protein antigen H5 hemagglutinin onto E2 

nanoparticles will be determined. Once attached onto E2 nanoparticles, confirmation of TLR 

agonist activity, characterization of the effects on immune cell activity, and the investigation of the 

prophylactic immune responses elicited will be investigated using in vitro assays and in vivo 

studies. 

 

Chapter 5: A brief summary followed by future directions on developing the E2 platform. 
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2.1. Abstract 

The vast majority of seasonal influenza vaccines administered each year are derived from 

virus propagated in eggs using technology that has changed little since the 1930s. The 

immunogenicity, durability, and breadth of response would likely benefit from a recombinant 

nanoparticle-based approach. Although the E2 protein nanoparticle (NP) platform has been 

previously shown to promote effective cell-mediated responses to peptide epitopes, it has not yet 

been reported to deliver whole protein antigens.  In this study, we synthesized a novel maleimido 

tris-NTA linker to couple protein hemagglutinin (HA) from H1N1 influenza virus to the E2 NP, and 

we evaluated the HA-specific antibody responses using protein microarrays. We found that 

recombinant H1 protein alone is immunogenic in mice, but requires two boosts for IgG to be 

detected, and is strongly IgG1 (Th2) polarized. When conjugated to E2 NPs, IgG2c is produced 

leading to a more balanced Th1/Th2 response. Inclusion of the Toll-like receptor 4 agonist 

monophosphoryl lipid A (MPLA) significantly enhances the immunogenicity of H1-E2 NPs while 

retaining the Th1/Th2 balance. Interestingly, broader homo- and hetero-subtypic cross-reactivity 

is also observed for conjugated H1-E2 with MPLA, compared to unconjugated H1 with or without 

MPLA. These results highlight the potential of a NP-based delivery of HA for tuning the 

immunogenicity, breadth, and Th1/Th2 balance generated by recombinant HA-based vaccination. 

Furthermore, the modularity of this protein-protein conjugation strategy may have utility for future 

vaccine development against other human pathogens. 

 

2.2. Introduction 

Recombinant protein vaccines are inherently safer than live-attenuated vaccines since 

they pose no risk of reversion to a virulent phenotype and can be used in immunocompromised 

individuals. Recombinant proteins also obviate the need for propagation of the pathogen, which 

may introduce mutations (as is the case for influenza virus propagated in hen eggs 1-5), or pose 

safety concerns if the pathogen needs to be grown at high containment (BSL3 or 4).  It is also 
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challenging to control amounts of antigen with live vaccines, which can give rise to toxicity 

concerns, immunodominance of nonprotective antigens, or immune subversion caused by 

immunomodulatory materials.6,7 However, recombinant proteins tend to have weaker 

immunogenicity than live attenuated vaccines, caused by factors such as rapid draining kinetics, 

monovalency of vaccine antigens, reduced capacity to stimulate innate immunity through pattern 

recognition receptors (PRRs), and differential pharmacokinetics of vaccine components.8-10 This 

generally requires such vaccines to be administered with immunoenhancing substances 

(collectively termed ‘adjuvants’) such as emulsions and pattern recognition receptor (PRR) 

agonists, and typically in multiple (booster) doses to achieve adequate immunity.11 

NP-based vaccine delivery systems are a promising solution, combining the safety and 

tunability of subunit vaccines with the strong immunogenicity of particulate antigen.12-15 This 

phenomenon is primarily due to two unique properties of nanoparticles: their increased size 

relative to soluble antigen, and the repetitive pattern in which antigens are displayed on their 

surface. Experimental and computational studies have indicated that dendritic cells preferentially 

take up nanoparticles smaller than 500 nm with an optimal uptake size of ~25-50 nm.16-20 

Diameters larger than 25 nm also have increased retention times within draining lymph nodes.16-

20 Previous studies of nanoparticle (NP) scaffolds with controlled antigen valencies have also 

suggested that the antibody-producing B cells of the adaptive immune system are more efficiently 

activated by 5 or more repeated epitopes, via improved B cell receptor crosslinking and 

subsequent activation.21-23  

NPs have received attention in tumor 24-29 and autoimmune disease 30-33 models due to 

their capacity to elicit strong cytotoxic T lymphocyte (CTL) and regulatory T cell responses (T-

reg), respectively, to peptide epitopes. However, B cell epitopes require specific 3D conformations 

that are generally not represented by peptide fragments.34-36 Therefore, there is a need to attach 

full-length proteins antigens onto NPs.  One strategy to accomplish this is genetically fusing the 

antigen to a protein that naturally self-assembles into a virus-like particle (VLP).37-41  However, 
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genetic fusion frequently leads to protein misfolding or expression issues.42,43 For this reason, 

alternative methods have been explored to attach full-length proteins to various NP platforms 

post-assembly, both covalently 44-46 and noncovalently 47,48.  

In this work, we apply Ni(II)-chelated nitrilotriacetic acid (NTA), which has an affinity for 

polyhistidine-tagged proteins 49-51, as a method for attachment of influenza hemagglutinin (HA) to 

a NP assembled from the E2 subunit of pyruvate dehydrogenase (PDH) (see below). To overcome 

the relatively low binding affinity of Ni-NTA to hexahistidine (KD of ~13 mM 52,53), we used a cyclic 

tris-NTA, which elicits 3-4 orders of magnitude higher affinities to His6 tags than monovalent Ni-

NTA, with a KD of ~2-20 nM.53,54 To accomplish this, a maleimide functional group was added to 

tris-NTA to conjugate to the cysteine residues on our E2 NP scaffold.  Although the presence of a 

repetitive structural array of antigens and uniform antigen decoration is reported to enhance B-

cell activation and antibody responses, there are currently limited options in the toolbox of short 

chemical linkers for attaching protein antigens to the surface of a nanoparticle while maintaining 

the same geometric orientation.10,55  Therefore, the synthesis and development of a tris-NTA linker 

could more broadly enable relatively straightforward, modular assembly of NP-based vaccines 

using any polyhistidine-tagged antigen.  

E2 is a subunit of the Geobacillus stearothermophilus PDH complex that self-assembles 

into a 60-mer hollow spherical protein cage of ~25 nm diameter 56,57 and can be functionalized 

with non-native molecules on its external and internal surfaces.58-60 We have previously shown 

that this platform can efficiently activate dendritic cells 61, and elicit CD8 T cell responses in tumor 

vaccination models when using CD8 epitope peptide antigens.28,62,63 Here, we predicted that 

attaching a protein antigen to our E2 nanoparticle using a novel tris-NTA linker would yield a 

favorable size (relative to soluble antigen) that allows for B cell receptor cross-linking 22,64 and 

antibody production. To test this, we have conjugated an antigen protein to the surface of E2 for 

the first time, specifically the 523-amino acid influenza HA protein (subtype H1 from 

A/California/7/2009), and show that it engenders a quantitatively enhanced antibody response to 
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H1 compared to H1 + E2 administered separately. We also show that administration of H1-E2 

NPs in an adjuvant comprising toll-like receptor-4 (TLR4) agonist (monophosphoryl lipid A; MPLA) 

enhances the magnitude and breadth of the response over non-adjuvanted formulations. 

 

2.3. Methods  

2.3.1. Materials 

Chemical reagents were purchased from Fisher Scientific, Sigma Aldrich, Acros Organics, 

Iris Biotech, or TCI Pharmaceuticals unless otherwise noted. Phosphate buffer used for reactions 

in this study comprised of 50 mM KH2PO4 and 100 mM NaCl at a pH 7.4. Phosphate buffered 

saline (PBS) used for in vivo studies was purchased from Gibco. HEPES buffers used in this study 

included 20 mM HEPES with 100 mM NaCl or 360 mM NaCl at a pH 7.3. Aqueous stock solutions 

of NiCl2 were made at 500 mM. Stock solutions of mal-tNTA were made at 4 mg/ml in DMF. All 

HA proteins used in this investigation, including H1 for conjugating to E2 (variant 

A/California/07/2009, H1N1) and HA variants used in the protein arrays, were purchased from 

Sino Biological. 

 

2.3.2. Synthesis of maleimido cyclic tris-NTA (mal-tNTA) 

 To generate mal-tNTA (5), the synthesis was performed following the route described in 

Scheme 2.1.  The synthesis of t-butyl protected tris-NTA-NH (4) was first performed as previously 

described 53 and these steps, with minor modifications, are detailed in Appendix A.1.1. To produce 

t-butyl protected tris-NTA from (4), maleimido-propionic acid (27 mg, 0.16 mmol) and N,N,N′,N′-

Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 61 mg, 0.16 mmol) 

were dissolved in DMF (9.5 mL) and N,N-Diisopropylethylamine (DIPEA, 0.5 mL). After five 

minutes, t-butyl protected-tris-NTA-NH (151 mg, 0.11 mmol) was added and the reaction was 

stirred overnight. The solvent was evaporated, and the product purified by flash chromatography. 

Column conditions were: 40 g silica gel column; mobile phase A: hexanes; mobile phase B: ethyl 



27 
 

acetate. This was run at a gradient condition of mobile phase B: 0-4 min 0% B, 4-12 min 100% B 

ramp, 12-20 min 100% B. The product eluted at 13 min. The fractions containing product were 

collected, the solvent removed by rotary evaporation, and dried over high vacuum. The product 

was recovered and analyzed by ESI-MS (110 mg, 66% yield). ESI was performed on a Waters 

LCT ESI MS with flow injection at 0.1mL/min in 100% MeOH. Predicted [M+Na]+: 1613.9 m/z 

Observed [M+Na]+: 1612.9 m/z. 

 t-butyl protected tris-NTA-mal (109 mg, 0.069 mmol) was then dissolved in 95% TFA in 

water (5 mL) and stirred for 2 h. The TFA was removed by rotary evaporation and the residue 

added to 40 mL of cold diethyl ether to precipitate the product. The mixture was centrifuged to 

recover the product pellet. The pellet was dissolved in 50% water/ACN, sterile filtered through a 

nylon 0.22 m filter, and lyophilized. The product (5) was weighed and analyzed by LC-MS in 

water/acetonitrile with 0.1% formic acid (53 mg, 71% yield). LC-MS was performed on a Waters 

LC-MS with QDA detector with Hclass UPLC with a water/acetonitrile 0.1% formic acid solvent 

system. Predicted [M+H]+: 1087.4 m/z Observed [M+H]+: 1087.8 m/z.   

 

2.3.3 E2 nanoparticle expression and purification 

 Expression and purification of the E2 protein nanoparticle were performed as previously 

described.57,65 In this study, the E2 mutant E279C was used and will be abbreviated "E2".  This 

mutant has the native glutamic acid at position 279, which resides on the exterior surface of the 

nanoparticle, replaced with a cysteine residue enabling the conjugation of the mal-Ni-NTA (and 

subsequently, HA antigen) on the thiol.65 Briefly, BL21(DE3) E. coli cells containing the plasmid 

with the E279C gene were grown in LB media with ampicillin, and protein expression was induced 

with IPTG. Soluble cell lysates were applied to a HiPrep Q Sepharose anion exchange column 

(GE Healthcare) followed by a Superose 6 size exclusion column (GE Healthcare) for purification, 

with 1 mM dithiothreitol (DTT) added to all lysis, purification, and storage buffers to reduce 

disulfide bonds and prevent protein cross-linking of the cysteines. The hydrodynamic diameter of 
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the purified protein nanoparticles was analyzed by dynamic light scattering (DLS; Zetasizer Nano-

ZS ZEN3600, Malvern). Electrospray ionization mass spectrometry (Xevo G2-XS Qtof) and SDS-

PAGE confirmed molecular weight and purity. Final protein preparations were stored in 50 mM 

potassium phosphate at pH 7.4 with 100 mM NaCl and 1 mM DTT at 4 °C for short-term and −80 

°C for long-term storage. Lipopolysaccharide was removed using Triton X-114 (Sigma), residual 

surfactant was removed with detergent removal spin columns (Pierce), and low endotoxin levels 

were confirmed with an LAL ToxinSensor kit (Genscript).61 Protein concentrations were quantified 

by bicinchoninic acid (BCA) (Pierce, Thermo Fisher Scientific). 

 

2.3.4. Conjugation of protein antigen to protein nanoparticle 

 The overall strategy for conjugating the hemagglutinin (HA) antigen to E2 is shown in 

Figure 2.1.  The attachment is mediated by a hexahistidine/Ni-NTA interaction, with the histidine 

tag on HA and tNTA on E2.   

Conjugation of mal-tNTA to E2.  To remove DTT from purified E2, the E2 nanoparticles 

were passed through a 0.5 mL 40 kDa molecular weight cutoff Zeba spin desalting column 

(Thermo Fisher Scientific) to exchange with HEPES buffer (20 mM HEPES, 100mM NaCl, pH 

7.3) according to manufacturer instructions. An 8.5X molar excess of TCEP (Thermo Fisher 

Scientific) was added and incubated with the E2 (30-45 mins at room temperature), followed by 

addition and incubation with a 10X molar excess of mal-tNTA  (1-2 hours at room temperature, 

then at 4C overnight) (Final DMF concentration did not exceeded 10% (v/v)).  A buffer exchange 

was performed with a desalting column using 20 mM HEPES, 100 mM NaCl to remove unreacted 

mal-tNTA, DMF, and TCEP. Conjugation efficiency of the mal-tNTA to E2 and characterization 

were performed via SDS-PAGE and ESI-MS (Xevo G2-XS QTof). Protein concentration and 

hydrodynamic diameters and protein concentrations were measured via BCA and DLS, 

respectively.  
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Attachment of His6-Tagged Hemagglutinin (HA) to E2 nanoparticle. A 10X molar excess 

of NiCl2 in aqueous solution was added to the tNTA-E2 and incubated for 2 hours at room 

temperature with gentle shaking. Unchelated NiCl2 was removed and buffer exchange (20 mM 

HEPES, 360 mM NaCl, pH 7.3) was performed by a spin desalting column.  A C-terminally His6-

tagged HA monomer lacking a transmembrane domain and cytoplasmic tail from 

A/California/07/2009 (H1N1) (SinoBiological Inc.; reconstituted at 1 mg/mL in water; GenBank 

protein accession # ACP41105.1) was added to Ni-tNTA-E2 at a 0.3:1 ratio of H1:E2 monomer 

and incubated at room temperature with gentle shaking for 2 hours. The mixture was filtered with 

a 0.22 m PVDF membrane and separated with a Superose™ 6 analytical size exclusion column 

(SEC) column on ÄKTA FPLC (Cytiva/GE Healthcare) to remove unbound H1. Fractions were 

evaluated with an SDS-PAGE gel and stained with a Pierce Silver Stain Kit (Thermo Fisher 

Scientific) to identify the fractions containing H1 attached to E2 nanoparticles (H1-E2) vs. 

unbound H1. Conjugation efficiency of H1 to E2 was estimated using the SEC chromatographs 

that showed unbound H1 (peak 2) and conjugated H1-E2 (peak 1) (Figure 2.2B). In brief, we 

calculated the concentration of unreacted H1 from the area under the curve (AUC) using the 

volume and A = ϵbC (where A = absorbance, ϵ = molar extinction coefficient of H1, b = path length, 

and C = molar concentration of unreacted H1). The extinction coefficient of H1 was estimated 

using Expasy ProtParam (88,240 M-1cm-1).66  Mole balances of H1 and E2 related the total amount 

of H1 and E2 input into the conjugation reaction (respectively) with the amounts after reaction, 

which enabled the determination of ratio of H1 bound per E2 nanoparticle (n = 9 independent 

conjugation batches).    

 

2.3.5. Transmission electron microscopy 

 Five microliters of the nanoparticles at approximately 0.015 mg/ml were applied to glow-

discharged carbon-coated grids and negatively stained with a saturated ammonium molybdate 
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solution. The sample grids were examined with a JEM-2100F transmission electron microscope 

(JEOL) equipped with a OneView CCD (Gatan).  

 

2.3.6. Protein modeling 

ChimeraX was used to model E2 nanoparticle (PDB code: 1b5s) and H1 monomer (PDB 

code: 3ztn), estimate protein dimensions, and generate protein graphics.67,68 Protein dimensions 

were measured using ChimeraX’s “distance” command and RCSB Protein Data Bank’s (PDB’s) 

distance tool. Two amino acids on opposite sides of the H1 stem region were selected, and their 

distance was recorded. Multiple pairs of amino acids were analyzed and an average distance for 

the width of H1 was calculated. A similar procedure was done to determine the distance between 

cysteines on the E2 NP. 

 

2.3.7. Immunizations with H1-E2 nanoparticles 

 All animal studies were carried out in accordance with protocols approved by the Institute 

for Animal Care and Use Committee (IACUC) at the University of California, Irvine and by the 

Animal Care and Use Review Office (ACURO) of the U.S. Army Medical Research and Materiel 

Command (USAMRMC). Six groups (N=5 per group) of 6–8-week-old C57Bl/6 female mice 

(Charles River) were administered 100 μl vaccine formulations in phosphate buffered saline (PBS, 

Gibco) (Figure 2.3A) via the subcutaneous route (base of the tail) according to the schedule 

shown in Figure 2.3B. We examined the effects of immunizing with H1 bound and unbound to the 

E2 nanoparticle, with and without the TLR4 agonist, monophosphoryl lipid A (MPLA) (Avanti Polar 

Lipids, Inc).  PBS and H1 in PBS served as control groups. H1 and E2 nanoparticle were 

administered at 2 and 4 μg/dose, respectively. Since MPLA has limited solubility in aqueous 

solution, MPLA was integrated into DOPG liposomes (an inert co-lipid) at 1:5 molar ratio. Mice 

were primed via the s.c. route (base of tail) and boosted with identical formulations via the same 

route on days 14 and 49. Mice were weighed daily for approximately 2 weeks after each injection 
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and monitored for any changes in behavior or appearance. On days 0, 10, 28, 42, and 56 blood 

was collected via cheek vein bleed. Blood was collected via cardiac puncture on day 70, the 

experimental end point.  

 

2.3.8. Antibody profiling by influenza protein microarray 

 The construction and probing methodology of the influenza protein microarray used for 

the study has been reported previously.69  Briefly, over 200 recombinant influenza HAs spanning 

18 subtypes, expressed in human or insect cells as either HA0 or HA1 molecules with a C-terminal 

His-tag, were purchased from Sino Biological Inc. and printed as described.69 The array content 

and data are shown in Appendix B.6. Plasma samples were incubated with rehydrated arrays at 

4oC overnight and washed in Tris-buffered saline (TBS) containing 0.05% Tween 20 (T-TBS). 

Bound IgG was detected using biotinylated anti-mouse IgG (Jackson ImmunoResearch; Cat No. 

115-068-071) and visualized after washing using streptavidin-conjugated Qdot-800 (Life 

technologies; Cat. No. Q10173MP). For IgG subtyping, anti-mouse IgG1-Alexa Fluor647 or 

IgG2c-Alexa Fluor555 (Southern Biotech; Cat. Nos. 1073-31 and 1077-32) were used. After 

washing and drying, images were acquired using the ArrayCAM imaging system (Grace Bio-Labs 

Inc., Bend, OR). 

 

2.3.9. Statistical analyses 

Data describing nanoparticle characterization (e.g., hydrodynamic diameter, 

antigen/nanoparticle ratios, mass spectrometry molecular weights) are presented as mean ± 

standard deviation (SD) of at least three independent experiments (n  3), unless otherwise noted. 

Protein microarray data from immunized mice sera was compiled in dot plots of signal intensities 

for each antigen (mean ± SD for each vaccine group) generated in Prism version 9.3.1 

(GraphPad, La Jolla, CA, USA). One-way ANOVAs were performed using a Kruskal-Wallis 
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multiple comparison test (Dunn’s multiple-comparison) in Prism; a P value of <0.05 was 

considered statistically significant. 

 

2.4. Results and Discussion  

Seasonal influenza, caused by influenza A and B viruses, results in 290,000-650,000 

deaths annually worldwide.70 In this study, we selected influenza A virus (IAV) as our pathogen 

model to develop an E2 nanoparticle (NP) vaccine, due to its relevance to human health, the 

detailed understanding of influenza vaccinology, and the availability of many influenza proteins 

with His-tags suitable for Ni-NTA conjugation chemistry.71,72 Attachment of virions to the host cell 

is mediated by binding of hemagglutinin (HA) present on the virion surface to cell-surface sialic 

acid resides. HA is also the immunodominant target of virus-neutralizing antibodies and a lead 

vaccine antigen. Of the 18 known IAV hemagglutinin subtypes (H1-H18), only H1 and H3 are 

currently found circulating in humans, and we have chosen to focus on H1 in these studies due 

to its importance in seasonal influenza in humans.  

Structurally, HA is expressed in the viral membrane as a highly glycosylated homotrimer 

with each monomer consisting of a single polypeptide demarcated into two distinct regions by a 

cleavage site: HA1, which contains the highly variable head region and part of the more conserved 

stem region, and HA2, which encodes the remainder of the stem (See Appendix A.2.1). Here we 

speculated that our E2 NP, which is of a size (~25 nm) particularly suited to antigen presenting 

cell (APC) uptake, and its ability to present multiple HA proteins in a regular, repetitive pattern, 

would lead to the elicitation of superior immunity compared to a free antigen control. 

 

2.4.1. Synthesis of maleimido cyclic tris-NTA (mal-tNTA)  

To perform the conjugation of the protein antigen to the E2 NP, we generated a maleimido 

cyclic tris-NTA (mal-tNTA) as described in Materials and Methods. By the synthetic route shown 

in Scheme 2.1, hundreds of milligrams of mal-tNTA were readily produced, enabling antigen 
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conjugation to the NPs. LC-MS was used to confirm the identity of mal-tNTA (See Appendix B.1). 

Mal-tNTA is significant as a new linker for joining His-tagged proteins to thiol-functionalized 

materials, such as cysteine-containing proteins, enabling modular assembly of different protein 

NPs and antigens. Previous uses of tNTA on NPs involved the use of tNTA linkers with lipid tails 

that allowed for embedding into liposomes, but here we show a covalent method of attaching 

tNTA onto protein NPs via maleimide.73-75 The tris-NTA linker has previously been applied to delay 

the release of antigens and deliver genome-editing proteins from liposome NPs in vitro, though in 

vivo studies have not corroborated these findings.73-75 Nonetheless, in vivo studies utilizing tris-

NTA to bind protein antigens to liposome NPs have shown elevated antibody responses 

compared to unbound protein antigen and efficacy in a tumor model.73,76 

 

 

Scheme 2.1. Synthesis route of mal-tNTA. 1=H-L-Glu(Bzl)-OtBu*HCl, 2=di-t-butyl acetate-L-
Glu(Bzl)-OtBu, 3=di-t-butylacetate-L-Glu-OtBu, 4=t-butyl protected tris-NTA-NH, 5=tris-NTA-mal 
(mal-tNTA).   
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2.4.2. Surface display and attachment of His-tagged influenza hemagglutinin protein to E2 

nanoparticle 

 Attachment of mal-tNTA to E2. HA was successfully attached on the surface of the E2 NP 

as shown in Figure 2.1 and Figure 2.2. The conjugation of mal-tNTA to E2 was supported by the 

~1kDa band shift on SDS-PAGE (Figure 2.2A) and confirmed by mass spectrometry (See 

Appendix B.2). The theoretical molecular weights of E2 (E279C mutant) and mal-tNTA conjugated 

to E2 are 28091 and 29179 Da, respectively.  Experimentally, we obtained molecular weights of 

28091  0 Da for E2 (E279C; n=3) and 29177  0.5 Da for mal-tNTA-E2 (n=3), both of which 

closely match predicted values. Both SDS-PAGE and MS data show that the conjugation yield 

was >90%. The resulting mal-tNTA-E2 nanoparticles also structurally remained intact, resulting in 

a single peak at an average hydrodynamic diameter of 28.8 ± 2.2 nm, which is similar to the size 

of E2-alone (27.3 ± 1.1 nm; Figure 2.2C); thus, particles appeared to be physically stable, and no 

aggregation issues were observed after mal-tNTA conjugation.  

 

 

Figure 2.1. Hemagglutinin (HA, subtype H1) protein attachment to E2 using mal-tNTA. The 
E2 mutant, E279C, is a 60-subunit protein nanoparticle assembly which contains 60 cysteines on 
the surface (red points). Maleimide-tNTA is conjugated to these external cysteines (black points), 
and Ni (II) is loaded onto tNTA via chelation (green points). A polyhistidine tag on the H1 antigen 
associates with the Ni-chelated tNTAs to form a coordination bond, resulting in a nanoparticle 
displaying H1 on the surface. 
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Figure 2.2.  Characterization of tNTA-E2 and H1-E2 nanoparticles. (A) SDS-PAGE showing 
E2 (E279C) alone (lane 1), tNTA-E2 (lane 2), H1 alone (lane 3), and H1-E2 (lane 4). (B) A 
representative chromatogram of the size exclusion chromatography (SEC) performed to separate 
unreacted HA. Each collected fraction was analyzed with SDS-PAGE (See Appendix B.4) and 
confirmed H1-bound E2 in the first SEC peak and unbound H1 in the second peak. (C) 
Hydrodynamic diameters for E2, tNTA-E2, and H1-E2, and average sizes were 27.3 ± 1.1 nm, 
28.8 ± 2.2 nm, and 38.2 ± 1.7 nm, respectively. (D) Representative TEM image of H1-E2 
nanoparticles. Scale bar = 50 nm. 
 

Attachment of H1 to E2.  Our model HA antigen, H1 from A/California/7/2009 (Sino 

Biological), was His-tagged at the C-terminus, expressed in HEK293T cells, and lacked the 

transmembrane domain and cytoplasmic tail in native hemagglutinin. The protein also lacks an 

engineered trimerization domain, and size exclusion chromatography (SEC) comparing the 

elution profiles of this soluble H1 shows elution profiles consistent with previously-reported 
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monomers of H1 77,78 and other HA subtypes (H3, H5) 77-80, rather than their trimers  (See Appendix 

B.3). Although HA trimers may present quaternary epitopes not found in monomers and thereby 

elicit antibodies from a broader repertoire of B cell clones 81,82, we aim to construct H1-E2 using 

HA monomers to facilitate synthesis, which is an important consideration for future nanoparticle 

vaccine scale-up. Moreover, we have also published IgG cross-reactivity profiles against different 

drift variants for mice that were administered monomeric or trimeric H5; we found that these 

datasets are highly correlated (R2 = 0.92), suggesting the immunogenicity of monomeric HA is 

broadly overlapping with trimeric HA.83 

To attach the His-tagged H1 to E2, we chelated tNTA-E2 with Ni(II) and incubated with the 

His6-tagged H1. The H1-E2 product was then separated from unbound H1 by size exclusion 

chromatography (SEC), resulting in protein elution within two distinct peaks (Figures 2.2A,B).  

SDS-PAGE analysis of each of the fractions from the SEC showed that, as expected based on 

size, the first peak contained E2 nanoparticles with attached H1 and the second peak was free, 

unbound H1 (See Appendix B.4). It should be noted that the tNTA-H1 interaction with the 

hexahistidine is a coordination, not a covalent, bond and therefore leads to the appearance of 

separate H1, E2, and tNTA-E2 subunit bands on the SDS-PAGE denaturing gel (Figure 2.2A, lane 

4; See Appendix B.4). The H1:E2 binding ratio was calculated from the SEC chromatograms 

based on the area under the curve as described in Materials and Methods. The average ratio of 

H1 bound per E2 nanoparticle was determined to be 13.1 ± 1.0 and was consistent with 

estimations based on SDS-PAGE band intensities.  This protein assembly yielded an intact H1-

E2 particle with an average hydrodynamic diameter of approximately 38.2  ± 1.7 nm (Figure 2.2C), 

~9-10 nm larger than the sizes for E2 alone (E279C variant) and tNTA-E2 (Figure 2.2C). This H1-

E2 size is within the range of the ideal size range for lymph node retention times and dendritic 

cell uptake.16-20,64  DLS data also did not show evidence of protein aggregation after H1 

attachment to the nanoparticle.  Transmission electron microscopy of H1-E2 further confirms the 
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intact monodispersed nature of the nanoparticles reported by DLS and the assembly of particles 

consistent with a hollow dodecahedral cage structure (Figure 2.2D).  

3D protein modeling using ChimeraX shows that on the surface of a 60-mer E2 

nanoparticle, the location of the cysteines at position 279 is clustered in a trimeric configuration, 

with neighboring cysteines estimated to be only ~3 nm apart (See Appendix A.2.2). Based on 

modeling, monomeric HA is estimated to have a diameter of ~3.0 nm. Therefore, it is likely that 

steric hindrance between HA monomers limits the number of proteins that could associate with 

the tNTA-functionalized cysteines. Although the resulting average attachment ratio is below the 

theoretical maximum, this value is close to the observed conjugation of another model protein, 

green fluorescent protein (GFP), to E2 nanoparticles using the same tNTA/His-tag strategy (See 

Appendix A.1.2; See Appendix B.5).  In examining the attachment of GFP to E2 using this tNTA 

approach, a molar excess of GFP was reacted with E2 which resulted in ~9 GFP attached to the 

surface of E2.  We speculate that the theoretical maximum number of 60 H1 on a nanoparticle 

may not be necessary for a vaccine formulation, since B cell receptor cross-linking has an ideal 

antigen spacing of 5-10 nm 8,20,71, which is above the distance of neighboring cysteines on this 

platform (See Appendix A.2.2).  

 

2.4.3. Immunogenicity of H1 is enhanced by conjugation to E2, with or without MPLA  

 We then examined the immunogenicity of our H1-E2 nanoparticles in mice in vivo, 

following the vaccine groups and immunization schedule summarized in Figure 2.3. Plasma 

samples collected at regular intervals were probed for IgG breadth using HA protein microarrays 

(Figures 2.4 and See Appendix B.6). IgG reactivity toward full-length (HA0) proteins are shown in 

Figure 2.4A. PBS controls (Group A) failed to produce H1-specific IgG at any time point, as 

expected. H1 (Group B) was antigenic in the absence of an adjuvant, although required two 

boosts to generate a broad response across different H1 variants. Conjugation of H1 to E2 NPs 

(H1-E2, Group E) did not enhance immunogenicity unless also administered with MPLA (Group 
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F). Inclusion of MPLA to the H1-E2 conjugate also dramatically accelerated the response such 

that IgG was detected on day 10 (after a single dose), with a significant increase in magnitude 

after the first boost, and a further increase after the second boost. MPLA also enhanced the 

magnitude of the response to unconjugated H1 (Group D) although signals were lower than when 

conjugated (Group F). Interestingly, Group C, which received unconjugated H1 and E2 without 

MPLA, never induced H1-specific antibodies at any point during the study. Since H1 alone was 

able to induce IgG, there appears to be a suppressive function of E2 when admixed with H1. This 

suppressive effect does not appear to be unique to H1, as it was also observed when mice were 

immunized with a different protein antigen (CBU1910 from Coxiella burnetii) mixed with E2; 

however, the suppression that is observed for CBU1910 appears to be at a lower extent (See 

Appendix B.7). The reasons for this are currently unclear but seem to be overcome by the 

inclusion of MPLA (as can be seen in Group D). At no point in the study did any animals exhibit 

noticeable adverse reactions, including weight loss to any of the formulations (data not shown). 

IgG reactivity toward HA1 fragments is shown in Figure 2.4B. HA1 contains the variable 

head domain and part of the conserved stem domain. Thus, cross-reactivity for HA1 is more 

stringent than for the whole HA0 protein since HA1 contains fewer conserved amino acids found 

in the stem. Overall, the dynamics of the response are similar to that seen against the full-length 

HA0, although the magnitude of signals for HA1 fragments is lower, consistent with lower 

sequence identity between HA1 fragments and the immunizing H1 variant. Moreover, the 

accelerated (d10) response seen against full length HA0 in Group F was not seen against the 

HA1 fragment, suggesting IgG against the stem (not encoded in HA1) arise first. 

The early (d10) appearance of H1-specific IgG in Group F suggests conjugation of antigen 

to the NP enhances class switching of H1-specific B cells. Since neither unconjugated H1 with 

MPLA (Group D), nor conjugated H1-E2 without MPLA (Groups D and E, respectively) show IgG 

at d10, the data from Group F indicates physical linkage H1 to E2 and MPLA are synergistic in 

the acceleration of the response. This may be owing to the increased size of the H1-E2 complex 
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compared to unconjugated H1, which may lead to improved lymph node retention required for 

class switching and affinity maturation.64,84,85 In addition, the display of H1 on the E2 NP in a 

repeating manner is conducive for B cell receptor (BCR) crosslinking, which is a requirement for 

B cell activation.86 BCR crosslinking has also recently been shown to play a role in germinal center 

induction within lymph nodes, a necessary step for achieving affinity maturation and class 

switching of B cells.87 Lastly, because the particulate nature of the H1-E2 nanoparticle makes it 

more likely to be taken up by APCs, we speculate that these cells may have higher levels of H1-

derived peptide/MHC complexes on their surface leading to enhanced T cell activation.88,89 Of 

note, activated CD4 “helper” T cells can then contribute to T cell-dependent maturation of B cells 

to elicit higher IgG titers. It is suspected that one, or a combination of the above mechanisms, are 

contributing to the accelerated and increased magnitude of signals observed in Group F. 

 

 

Figure 2.3. Vaccine groups and immunization schedule. (A) Table summarizing the vaccine 
groups and dose amounts per injection. Group A) PBS control; Group B) Hemagglutinin (H1); 
Group C) E2 nanoparticle and H1 (unconjugated); Group D) E2 nanoparticle and H1 
(unconjugated), with MPLA (TLR4 agonist); Group E) H1-E2 (conjugated); Group F) H1-E2 
(conjugated) with MPLA. (B) Timeline of immunizations and plasma collection. 
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Figure 2.4. H1-specific IgG profiling by protein microarray. Six groups of 5 B6 mice (Groups 
A to F) were administered different formulations as indicated and boosted on d14 and d49 (red 
arrows). Array data are shown as dots plots of IgG signal intensities at different time points post-
prime against H1 variants displayed on an influenza virus HA protein microarray; each dot 
represents an individual H1 variant (mean of 5 mice) with lines connecting the means (± SD error 
bars). (A) HA0, full-length H1 (N=21 variants); (B) HA1 fragment of H1 (N=21 variants).  Variants 
of HA0 and HA1 were utilized and reflect those listed in Appendix A.2.3. One-way ANOVA (non-
parametric) comparisons using a Kruskal-Wallis test were made between both pre- and post-
boost time points: **** p<0.0001, *** p<0.001, ** p<0.01, *p<0.05 Abbreviations: PBS, phosphate 
buffered saline; H1+E2, unconjugated H1 and E2 NPs; H1-E2, conjugated H1 and E2 NPs, MPLA, 
monophosphoryl lipid A. 
 

2.4.4. H1-E2 nanoparticle immunizations elicited a IgG1/IgG2c balanced antibody response 

Endpoint plasma (d70) was also probed for H1-specific IgG1 and IgG2c using isotype-

specific secondary antibodies (Figure 2.5). Group B (unadjuvanted H1) defaults to a strongly 

IgG1-polarized response. In contrast, Group D (unconjugated E2 + H1 with MPLA) and Group F 

(conjugated H1-E2 with MPLA) elicited a balanced IgG1 and IgG2c response, with Group F 

eliciting marginally higher IgG2c signals than group D. Group E (H1-E2 without MPLA) also 

induced a balanced response, although the magnitude of the signals was significantly lower than 

in the absence of MPLA.  
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IgG1/IgG2 subtyping is frequently used as a surrogate marker for Th2 and Th1 

functionality, respectively.90-92 In previous studies we showed the capacity of E2 NP to elicit anti-

tumor immunity when conjugated with tumor peptide antigens and administered with CpG (a TLR9 

agonist) as adjuvant.28,62,63 The Th1-skewing property of CpG is well-known.93  In the present 

study, the H1-E2 conjugate in the absence of MPLA (Group E) was able to elicit modest IgG2c, 

while H1 alone could not, which suggests that the E2 NP itself may have some inherent Th1-

biasing properties. This is a novel finding and is significant as many FDA-approved human 

vaccines adjuvanted with alum (aluminum hydroxide salts), are biased towards stimulating Th2 

immunity. Although neutralizing antibody responses have conventionally been the focus of 

evaluating influenza vaccine efficacy, it is now clear that Th1 and cell-mediated responses are 

also important for protection against influenza.94,95 

   Unlike B cells, which are confined to recognizing structural, often highly variable, antigens 

on the surface of viruses, T cell epitopes can be found also within non-structural antigens 

expressed in infected cells, and which in many cases are highly conserved between variants. This 

makes them attractive T cell vaccine antigens, particularly for pathogens such as influenza which 

has the capacity to undergo antigenic drift. CD8 T cells, which act by killing infected cells that 

present pathogen-associated peptide epitopes on MHCI, have long been demonstrated to have 

the capacity to react against heterosubtypic influenza strains 96,97 and their role in controlling 

symptomatic infection is well-documented.98,99 Although the design of E2 nanoparticle-based 

cancer vaccines with tumor associated antigens has been demonstrated to elicit a CD8 cytotoxic 

response 62,63, the utility of E2 for inducing CD8 to whole protein antigen is still under investigation.  

Our data does show, however, the ability of our E2 NP to skew IgG responses towards IgG2c, 

suggesting a stronger Th1 CD4 cell-mediated response, which may have benefits in the context 

of influenza vaccine design.100,101   
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Figure 2.5. Attachment of H1 to E2 (H1-E2) modulates the immune response to H1 towards 
a more balanced IgG1/IgG2c antibody response. Box and whisker plots with each dot 
representing an individual H1 variant (means ± SD of n=5 mice) after probing d70 samples on HA 
protein microarrays followed by IgG1 and IgG2c-specific secondary antibodies. (A) HA0, full-
length H1, (B) HA1 fragment of H1. 21 variants of HA0 and 21 variants of HA1 were utilized and 
reflect the H1 variants listed in Appendix A.2.3. One-way ANOVA (non-parametric) comparisons 
using a Kruskal-Wallis test for means of the data was performed between groups as shown, **** 
p<0.0001, *** p<0.001, ** p<0.01, *p<0.05. Abbreviations: PBS, phosphate buffered saline; 
H1+E2, unconjugated H1 and E2 NPs; H1-E2, conjugated H1 and E2 NPs, MPLA, 
monophosphoryl lipid A. 
 

2.4.5. H1-E2 conjugated NPs elicited broader homosubtypic and heterosubtypic cross-reactivity 

than unconjugated H1 

Subtype cross-reactivity on the array is a potential correlate of the breadth of the response 

induced by a vaccine. The head region of HA, encoded in HA1, is the most variable region found 

between influenza variants and contains epitopes recognized by neutralizing antibodies. 

Mutations within neutralizing antibody epitopes (located predominantly in the immunodominant 

head of HA) lead to immune selection of variants able to escape antibody neutralization and the 

emergence of novel variants.102 More conserved regions, located in both the HA1 and HA2 

domains, that play functional roles in receptor binding and membrane fusion, respectively, are 
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widely considered as prime targets for eliciting broad or cross-protective immunity. However, such 

vulnerabilities are often masked by glycans103-106 and may be inaccessible to antibody or 

subdominant in the response, making them unsatisfactory targets for vaccination. Here we 

demonstrate that loading H1 on E2 NPs enhances antibody responses towards both of head and 

stem regions of different influenza subtypes.  Shown in Figure 2.6 are IgG profiles for day 70 

plasma (See Appendix B.6). The plots in Figure 2.6A show the signals for each vaccine group 

(mean of 5 mice) against all HA0 (full-length) HAs printed on the array, spanning HA subtypes 1 

through 18 (horizontal axis), organized by phylogenetic group. The data for individual full length 

(HA0) H1 and H5 variants, are also shown in the box plots in Figures 2.6B and 6C, respectively. 

H1 and H5 both belong to phylogenetic group 1 and have ~63% amino acid sequence identity. 

While vaccine Groups B, D, E, and F were all able to elicit homosubtypic cross-reactivity (i.e., to 

the H1 variants) only Group F (H1-E2 conjugate with MPLA) elicited detectable heterosubtypic 

responses for H5 and other Group 1 subtypes. Overall, Group F elicited both the highest 

homosubtypic and heterosubtypic antibody signals.   

The plots in Figure 2.6D show the mean signals for each vaccine group for all HA1 

fragments on the array. The HA1 fragment contains the variable head domain of HA and part of 

the stem. Overall, the same vaccine formulations that induced a homosubtypic cross-reactive 

response to the full-length (HA0) H1 molecule, also induced a homosubtypic cross-reactive 

response to the H1 HA1 fragment, although the breadth was narrower. Similarly, Group F, which 

was the only group able to induce significant heterosubtypic cross-reactivity for full length H5, 

also induced a modest response to H5 HA1 fragments, although again the breadth was reduced. 

The data for individual HA1 fragments of H1 (homosubtypic cross-reactivity) and H5 

(heterosubtypic cross-reactivity) are shown in the box plots in Figures 2.6E and 2.6F, respectively. 

These representations of the data emphasize that the breadth of both homo- and heterosubtypic 

responses are broader for the full length HA0 compared to the HA1 fragment.   
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Figure 2.6. Attachment of H1 to E2 nanoparticle (H1-E2) engenders homosubtypic and 
heterosubtypic cross-reactivity that is enhanced by MPLA. (A) and (D), day 70 plasma IgG 
profiles against full-length (HA0) and HA1 fragments, respectively, as measured by protein 
microarray. Each spot corresponds to an individual arrayed protein (mean of 5 mice). The arrayed 
proteins (horizontal axis) are arranged by phylogenetic group and ranked by descending signal 
intensity. (B) and (C) are box plots of H1 and H5 full-length (HA0) array data. (E) and (F) are box 
plots of H1 and H5 HA1 fragment array data. Each plot showing one-way ANOVA (non-parametric) 
comparisons using a Kruskal-Wallis test for means as indicated; **** p<0.0001, *** p<0.001, ** 
p<0.01, *p<0.05.  
 

This relatively broader response to full length (HA0) compared to HA1 fragment by protein 

microarray (Figure 2.6) has been seen in other studies where the breadth of the response induced 

by adjuvanted HA was examined using the microarray platform.83,107 One possibility is the stem is 

immunodominant over the head, at least when recombinant HA protein is delivered in adjuvant. 

This contrasts with the response to natural infection where the head is usually 

immunodominant.108 We speculate the membrane distal head is readily accessible to antibody on 

the virion surface, whereas the stem might be relatively less accessible to antibody, accounting 

for the immunodominance of the head during natural infection. In contrast, administration of 

recombinant HA protein in adjuvant may allow the stem to be more available for antibody 

recognition. Regardless of the precise mechanism, this is significant because, in contrast to the 

variable head domain, the stem is a relatively well-conserved and a vaccine strategy able to drive 
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the response toward the conserved stem may offer a path to a more broadly protective vaccine 

compared to current vaccine approaches.109 We are also aware it is possible the 

immunodominance of the stem in this study may be because HA1 adopts a more authentic 

conformation in the array platform when assembled in the full-length (HA0) molecule rather than 

as an HA1 fragment. Monoclonal antibodies (mAbs) that are usually used to probe for correct 

conformation of HA typically recognize the stem rather than the head; conversely, HA1-binding 

mAbs (e.g., those that inhibit virus-mediated hemagglutination) generally bind to linear epitopes 

and are not conformation dependent. Nevertheless, we did identify two conformation-sensitive 

mAbs that bind H1 HA1 on the array that lost reactivity against denatured antigen,107 supporting 

the notion that HA1 is correctly folded on the array. However, further studies to establish whether 

administration of recombinant HA in adjuvant helps overcome immunodominance of the head are 

warranted. 

Homosubtypic cross-reactivity of antibodies generated by the H1 (A/California/7/2009) 

vaccine and other H1 drift variants is mediated by B cell clones that recognize antigenically similar 

epitopes. Although not defined here, these epitopes will map to conserved amino acids shared by 

multiple variants and are typically regions of the HA protein required for structural stability, 

receptor-mediated attachment, or membrane fusion.110 Homosubtypic cross-reactivity elected by 

the H1-E2 vaccine reported here is significant, as it may offer a path to providing protection 

against drift variants. Current seasonal influenza vaccines, manufactured predominantly from 

inactivated influenza virus and detergent extracted to enrich for the membrane HA and NA 

molecules, elicit antibodies that are highly specific to the immunizing variant. Consequently, 

seasonal vaccines need to be revised each year in response to antigenic drift, i.e., the process 

by which the circulating viruses (currently H1N1 and H3N2) accumulate mutations within the 

neutralizing epitopes under selective pressure from antibodies. Although the breadth of the 

response can be broadened using adjuvants107 these are not routinely used for seasonal 

influenza.  
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Seasonal influenza vaccines provide negligible heterosubtypic cross-reactivity. Here we 

show that among the formulations tested, the conjugated H1-E2 with MPLA induced cross-

reactivity for H5. Avian influenza H5N1 is endemic in wild birds and frequently causes outbreaks 

in domestic poultry; it is also well-known known for causing zoonotic infections of humans.111 

Indeed, the risk of pandemics caused by H5N1 has prompted the stockpiling of H5N1-based 

vaccines as part of the US Government’s Pandemic Influenza Vaccine Stockpiling Program. A 

vaccine able to provide broader protection, achieved through the use of improved delivery 

systems such as adjuvants and/or nanoparticles, would reduce the need to annual reformulations 

and may lead to vaccines against both seasonal and pandemic influenzas, or ideally across all 

subtypes (so-called ‘universal’ influenza vaccines). 

 

2.5. Conclusions  

A model antigen (H1 hemagglutinin from influenza) has been successfully conjugated to 

the E2 NP using a new tris-NTA chemical linker that utilizes polyhistidine tags engineered into 

recombinant proteins. Unlike many conventional protein-protein linkers, this strategy enables the 

attachment of protein antigens onto the surface of a vaccine nanoparticle platform in a defined 

orientation, which can potentially increase B-cell activation. We tested the antibody responses 

after administration with vaccine nanoparticles that were fabricated using this approach. In 

immunogenicity studies in mice where H1-E2 was compared to unconjugated H1, the conjugate 

elicited a more balanced IgG1/IgG2c response to H1, compared to the strongly polarized IgG1 

response seen against H1 alone, showing the E2 particle may have an inherent Th1-biasing 

property. Administration of the H1-E2 conjugate with MPLA significantly accelerated the response 

(with IgG appearing on d10) but not when administered with unconjugated H1, nor when H1-E2 

conjugate was administered in the absence of MPLA, suggesting NP-mediated delivery of antigen 

and MPLA signaling synergize to accelerate the response. While several formulations tested 

engendered homosubtypic cross-reactivity, only the conjugated H1-E2 NP with MPLA induced 
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significant heterosubtypic cross-reactivity, a favorable characteristic for vaccine designs that may 

protect against drift variants. Our tris-NTA/His-tag conjugation strategy is applicable to other 

protein antigens and should broaden the utility of the E2 NP as a delivery vehicle for other human 

pathogens. 
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3.1. Abstract 

Coxiella burnetii is the causative agent of Q fever, for which there is yet to be an FDA-

approved vaccine.  This bacterial pathogen has both extra- and intracellular stages in its life cycle, 

and therefore both a cell-mediated (i.e., T lymphocyte) and humoral (i.e., antibody) immune 

response are necessary for effective eradication of this pathogen.  However, most proposed 

vaccines elicit strong responses to only one mechanism of adaptive immunity, and some can 

cause either reactogenicity or lack sufficient immunogenicity. In this work, we aim to apply a 

nanoparticle-based platform towards producing both antibody and T cell immune responses 

against C. burnetii.  We investigated three approaches for conjugation of the immunodominant 

outer membrane protein antigen (CBU1910) to the E2 nanoparticle to obtain a consistent antigen 

orientation: direct genetic fusion, high affinity tris-NTA-Ni conjugation to polyhistidine-tagged 

CBU1910, and the SpyTag/SpyCatcher (ST/SC) system. Overall, we found that the ST/SC 

approach yielded nanoparticles loaded with the highest number of antigens while maintaining 

stability, enabling formulations that could simultaneously co-deliver the protein antigen 

(CBU1910) and adjuvant (CpG1826) on one nanoparticle (CBU1910-CpG-E2). Using protein 

microarray analyses, we found that after immunization, antigen-bound nanoparticle formulations 

elicited significantly higher antigen-specific IgG responses than soluble CBU1910 alone and 

produced more balanced IgG1/IgG2c ratios. Although T cell recall assays from these protein 

antigen formulations did not show significant increases in antigen-specific IFN-γ production 

compared to soluble CBU1910 alone, nanoparticles conjugated with a CD4 peptide epitope from 

CBU1910 generated elevated T cell responses in mice to both the CBU1910 peptide epitope and 

whole CBU1910 protein. These investigations highlight the feasibility of conjugating antigens to 

nanoparticles for tuning and improving both humoral and cell-mediated adaptive immunity against 

C. burnetii. 
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3.2. Introduction 

Coxiella burnetii is the Gram-negative intracellular bacterium that causes the life-

threatening disease Q fever1-3, and has been classified by the US Center for Disease Control and 

Prevention as a potential bioterrorism agent due to its airborne transmission, highly infectious 

nature, and extreme resistance to environmental conditions.1,3-5 Q fever has an almost global 

distribution and can be found in a wide variety of animal reservoirs, with ruminants the most 

common.6 Human infections are often acquired from inhalation of contaminated aerosols resulting 

in an acute febrile illness, which can progress to pneumonia and hepatitis.7 In approximately 5% 

of cases, patients develop a potentially fatal chronic disease resulting in endocarditis, 

osteomyelitis, and chronic fatigue.8 In chronic forms of Q fever, that may arise weeks or years 

post-infection, long-term combination therapies are required to prevent death. Between 2007-

2010, the largest known outbreak of Q fever occurred in the Netherlands resulting in >4000 

cases.9 Of those identified as having chronic Q fever, mortality was 15.8%.10 

Despite its pathogenic potential, an FDA-approved vaccine for this infectious agent is not 

yet available. A formalin-inactivated whole cell vaccine was previously licensed in Australia but 

was not approved in the US, and was discontinued due to the costs of production and required 

associated screening to prevent severe side effects in patients with previous exposure.4,11,12 

Unlike typical bacterial pathogens, C. burnetii exhibits a tropism for professional immune system 

phagocytes (i.e., macrophages) and actively directs its own phagocytosis in order to reside within 

the terminal phagolysosomes of host cells in a favorable low pH environment, enabling its long-

term survival and persistence.1,13,14  For this reason, a T lymphocyte response, in addition to an 

adequate antibody response, is considered necessary for eradication of the pathogen.15-17 In this 

investigation, we examine the ability of designing and synthesizing a C. burnetii vaccine using a 

protein nanoparticle (NP) platform to elicit both strong B and T cell responses. Although the 

advantages of NPs in vaccine development have been well-demonstrated18,19, the design of 

antigen-conjugated nanoparticles for a Q fever vaccine has not yet been reported. 
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The protein NP utilized in this research is derived from the E2 subunit (E2) of the 

multienzyme complex, pyruvate dehydrogenase, sourced from Geobacillus 

stearothermophilus.20,21  E2 is a 60-subunit, self-assembling ~25-nm dodecahedral scaffold with 

high stability that can be genetically engineered for precise chemical conjugation sites at the 

external surface and internal cavity.20,22-26 Our prior studies in developing cancer vaccines via a 

virus-mimetic strategy have demonstrated the utility of this scaffold for both adjuvant and antigen 

delivery.27-31 However, application of this E2-based strategy for protection against bacterial 

pathogens has not yet been investigated. In this work, we utilize E2’s unique size, functional 

adaptability, and innate capability to elicit an antigen-specific immune response towards 

developing a prophylactic C. burnetii vaccine.  

Proteomics and antigen-specific serological assays have identified the outer membrane 

protein CBU1910 as an immunodominant protein antigen of C. burnetii.32-39 For this reason, 

CBU1910 was chosen as the antigen for this prophylactic vaccine formulation. Unlike cancers, 

which can utilize peptide neoantigens in a vaccine to produce the desired anti-epitope T cell 

responses, infectious disease vaccines typically require the use of whole protein antigens to elicit 

both antibody and T cell responses.40,41 Protein antigens contain numerous immunogenic 

epitopes in native structural conformations, allowing for stronger antibody responses and broader 

adaptive immune responses.40-42  Although immunogenic peptide epitopes of C. burnetii have 

been identified and characterized for their potential use in vaccine development, application of 

these peptides in vaccines has not yet shown significant efficacy.16,43-46 More recently, vaccine 

formulations using C. burnetii protein antigens and tri-agonist adjuvants showed significant levels 

of protection for challenged animals, but to a lesser extent than the whole cell vaccine (which is 

not FDA approved).47 Thus, there is still a need for the development of a safer efficacious 

prophylactic vaccine for C. burnetii. 

In this study, we investigated the integration of C. burnetii antigens onto the surface of the 

E2 NP.  It is known that B cell activation and antibody responses are enhanced by a repetitive 
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structural array on virus-like particles18,48,49; however, there are currently limited options for 

conjugating protein antigens onto a NP surface while maintaining this consistent geometric 

orientation. Here, we examined three bioconjugation strategies that would enable a desired 

consistent antigen configuration: (1) direct recombinant fusion, (2) high affinity tris-NTA-Ni 

conjugation to polyhistidine-tagged (His-tag) antigen, and (3) the SpyTag(ST)/SpyCatcher(SC) 

system (Figure 3.1). Direct genetic fusion of protein antigens onto virus-like particles has shown 

some success with particular platforms and therefore was explored with the E2 protein 

nanoparticle; however, expression and correct folding into a soluble protein assembly needs to 

be empirically tested.18,50-52 The introduction of polyhistidine tags on recombinant proteins to bind 

to Ni-NTA-based matrices is a well-established protein purification methodology53-55, and we 

previously applied this complexation-based approach in nanoparticle-mediated delivery of 

influenza hemagglutinin antigen56; here, we used it as the basis for loading polyhistidine-tagged 

(His-tag) CBU1910 antigen onto E2 NPs. To attach protein antigens, covalently and modularly, 

onto the surface of E2 NPs, the versatile protein-protein conjugation method, SpyTag/SpyCatcher, 

was implemented.57-62 The adaptive immune response (i.e., antibody and T cell responses) to the 

most favorable NP construct was then examined to determine the prophylactic potential of the 

vaccine formulation. 

 

3.3. Methods  

3.3.1. Materials 

All buffer and cloning reagents were purchased from Fisher Scientific, unless otherwise 

noted. All cloning enzymes were purchased from New England Biolabs (NEB), unless otherwise 

noted. DH5α and BL21(DE3) E. coli were used for general cloning and expression studies, 

respectively. DNA minipreps and gel extractions were performed with QIAprep Spin Miniprep Kit 

(Qiagen) and GeneJET Gel Extraction Kit (Thermo Fisher Scientific), respectively. DNA primers 

were synthesized and ordered from Integrated DNA Technologies (IDT). CloneJET PCR cloning 
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kit (Thermo Fisher Scientific) was used for all polymerase chain reactions (PCRs). Plasmid 

pET11a was used as the expression vector for all protein constructs. 

 

3.3.2. Construction of CBU1910-E2 fusion protein mutants 

 Previously established E2 mutants E2_152  and E2_158 were used to engineer CBU1910-

E2 fusion constructs.63,64 D381C is an E2 mutation that introduces 60 cysteines to the internal 

cavity of the nanoparticle allowing for internal conjugation.23,27 To introduce the D381C mutation 

to E2_158 and E2_152 via site directed mutagenesis (SDM)65,66 the forward primer: 5’-

/5Phos/GCCGATCGTTCGTTGCGGTGAAATCGTTGC-3’ and reverse primer: 5’-

/5Phos/TTTTCGGCTATACGACCAATACCCAG-3’ were used. To introduce the DNA cut sites 

required for ligation to the N-terminus of E2 mutants, an Nde1 and Nhe1 cut site were introduced 

to the N-terminus DNA coding region and C-terminus DNA coding region, respectively, of 

CBU1910 using the forward primer: 5’- 

CATATGCACCATCACCATCACCATCCGCAGCAAGTCAAAGACATTCAG-3’ and reverse primer: 

5’- GCTAGCTTAGCCGCCGGTTTCCGG-3’. The plasmid encoding the CBU1910 protein (with its 

signal peptide deleted and portion of N-terminus truncated) was previously synthesized by 

GenScript Biotech47,67 and was used as the DNA template for all genetic engineering of the protein 

antigen.  

 A standard Phusion High-Fidelity DNA polymerase protocol was used for PCRs. These 

reactions were performed in a thermal cycler using a 30 s denaturation step at 98 °C, followed by 

30 cycles of 15 s at 98 °C, 15 s at 58 °C (E2 D381C mutation) or 53 °C (CBU1910), and 7 min 

(E2 D381C mutation) or 45 s (CBU1910) at 72 °C, with a final step of 10 min at 72 °C. The 

CBU1910 gene was then ligated via the Nde1/Nhe1 sites of a pET11a vector that contained the 

E2 gene between Nhe1/BamH1. Sequencing was performed by GeneWiz/Azenta, and DNA and 

protein sequences are given in Appendix A.2.5. 
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3.3.3. Expression of CBU1910-E2 fusion protein mutants 

The CBU1910-E2 fusion protein was expressed in a similar fashion to previous mutants 

described.27,29,30 Expression studies were performed for each mutant and controls. Proteins were 

expressed in BL21(DE3) E. coli via 1 mM IPTG induction. After induction for 3 h at 37 ºC, cells 

were pelleted and stored at -80 ºC. Cells were thawed and lysed by vortexing with glass beads. 

Soluble and insoluble lysates were centrifuged at 18000 x g for 15 min and analyzed using SDS-

PAGE for molecular weight and soluble:insoluble ratios. 

 

3.3.4. Conjugation of mal-tNTA to E2 (E279C) 

 E2 (E297C) is an E2 mutant that displays 60 cysteines on its surface that can be used for 

thiol-based functionalization.28 We have reported the generation of tNTA-E2 nanoparticles 

previously.56 Purified E2 (E279C) in 20 mM HEPES + 100 mM NaCl (pH 7.3) was incubated with 

an 8.5x molar excess of TCEP (Thermo Fisher Scientific; dissolved in MilliQ water). A 10x molar 

excess of maleimido cyclic tris-NTA (mal-tNTA) (diluted to 4 mg/mL in DMF) was added to the E2 

and incubated at room temperature for 2 hours and then at 4oC overnight. Unreacted mal-tNTA, 

DMF, and TCEP were removed using Zeba spin desalting columns in 20 mM HEPES + 100 mM 

NaCl. Conjugation efficiency and characterization were determined using SDS-PAGE and mass 

spectrometry (Xevo G2-XS QTof) (See Appendix B.2). The hydrodynamic diameter of purified 

constructs was analyzed by dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS). 

 

3.3.5. Attachment of His6-Tagged CBU1910 to E2-tNTA 

 Attachment of CBU1910-(His)6 to tNTA-E2 nanoparticles followed similar procedures 

established using other protein-(His)n antigens.56 Briefly, a 10x molar excess of NiCl2 was 

incubated with tNTA-E2 for 2 hours at room temperature and subsequently purified from 

unchelated Ni using Zeba spin desalting columns into 20mM HEPES + 360mM NaCl buffer pH 

7.3. To test optimal conjugation, varying molar ratios of (His)6-tagged CBU1910 (previously 
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synthesized47) were added to the Ni-tNTA-E2 and incubated at room temperature for 2 hours.  

The Ni-tNTA-E2 + CBU1910-(His)6 reaction required optimization to yield 

unaggregated/precipitated constructs, the details of which are described in Appendix B.9. After 

conjugation, solutions were purified with size exclusion chromatography (SEC) using a 

Superose™ 6 Increase 10/300 GL column (Cytiva) on a FPLC (AKTA, Cytiva). Fractions from the 

SEC were run on a SDS-PAGE gel and stained with a Pierce™ Silver Stain Kit (Thermo Fisher 

Scientific) to determine the presence of CBU1910-E2, E2, and CBU1910, and conjugation 

efficiencies were estimated by evaluating band intensities with standards. Fractions containing 

CBU1910-E2 were combined and concentrated with a centrifuge concentrator (Vivaspin 6, 10,000 

MWCO). Protein concentration was measured via a bicinchoninic acid assay kit (Pierce). 

Nanoparticle size was assessed via dynamic light scattering (DLS). 

 

3.3.6. Construction of SpyTag-E2 mutants and SpyCatcher-CBU1910 fusion protein 

Previously established mutants E2(D381C) and E2_152 were used to engineer SpyTag-

E2 platforms. To introduce the D381C mutation to E2_152 via site directed mutagenesis (SDM) 

the forward primer: 5’-/5Phos/GCCGATCGTTCGTTGCGGTGAAATCGTTGC-3’ and reverse 

primer: 5’-/5Phos/TTTTCGGCTATACGACCAATACCCAG-3’ were used. Introduction of the 

SpyTag to E2(D381C) and E2_152 was done using the forward primers: 5’- 

CATATGGCCCACATCGTTATGGTGGATGCCTACAAGCCAACTAAAGGTTCAGGAACAGCAG

GTGGTGGGTCAGGTTCCCTGTCTGTTCCTGGTCCCGC -3’ and 5’- 

CATATGGCCCACATCGTTATGGTGGATGCCTACAAGCCAACTAAAGCTAGCACCGGCAAAAA

TGGTCG -3’, respectively. E2 mutants used the same reverse primer: 5’-

GGATCCTTAAGCTTCCATCAGCAGCAGTTCCGG-3’. 

The plasmid encoding the truncated CBU1910 protein was previously synthesized by 

GenScript Biotech.47,67 The plasmid containing the SpyCatcher gene (pDEST14-SpyCatcher) was 

obtained from Addgene. To introduce the endonuclease sites and GS-rich spacer on CBU1910 
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for fusion to SpyCatcher, the forward primer was 5’-

GCTAGCGGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCCCGCAGCAAGTCAAAGACATT

C-3’ and reverse primer was 5’- GGATCCTTATTTTTCGACACGGTCAATTTCTTTTTGCAGG-3’. 

To introduce the endonuclease sites on SpyCatcher, the forward primer 5’- 

CATATGTCGTACTACCATCACCATCACCATCACG-3’ and reverse primer 5’- 

GCTAGCAATATGAGCGTCACCTTTAGTTGCTTTGCC -3’ were used. A standard Phusion High-

Fidelity DNA polymerase protocol was used for PCRs. These reactions were performed in a 

thermal cycler using a 30 s denaturation step at 98 °C, followed by 30 cycles of 15 s at 98 °C, 15 

s at 56 °C (SpyTag introduced to E2) or 55 °C (SpyCatcher) or 52 °C (CBU1910), and 45 s 

(SpyTag introduced to E2) or 40 s (SpyCatcher) or 45 s (CBU1910) at 72 °C, with a final step of 

10 min at 72 °C. Sequencing was performed by GeneWiz/Azenta, and DNA and protein 

sequences are given in Appendix A.2.5. 

 

3.3.7. Expression, purification, and characterization of SpyTag-E2 particles 

The new E2 protein mutants were prepared similarly to previously described 

mutants.27,29,30 Expression analysis of the ST-E2 mutants is described in Appendix A.1.3. Mutant 

ST-E2(D381C) was ultimately chosen for scale up expression. Briefly, a 1L culture supplemented 

with 100 ug/ml of ampicillin was inoculated with an overnight culture at 37 °C until an OD of 0.7-

0.9 at which time it was induced by 1 mM IPTG and further incubated for 3 h at 37 °C. Cells were 

pelleted and stored at -80 °C overnight before breaking. Cells were lysed using a lysing buffer 

containing 3mM PMSF and French Press (Thermo Fisher Scientific). Soluble cell lysates are heat 

shocked at 70 °C and ultracentrifuged to remove thermolabile containments. Subsequently, the 

lysates were purified using a HiPrep Q Sepharose anion exchange column (GE Healthcare) 

followed by a Superose 6 prep grade (GE Healthcare) size exclusion column. The purified proteins 

were characterized by DLS (Zetasizer Nano ZS, Malvern), mass spectrometry (Xevo G2-XS QTof) 
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and SDS-PAGE, and bicinchoninic acid assay (BCA) for size, molecular weight and purity, and 

protein concentration, respectively. 

The residual E. coli expression derived lipopolysaccharide (LPS) was removed following 

a previously described method.27 Briefly, Triton X-114 (Sigma) was added to the purified protein 

at 1% (v/v), chilled to 4 °C, vortexed vigorously, and heated to 37 °C. The mixture was then 

centrifuged at 18,000 xg and 37 °C for 1 min, and the protein-containing aqueous phase was 

separated from the detergent phase. This total process was repeated 9 times. Residual Triton 

was removed with detergent removal spin columns (Pierce). LPS levels were tested to be below 

0.1 EU per microgram of E2 protein (LAL ToxinSensor gel clot assay, Genscript). 

 

3.3.8. Expression, purification, and characterization of SpyCatcher-CBU1910 

The SpyCatcher-CBU1910 fusion protein was expressed in a similar fashion to the E2 

particles. Proteins were expressed in E. coli via 1 mM IPTG induction. After induction for 3 h at 

37 °C, cells were pelleted and stored at -80 °C before breaking. Cells were lysed via French Press 

and soluble protein was purified using a HisPur Ni-NTA resin batch protocol (Thermo Fisher 

Scientific). Briefly, soluble cell lysates were mixed with equal parts equilibration buffer and applied 

to a HisPur Ni-NTA affinity spin column using a packing ratio of 1.5 ml resin per 10 ml of lysate 

slurry. The lysate was allowed to incubate with the resin for 1 h at 4 °C. Wash buffers and elution 

buffer containing 75 mM and 150 mM imidazole, and 250 mM imidazole, respectively, were used 

to attain pure SC-CBU1910. Pure protein fractions were collected and dialyzed into PBS to 

remove imidazole using a 6-8 kDa MWCO dialysis tubing. The purified protein was characterized 

by mass spectrometry (Xevo G2-XS QTof) and SDS-PAGE, and BCA for molecular weight and 

purity, and protein concentration, respectively. 

Residual E. coli expression derived LPS was removed in similar fashion to the E2 protein. 

Residual Triton was removed with detergent removal spin columns (Pierce) or SM2 detergent 
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removal beads (Bio-Rad). LPS levels were below 0.1 EU per microgram of SC-CBU1910 protein 

(LAL ToxinSensor gel clot assay, Genscript). 

 

3.3.9. CpG and SpyCatcher conjugation onto SpyTag-E2 particles 

The oligodeoxynucleotide TLR9 ligand CpG 1826 (5’-tccatgacgttcctgacgtt-3’) (CpG) was 

synthesized with a phosphorothioated backbone and 5’ benzaldehyde modification by Integrated 

DNA Technologies (IDT). CpG was conjugated to the internal cavity of the E2 nanoparticle as 

described previously.27 In brief, the internal cavity cysteines of E2 were reduced with TCEP 

(Pierce) for 30 min followed by incubation with the N-(β-maleimidopropionic acid) hydrazide 

(BMPH) linker (Pierce) for 2 h at room temperature (RT). Unreacted linker was removed using 40 

kDa cutoff Zeba spin desalting columns (Pierce). The aldehyde-modified CpG was subsequently 

added and incubated overnight at RT. Unreacted CpG was removed by desalting spin columns. 

Conjugation was estimated by SDS-PAGE and measured by band intensity analysis.27 

Directly incubating SpyCatcher-CBU1910 and SpyTag-E2 particles allowed for 

spontaneous isopeptide bond formation and conjugation. SC-CBU1910 proteins were incubated 

with ST-E2 particles at a ~0.5:1 (SC-CBU1910:ST-E2 monomer) molar ratio, supplemented with 

0.080-0.0875% (w/v) Sarkosyl (SLS), for 20h at room temperature. SDS-PAGE densitometry 

analysis with protein standards was used to quantify protein loading onto the particles. DLS and 

transmission electron microscopy (TEM) were used to measure the size, assembly, and 

monodispersity of the particles. Transmission electron micrographs of 2% uranyl acetate-stained 

nanoparticles on Cu 200 or 300 mesh carbon coated grids were obtained on a JEM-2100F (JEOL) 

with a Gatan OneView camera (Gatan). 

Further details describing the optimization trials required to determine the final formulation 

condition can be found in Appendix A.1.4. 
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3.3.10. Mice and Immunizations 

All animal studies were carried out in accordance with protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at the University of California, Irvine. 

Briefly, 6–8-week-old female C57BL/6 mice (n=5) were immunized subcutaneously at the left flank 

on Day 0 and followed by a booster on Day 14. Injections were 30 μl per mouse and contained 

definite amounts of CBU1910, E2, and CpG, based on the formulations investigated. In groups 

that used the adjuvant, IVAX, an equal volume of IVAX to formulation was supplemented (i.e., 30 

μl E2 formulation + 30 μl IVAX). IVAX contains Addavax (InvivoGen), 1 nmole of CpG 1018, and 

3 nmole of MPLA. Seven days after the last immunization, mice were sacrificed, blood was 

collected via cardiac puncture, and spleens were isolated. 

For peptide (CBU1910p) formulations the same prime boost immunization schedule was 

followed as described above. Each dosage of peptide formulation contained 10 μg of CBU1910p 

and 5 μg of CpG 1826 (when indicated). 

 

3.3.11. Protein Microarrays  

Protein microarrays were fabricated as previously described.68 Briefly, CBU1910 protein 

was diluted to a concentration of 0.1 mg/ml and printed onto nitrocellulose-coated glass Oncyte® 

Avid slides (Grace Bio-Labs) using an Omni Grid 100 microarray printer (Genomic Solutions). For 

probing, mouse plasma samples were diluted 1:100 in protein array blocking buffer supplemented 

with 10 mg/ml E. coli lysate (GenScript) and His-tag containing peptide HHHHHHHHHHGGGG 

(Biomatik) to a concentration of 0.1mg/ml to block anti-polyhistidine antibodies. Arrays were 

rehydrated with blocking buffer prior to addition of pre-incubated sera. Arrays were incubated 

overnight at 4°C with gentle agitation. After overnight incubation, the slides were washed with 

Tris-buffered saline (TBS) containing 0.05% Tween 20 (T-TBS) and incubated with biotinylated-

SP-conjugated goat antimouse IgG, IgG1, or IgG2c (Jackson Immunoresearch). Arrays were 

washed with T-TBS and incubated with streptavidin conjugated Qdot-800 (ThermoFisher). Arrays 
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were washed three times with T-TBS followed by TBS, dipped in water, and dried by 

centrifugation. Images were acquired using the ArrayCAM imaging system (Grace Bio-Labs). 

Spot and background intensities were measured using an annotated grid (.gal) file. IgG1 and 

IgG2c antibody subtype proportions were calculated using respective signal intensities: 

IgG1/(IgG1+IgG2c) and IgG2c/(IgG1+IgG2c), respectively.47 

 

3.3.12. T cell recall assays 

Recall assays were performed using IFN-γ ELISpot format and spleens collected on day 

21 essentially as previously described.69  Antigens used for recall were C. burnetii CBU1910 and 

OVA as an irrelevant control antigen. Assays were performed in Roswell Park Memorial Institute 

(RPMI) 1640, containing 5 × 10-5 M β-mercaptoethanol, 100 IU/mL penicillin, 100 μg/mL 

streptomycin, and 10% heat-inactivated fetal bovine serum (complete medium). Briefly, 

erythrocyte-depleted splenocytes were incubated at 5 x 105 cells per well in 96-well ELISpot 

plates, coated previously with IFN-γ capture antibody and blocked in complete medium, 

containing titrations of antigen ranging from 2.5-10 μg/ml. Mice were assayed separately. 

Concanavalin A was included as a viability control. 

 

3.3.13. Statistical analysis 

For nanoparticle characterization, including hydrodynamic diameter measurements, 

molecular weights determined by mass spectrometry, and antigen/nanoparticle ratios, data are 

presented as mean ± standard deviation (SD) of at least three independent experiments (n  3), 

unless otherwise noted. Statistical analysis of immunization data was carried out using GraphPad 

Prism. Data are presented as mean ± standard error of the mean (SEM) from at least five 

independent individuals (n  5). Statistical analysis was determined by a one-way ANOVA or two-
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way ANOVA over all groups followed by a Bonferroni multiple comparison test, unless otherwise 

noted. P-values less than 0.05 were considered significant. 

 

3.4. Results and Discussion  

 

Figure 3.1. Overview of protein antigen-nanoparticle conjugation strategies. (A) Direct 
recombinant fusion of CBU1910 (green) onto E2 nanoparticles (grey). (B) Maleimide-tNTA-Ni 
linker chemistry on E2 nanoparticles (NPs) that contain surface cysteines (with E279C mutation, 
red). His-tagged CBU1910 antigens are conjugated to the NP surface. (C) Assembly with 
SpyTag/SpyCatcher system to conjugate ST-E2 and SC-CBU1910. 
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3.4.1. Three approaches were investigated for loading C. burnetii protein antigen onto E2 

nanoparticles. 

 We examined three strategies to attach the CBU1910 protein antigen to protein 

nanoparticles, as summarized in Figure 3.1 and described below. Appendix A.2.4 lists the 

description of each of the components and the corresponding abbreviations used in this work. 

 

3.4.1.1. Direct recombinant fusion of CBU1910 onto E2 nanoparticles 

To investigate this loading strategy, CBU1910 was genetically fused to the N-terminus of 

a truncated E2 monomer. The wild-type form of the core E2 nanoparticle (dihydrolipoyl 

transacetylase)  includes, on its N-terminus, a lipoyl domain and a peripheral subunit-binding 

domain, which enables association with the E1 and E3 proteins in the complex.20,22,70 In our 

studies, we distill this protein down to its structural dodecahedral core for application as a 

nanoparticle scaffold23-26,28; however, based on the native structure, we hypothesized that other 

proteins with independent binding domains could be genetically fused to its N-terminus. We 

created two E2 mutants with different N-terminus linker lengths and 60 internal cavity cysteines 

[E2_152(D381C) and E2_158(D381C)]. Relative to the truncated E2(D381C) mutant used 

previously23,27,29-31, the E2_152 and E2_158 mutants have an additional 20 and 14 amino acids of 

the wild-type protein sequence, respectively, added to their N-termini.63,64 Introduction of 60 

internal cavity cysteines allows for adjuvant conjugation.27,71  

The CBU1910 protein was recombinantly fused to E2 (See Appendix A.2.5), and the fusion 

proteins were expressed in E. coli (See Appendix B.8).  CBU1910 protein antigen fused to an E2 

monomer was strongly expressed. However, these fusion proteins aggregated as inclusion bodies 

and were only present in the insoluble fraction, even under different expression conditions (e.g., 

lower temperatures, different induction conditions) (See Appendix B.8). In contrast, the individual 

proteins (E2 monomers alone, CBU1910 alone) showed fractions which were soluble (See 

Appendix B.8); with solubility linked to correct folding and nanoparticle assembly in prior studies.23 
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Under the conditions tested, the fused proteins (CBU1910-E2) could not be expressed as a 

soluble protein, suggesting misfolding and/or misassembly of the complex. For this reason, the 

two subsequent loading strategies focused on generating the two proteins separately, followed by 

conjugation together. 

 

3.4.1.2. Using a tris-NTA-Ni linker to conjugate CBU1910 onto E2 nanoparticles  

To conjugate CBU1910 onto the surface of the E2 protein NP, we used an affinity strategy 

that we had developed for conjugating green fluorescent protein (GFP) and influenza 

hemagglutinin (HA).56 An E2 NP displaying 60 cysteines on its surface (E279C)28 allows for 

conjugation of a synthesized maleimide-tris-NTA (mal-tNTA) linker56, which enables a His-tagged 

protein to couple to the NP. This protocol was performed for CBU1910 as shown in Figure 3.2A.  

Unlike GFP and HA conjugation, which remained soluble and physically stable over an extended 

period, conjugation of CBU1910-(His)6 to E2 yielded a mixture of single nanoparticles and 

aggregates of nanoparticles. Optimization of conjugation conditions (e.g., buffers, salts, 

surfactants) to yield non-aggregated nanoparticles was required, and these conditions are 

summarized in Appendix B.9.  HEPES buffer at pH 7.3 with 360 mM NaCl was found to stabilize 

nanoparticles and was used for subsequent purification and characterization steps. Free 

CBU1910-(His)6 was separated from E2-bound CBU1910 using size exclusion chromatography 

(SEC). Quantification of the number of E2-attached CBU1910 was determined to be 6 ± 3 per E2 

nanoparticle.  

Hydrodynamic diameters for E2, tNTA-E2, and CBU1910-E2 NPs were 27.3 ± 1.1 nm, 

28.8 ± 2.2 nm, and 31.6 ± 4.0 nm, respectively, all of which fall in the size range shown to be 

beneficial for lymphatic system trafficking and antigen-presenting cell (i.e., dendritic cell and B 

cell) engagement (Figure 3.2B).18,72 The small increase in diameter for CBU1910-E2 was 

consistent with the relatively low number of CBU1910 on the surface of the E2 nanoparticle. To 

dose an adequate amount of antigen for an in vivo vaccine study, a 10-fold increase in 
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concentration was required; however, concentrating the formulation to this extent led to significant 

protein aggregation. Although conjugation of the CBU1910 antigen to the protein nanoparticle 

using a tNTA linker showed promise, this strategy showed limitations for this specific antigen that 

included low conjugation capacity and inconsistent physical stability. We note that this result is 

different than attachment of HA to E2, which had yielded reliable conjugation and stable, 

monodisperse particles, suggesting that these effects are highly antigen-dependent. Furthermore, 

the use of the maleimide-tNTA for surface conjugation via cysteine residues limits the use of 

cysteines internally for conjugation of immune-stimulating adjuvants.27,29-31,71 

 

 

Figure 3.2. Conjugating CBU1910 onto E2 protein nanoparticles using a tris-NTA-Ni linker. 
(A) Schematic showing loading CBU1910 of E2 nanoparticle via a tNTA-Ni linker. (B) 
Hydrodynamic diameters of E2 particles alone (E2), after linker conjugation (tNTA-E2), and 
CBU1910 loading on E2 (CBU1910-E2) in two different buffers. The NP component here is the 
E279C E2 mutant with cysteines displayed on the external surface.  
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Figure 3.3. Conjugation of CBU1910 onto E2 nanoparticles using the SpyTag/SpyCatcher 
system. (A) Schematics of (top) plasmids for ST-E2 and SC-CBU1910 and (bottom) structure of 
expressed E2 with 60 SpyTags (yellow) on surface and highlighted 60 cysteines (black) in cavity 
and  SpyCatcher-CBU1910 (green) fusion proteins. CpG1826 and SC-CBU1910 are conjugated 
onto ST-E2 to form CBU1910-CpG-E2.  (B) SDS-PAGE of nanoparticle components. Lanes: 1. 
ST-E2; 2. CpG-ST-E2; 3. SC-CBU1910; 4. CBU1910-E2; 5. CBU1910-CpG-E2. (C) 
Hydrodynamic diameters of E2 constructs after CpG and SC-CBU1910 conjugations. (D) 
Representative TEM images of nanoparticles CpG-ST-E2, CBU1910-E2, and CBU1910-CpG-E2. 
Scale bar = 50 nm. 
 

3.4.1.3. Using SpyTag(ST)/SpyCatcher(SC) to conjugate CBU1910 onto E2 nanoparticles 

The SpyTag/SpyCatcher system57 was used to attach CBU1910 to the E2 nanoparticle 

using the strategy outlined in Figure 3.3A. The advantages of this approach include its stable 

covalent interaction and the ability to separately express both the antigen and the nanoparticle 

proteins prior to conjugation, which can circumvent protein expression challenges. SpyTag (ST) 

was genetically attached to the E2 nanoparticle, and SpyCatcher (SC) was genetically fused with 

the protein antigen CBU1910. We reasoned that coupling SpyCatcher to the antigen minimizes 

the amount of exposed SC after conjugation to the NP, which is likely favorable for reducing anti-

SC immune responses. 

The ST peptide was genetically fused to the N-terminus of E2 with a spacer sequence 

(Figure 3.3 and See Appendix B.10). The E2 mutant D381C possessed 60 internal cavity 

cysteines, which would enable conjugation of adjuvant.27,71 Because a high-resolution protein 

structure of CBU1910 has not yet been determined, we used the protein folding prediction tool 

Alphafold273 to predict the structure of CBU1910 (See Appendix B.11).  Based on this predicted 

structure of N-terminal truncated CBU1910 (to enable a soluble antigen)47,67, we decided to fuse 

SC to the N-terminus of CBU1910 (Figure 3.3; See Appendix B.11). This ensured that when 

conjugated to the E2 nanoparticle, CBU1910 would be oriented in the same direction as when it 

is displayed on C. burnetii, exposing more relevant B cell epitopes. 

The attachment of ST and SC to E2 and CBU1910, respectively, did not appear to 

decrease expression levels or soluble protein amounts (See Appendix B.10). Therefore, we 
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proceeded with purifying ST-E2(D381C) (henceforth referred to as ST-E2) and SC-CBU1910 for 

further characterization and studies. Both SDS-PAGE and mass spectrometry showed the 

expected molecular weight increase of ~2.2 kDa (ST and spacer) for ST-E2 monomers (See 

Appendix B.10). The ST-E2 NP assembly yielded a hydrodynamic diameter of 29.2 ± 0.5 nm, 

which is slightly larger than the E2 diameter size of 27.8 ± 0.6 nm (See Appendix B.10), as 

expected. This is approximately 1 nm larger, which is consistent with previous literature estimates 

of ST on virus like particles (VLPs).58 For SC-CBU1910, we achieved a >95% purity and the 

average molecular weight of ~40.8 kDa, as determined by SDS-PAGE and mass spectrometry, 

which is consistent with SC fused to CBU1910 with a linker (See Appendix B.10).  

The E2 protein NP platform, together with the ST/SC conjugation system, allows interior 

and exterior attachments designed for co-delivery of adjuvants and antigens, respectively.  We 

conjugated the TLR9 agonist, CpG1826, to the interior of the ST-E2 NP platform via an acid-labile 

BMPH linker (Figure 3.3A).27 Consistent with prior syntheses using E2, on SDS-PAGE the lower 

band on CpG-ST-E2 at ~30 kDa shows the unconjugated ST-E2 monomer, and the band at ~37 

kDa supports the conjugation of one CpG molecule (~7 kDa) to a ST-E2 monomer (Figure 3.3B). 

Quantification indicated 20.5 ± 1.5 CpG1826 molecules were encapsulated internally per 60-mer 

E2 NP, similar to previous E2 formulations.27 The average hydrodynamic diameter of CpG-ST-E2 

nanoparticles was 31.8 ± 1.4 nm (Figure 3.3C). 

Although it is well-documented that the isopeptide bond formation between SpyTag and 

SpyCatcher is robust and reliable57,58,74-76, conjugation of the SC-CBU1910 antigen onto the 

surface to ST-E2 required optimization to yield intact and monodisperse nanoparticles. As seen 

with other ST/SC VLP formulations, adjustments to reaction molar ratios, pH, ionic strength, 

and/or detergent concentrations were required to prevent precipitation/aggregation.58,77-80 A 

tabulated list of the optimization conditions and solubilizing additives (i.e., surfactants, buffers, 

salts) can be found in Appendix B.12. From our investigation, we determined favorable reaction 

conditions to be a 1:0.5 molar ratio of ST-E2 (monomer):SC-CBU1910 at room temperature for 
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20 h with an addition of 0.08-0.0875% (w/v) SLS; this resulted in stable, monodisperse 

nanoparticles (Figure 3.3).  

Size and antigen-to-nanoparticle ratios were then determined. When conjugated to SC-

CBU1910, the ST-E2 monomer molecular weight increases by ~41 kDa to ~71 kDa. As expected, 

when SC-CBU1910 is conjugated to CpG-ST-E2, two conjugate bands appear; one band is 

CBU1910-E2 monomers (~71 kDa) and the other CBU1910-CpG-E2 monomers (~78 kDa; both 

CBU1910 antigen and CpG conjugated onto E2) (Figure 3.3B). Quantification estimated that 29 

± 2 and 24 ± 2 SC-CBU1910 were conjugated to each ST-E2 and CpG-ST-E2 nanoparticle, 

respectively, out of a maximum possible number of 30 per nanoparticle (based on 1:0.5 molar 

ratio, by monomer). CBU1910-E2 and CBU1910-CpG-E2 hydrodynamic diameters were 37.9 ± 

1.9 nm and 43.6 ± 5.1 nm, respectively (Figure 3.3), with the size increase corresponding to the 

successful loading of antigens on the nanoparticles. Furthermore, TEM images confirmed intact 

monodisperse nanoparticles (Figure 3.3D). Because the ST/SC protein-protein conjugation 

system could be implemented to co-deliver protein antigen and adjuvant simultaneously, we used 

these stable nanoparticles (e.g., CBU-CpG-E2, CBU-E2) to evaluate their prophylactic vaccine 

potential. 
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Figure 3.4. Antibody responses of protein antigen and nanoparticle formulations. (A) Table 
describing each formulation and its individual components. IVAX = 30 μl Addavax emulsion + 1 
nmole CpG1018 + 3 nmole MPLA. (B) Schematic of prime/boost immunization schedule. (C) Heat 
map of antigen-specific antibody profiling using protein micro arrays probed with plasma from day 
21. CBU1910 was printed at three different concentrations of 0.1, 0.03, and 0.01 mg/ml (rows, 
bottom-to-top). Each column represents signal intensities of an individual mouse. (D) Total 
CBU1910-specific IgG in plasma on day 21. Quantification of data shown in panel C (0.03 mg/ml 
array spots only). Each dot represents an individual mouse. (E) CBU1910-specific IgG1 and 
IgG2c in plasma on day 21. Quantification of data shown in panel C (0.03 mg/ml array spots only). 
(F) Calculated proportions of antibody subtypes in plasma on day 21 (intensities of IgG1 or IgG2c 
relative to [IgG1 + IgG2c]47). The subtype proportions of negative control ST-E2 was not 
applicable because IgG1 and IgG2 levels were at negligible background levels. Data in panels D, 
E, F is presented as an average ± SEM of 5 mice per group (n = 5). Statistical significance was 
determined by one-way ANOVA followed by a Bonferroni multiple comparisons test. Two-tailed 
student t-tests were used in panel F. *p < 0.05, **p < 0.005, ****p < 0.0001. Abbreviations: CBU = 
CBU1910; CpG = CpG1826. 
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3.4.2. Attaching CBU1910 onto nanoparticles elicits significantly higher IgG responses than 

soluble CBU1910 alone 

We investigated the antibody responses of different vaccine formulations containing 

CBU1910 protein antigen, CpG1826, E2, and oil-in-water emulsion adjuvant, IVAX, after prime 

and boost immunization in mice (Figures 3.4A, B).  The NPs generated using the ST/SC approach 

were selected for evaluation of immune responses due to their higher physical stability and protein 

antigen loading characteristics, as described above.  Sera of each animal were evaluated using 

antigen microarrays to determine the antibody production elicited by each formulation (Figure 

3.4C). The most striking result was seen when displaying CBU1910 on E2 nanoparticles 

(CBU1910-E2), i.e., in the absence of adjuvants, which elevated the CBU1910-specific total IgG 

response significantly relative to soluble CBU1910 alone (Figure 3.4D).  

It has been previously described that nanoparticle size and antigen display topography 

can play a crucial role in B cell engagement.18,72 Nanoparticles between ~20-50 nm in diameter 

with antigen valences greater than ~5 per nanoparticle and antigen spacing larger than ~25 nm 

are reported to obtain effective B cell engagement.18 The CBU-E2 formulations used in this 

immunization study possess these characteristics and could be one explanation for obtaining >9 

times increased IgG antibody response towards CBU by simply displaying the antigen on the 

nanoparticle platform (relative to unbound antigen). This also supports the premise that B cell 

activation can be augmented by the decoration of nanoparticles with repetitive epitopes; the 

repetitive geometry and spatial configuration of NP-attached antigens mimic natural pathogens 

such as viruses, which can yield strong innate adjuvating outcomes by improving uptake by 

antigen-presenting cells and enabling binding and simultaneous activation of multiple B cell 

receptors.18,81  
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3.4.3. Adjuvant, either co-administered in solution or encapsulated within the nanoparticle, 

increases anti-CBU1910 titers 

The IgG responses obtained with CpG-E2-based formulations were comparable to the 

positive control oil-in-water emulsion adjuvant, IVAX, a combination adjuvant consisting of 

AddaVax (a squalene-based adjuvant), monophosphoryl-lipid A (MPLA), and CpG1018, that has 

been shown to induce broadly reactive responses to influenza HA proteins68 (Group f, Figure 

3.4D). Our previous in vitro studies using CpG-E2 nanoparticles demonstrated that once taken 

up by a cell, encapsulated CpG can released from the nanoparticle in an acidic environment and 

activate mouse bone marrow-derived dendritic cells.27 Furthermore, encapsulated CpG was 

shown activate these cells at significantly lower concentrations than unbound CpG, indicating the 

need for bioconjugation of CpG to the nanoparticle.27 Other studies have also shown that 

alternative types of nanoparticles which simultaneously deliver both conjugated CpG and antigen 

can increase the immunogenicity and immune response mounted against the target 

antigen.29,30,82-84 Thus, to deliver adjuvants more precisely to immune cells involved in adaptive 

immunity, such as dendritic cells, CpG was encapsulated within the nanoparticle in an approach 

that increases uptake efficiency of CpG and the dose of CpG that an individual cell receives upon 

endocytosing a nanoparticle versus free-floating CpG. The effects of CpG adjuvant and its 

delivery covalently encapsulated within the E2 NP (CBU-CpG-E2) or co-administered with the E2 

NP by mixing only (CBU-E2 + CpG) showed comparable results on total IgG responses (Groups 

c-e, Figure 3.4D). Addition of IVAX to the CBU1910-CpG-E2 formulation further increased the 

overall anti-CBU1910 IgG response (Figure 3.4D, Group g).  

 

3.4.4. E2 formulations that contained an adjuvant elicited more balanced IgG1/IgG2c antibody 

responses 

Antibody class switching to IgG1 and IgG2c are associated with the cytokine profiles 

released from Th2 and Th1 lymphocytes, respectively. Th2 responses are described by B cell 
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proliferation, antibody production, and induction of IgG1 antibodies.85,86 Th1 responses are 

characterized by the activation of antigen-presenting cells, stimulation of T cells, and induction of 

IgG2c antibodies.85-87 Thus, IgG1 and IgG2c production can be used as indicators of Th2 and Th1 

responses, respectively. Profiles of the IgG1 and IgG2c antibody responses suggest modulation 

capabilities that depend on the adjuvant used and whether it was loaded in the E2 nanoparticle 

(Figure 3.4E, F). Soluble CBU1910 (Group a) elicited a very weak total IgG response that was 

slightly skewed towards IgG1 (Th2). Loading CBU1910 onto nanoparticles (CBU1910-E2, Group 

c) significantly increased total IgG (predominantly IgG1 (Th2)), with some measurable IgG2c 

(Th1) isotype switched antibodies, suggesting the E2 NP may have some inherent Th1 skewing 

properties in the absence of any TLR agonists. The addition of soluble CpG1826 to CBU1910-E2 

particles (CBU1910-E2 + CpG1826; Group d) further increased the shift towards a Th1 response 

as expected, although few of these shifts were significantly different from CBU1910-E2 alone and 

did not significantly alter IgG1/IgG2c ratios. Uniquely, when CpG1826 was internally conjugated 

to the E2 vaccine particle (CBU1910-CpG1826-E2; Group e), the total IgG amount did not 

significantly change, but the nature of the response shifted towards a Th1 response, as indicated 

by a more balanced IgG1/IgG2c ratio, compared to soluble or no CpG adjuvant addition (Figure 

3.4E, F).  Our data show that nanoparticles loaded with CpG elicited a more balanced IgG1/IgG2c 

response. Addition of IVAX to the CBU1910-CpG-E2 nanoparticle slightly increased IgG1 and 

IgG2c responses without greatly affecting the subtype balance conferred by the E2 formulation 

itself.  

 

3.4.5. Immunization with C. burnetii antigen loaded onto E2 nanoparticles increased antigen-

specific IFN-γ secretion 

The more balanced IgG1/IgG2c antibody ratio elicited by CBU1910-CpG-E2 suggests that 

T cell responses towards the CBU1910 antigen are likely to be produced. However, when we 

examined the effector T cell response, we found that antigen-specific IFN-γ responses (which 
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corresponds to an IgG2c/Th1 response) were low in mice that were administered CBU1910-CpG-

E2 alone (Figure 3.5A and See Appendix B.13). The addition of IVAX to this formulation 

significantly increased IFN-γ secretion. This observation was not expected, given the similar 

levels of antigen-specific IgG2c production after immunization with the CBU1910-CpG-E2 

nanoparticle, both with and without IVAX. The unexpectedly low IFN-γ response from formulations 

that induced IgG2c/Th1 responses compared to IVAX, such as the CBU1910-CpG-E2, may have 

resulted from cytokines other than IFN-γ (including IL-2, IL-10 or TNF-α) driving the IgG2c 

response, or a different temporal release of IFN-γ (assayed after 18h of restimulation with antigen, 

only). Further experiments would be necessary to test these hypotheses. Another reason for this 

discrepancy could stem from the TLR4 agonist (MPLA) and TLR9 agonist (CpG1018) present in 

IVAX. It has been shown that simultaneous stimulation of cell-surface and endosomal TLR 

receptors can cause synergistic increases in the activating/inflammatory immune response and 

the soluble delivery of the adjuvants may cause a more systemic initial innate immune 

response.88,89 This differs from the delivery of CpG via a nanoparticle, which avoids non-specific 

systemic immune system stimulation due to encapsulation and increases uptake by antigen 

presenting cells (i.e., dendritic cells).27 Furthermore, previous studies that co-delivered peptide 

antigens and adjuvant for cancer vaccines resulted in dosages of ~2-5 μg of CpG and ~2-5 μg of 

T cell immunogenic peptide epitopes29-31; however, for this protein antigen vaccine, both the CpG 

and immunodominant T cell epitope dosage were nearly an order of magnitude less than typically 

dosed for the peptide formulations of the cancer studies.  

To determine if an E2 formulation was capable of inducing a strong antigen-specific T cell 

response towards C. burnetii, we examined if a peptide antigen (rather than protein antigen) 

coupled to the E2 NP could increase the cell-mediated response. Peptide antigens were 

conjugated to the NP using a linker and characterized, as described in Appendix A.1.5 and 

Appendix B.14. Interestingly, we observed that immunizing with the CBU1910p-CpG-E2 

formulation, an E2 nanoparticle loaded with the immunodominant CD4 T cell epitope peptide of 
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CBU1910, HYLVNHPEVLVEASQ (CBU1910p), not only generated a higher frequency of 

CBU1910p-specific T cells, compared to soluble CBU1910p immunization, but also induced 

strong CBU1910-specific IFN-γ secretion (Figure 3.5B and See Appendix B.13). This confirms 

that this peptide is a bona fide epitope generated by the natural processing of whole CBU1910 

antigen. This CBU1910p formulation allows for the delivery of ~20-fold more of the 

immunodominant T cell epitope and ~6-fold more of CpG than the CBU1910 formulation (See 

Appendix B.14). These data suggest that using this epitope may be sufficient to elicit a strong 

cellular immune response toward the immunodominant protein antigen of C. burnetii, CBU1910. 

Given the strong antibody and T cell responses observed from the CBU1910 and CBU1910p 

formulations, respectively, a potential co-administration of the two warrants further investigations. 

   

 

Figure 3.5. ELISpot analysis of splenocytes after immunizations with CBU1910 (protein) 
and CBU1910p (peptide epitope) formulations. (A) Summary of averaged ELISpot data from 
mice immunized with different CBU1910 and E2 formulations. Splenocytes of immunized groups 
were pulsed ex vivo with relevant protein (CBU1910) or irrelevant protein (OVA) and analyzed for 
antigen-specific IFN-γ secretion. (B) Summary of averaged ELISpot data from mice immunized 
with CBU1910p-CpG-E2 and CBU1910p alone. Splenocytes of immunized groups were pulsed 
ex vivo with relevant peptide or protein (CBU1910p or CBU1910) or irrelevant peptide (SIINFEKL) 
and analyzed for antigen-specific IFN-γ secretion. Data is presented as an average ± SEM of 5 
biological replicates. Statistical significance was determined by two-way ANOVA followed by a 
Bonferroni multiple comparisons test.  ****p < 0.0001. 
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3.5. Conclusions  

We investigated three methods of conjugating the C. burnetii immunodominant protein 

antigen, CBU1910, to a protein nanoparticle: genetic fusion, tris-NTA-Ni linker, and ST/SC.  We 

determined that ST/SC yielded vaccine nanoparticles with the highest antigen loading, had 

capacity to internally encapsulate adjuvant, and could be formulated to yield stable, monodisperse 

particles. We engineered this platform, ST-E2(D381C), to allow for the simultaneous packing of 

Th1-skewing adjuvant, CpG, within the interior of the nanoparticle and displaying of protein 

antigen, CBU1910, on its surface. By displaying the antigen on the nanoparticle only, i.e., in the 

absence of CpG adjuvant, significant increases in antigen-specific IgG antibodies were observed 

in immunized mice compared to soluble antigen alone. The addition of an encapsulated or co-

administered adjuvant balanced the IgG1/IgG2c antibody profile, which suggests induction of both 

Th1 (associated with cellular immunity) and Th2 (associated with humoral immunity) responses.  

Both antibodies and T cells have been shown to contribute towards host-mediated 

protection against C. burnetii infection. While antibodies play an important role during the early 

stages of extracellular infection, T cell activation is vital for clearance of intracellular bacteria.90 Of 

particular significance are Th1 cells, identified by class switched B cells to produce IgG2c and 

IFN-γ positive CD4 T cells. Th1 cells contribute towards immunity by polarizing macrophages 

towards an M1 phenotype that is less permissive for intracellular C. burnetii.91  Th1 cells also 

support the activation of cytotoxic T cells that target infected cells and aid in the formation of 

protective granulomas that surround parasitized cells. Moreover, Th1 cells contribute to long-term 

immunity through the generation of memory responses. A balance between antibody mediated 

and Th1 mediated immunity is essential for effective protection against C. burnetii. To confirm the 

presence of cell-mediated immunity more directly, we show that vaccination with a CBU1910 CD4 

epitope peptide conjugated to E2 elicits robust Th1 responses, as measured via T cell recall assay 

with IFN-γ ELISpot. This peptide-conjugation strategy has clear potential to confer protection 

against a pathogen with both extra- and intra-cellular stages to its life cycle, such as C. burnetii, 



83 
 

which requires activation of both humoral and cellular arms of the immune system to grant 

protection. 
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4.1. Abstract 

Avian influenza H5N1 is endemic in wild birds, and a zoonotic infection that could be the 

next pandemic strain. The majority of seasonal and pandemic influenza vaccines are derived from 

inactivated or attenuated virus propagated in chicken eggs, while more advanced technologies, 

such as the use of recombinant proteins and adjuvants are under-utilized. Delivery vehicles, such 

as protein nanoparticles (NPs), for co-delivery of hemagglutinin (HA) antigen and toll-like receptor 

(TLR) agonists, have the potential to form the next generation of influenza vaccines. In this study, 

we apply the E2 protein NP platform and the SpyTag/SpyCatcher bioconjugation system to 

synthesize stable vaccines that simultaneously co-delivered influenza hemagglutinin (H5) 

antigen, TLR5 agonist flagellin (FliCc), and TLR9 agonist CpG 1826 (CpG), all on one particle 

(termed H5-FliCc-CpG-E2). In vitro assays showed that attachment of flagellin on NPs increased 

both the inflammatory cytokine production from macrophages and the flagellin’s bioactivity by 

upwards of 30- and 20- fold, respectively. Serology of immunized mice, evaluated by protein 

microarrays, demonstrated that all the antigen-bound NP formulations elicited greater than 5 

times higher IgG antibody responses and broader homosubtypic cross-reactivity than 

unconjugated antigen alone. IgG1/IgG2c skewing could be modulated by adjuvant type and NP 

attachment. Conjugation of flagellin to the NP caused significant IgG1 (Th2) skewing, attachment 

of CpG caused significant IgG2c (Th1) skewing, and simultaneous conjugation of both flagellin 

and CpG resulted in a balanced IgG1/IgG2c (Th2/Th1) response.  Animals immunized with E2-

based NP vaccines and subsequently challenged with H5N1 influenza showed 100% survival, 

and only animals that received adjuvanted NP formulations were also protected against morbidity. 

This investigation highlights that NP-based delivery of antigen and multiple adjuvants can 

effectively modulate the strength, breadth, and bias of an immune response against influenza 

viruses. 
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4.2. Introduction 

Subunit vaccines such as recombinant protein vaccines have been shown to be safer than 

attenuated or inactivated vaccines. However, these recombinant proteins tend to suffer from 

weaker immunogenicity caused by rapid draining kinetics, reduced immunostimulatory adjuvant 

capacity, and variant pharmacokinetics of subunit vaccine components.1,2 For this reason, the 

inclusion of pattern recognition receptor (PRR) agonists, such as pathogen associated molecular 

patterns (PAMPs), as immunoenhancing components have been explored with some success, 

but these molecules suffer from similar issues of differential and reduced pharmacokinetics when 

administered as soluble adjuvants.3  

Nanoparticle (NP)-based delivery of vaccine antigen and adjuvant components have 

shown to be a promising solution by combining the safety and tunability of subunit vaccines with 

enhanced immunogenicity.4-6 The increased size of NPs relative to soluble antigen or adjuvant, 

and the ability to repetitively display antigen or adjuvant give NP platforms intrinsic advantages 

over conventional subunit vaccines. Studies have shown that dendritic cells preferably take up 

NPs between 20-500 nm with an optimal uptake of about 20-50 nm.2,7-9 NPs larger than 20 nm 

have been shown to exhibit longer retention times within draining lymph nodes.2,9,10 Investigations 

have also described size and antigen display topography to play a crucial role in B cell 

engagement; NPs between ~20-50 nm in diameter with antigen valences greater than 5 have 

been reported to more effectively engage B cell receptor cross-linking and activation.2  These size 

and antigen orientation effects collectively increase antigen-specific responses towards NP-

based vaccines. 

In light of this, many NP-based vaccines build upon a “pathogen-mimetic strategy” of 

achieving sizes and structure comparable to that of viral or bacterial pathogens and displaying 

both protein antigens and PAMP molecules. Our previous studies using the well-established E2 

protein NP platform have shown its capability to co-deliver single endosomal toll-like receptor 

(TLR) agonists with target antigens within a ~25-45 nm particle size, for the development of 
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cancer and infectious disease vaccines.11-13 However, the addition of a second, different TLR 

agonist to the same protein NP scaffold has yet to be explored, despite previous studies that have 

shown that combinations of agonists for endosomal-based (TLR3, 7, 8, 9) and cell-surface-based 

(TLR1, 2, 4, 5, 6) TLRs in vaccine formulations can elicit improved immune responses.14-16  For 

that reason, in this study we engineer protein NPs capable of co-delivering endosomal and cell-

surface TLR agonists with antigen on an single NP, and investigate the prophylactic immune 

responses elicited by these NPs.   

To our knowledge, no study to date has used a NP to co-deliver two different TLR agonists 

and a target antigen conjugated on the same vaccine particle with consistent and uniform 

molecular orientation. For example, in the context of nanoparticulate structures, multiple TLR 

agonists have been co-delivered with protein/peptide antigens, but these have often been in 

emulsion-based formulations17-20 or PLGA or lipid nanoparticles21-24, the syntheses of which do 

not allow for the consistent antigen surface display or orientation that is favorable for B cell 

receptor engagement.  Furthermore, in emulsion-based formulations, adjuvants and antigens in 

the soluble phase of the emulsion are not attached to each other, so diffusion and simultaneous 

transport of individual components to immune cells after injection is not well-controlled. Others 

have examined protein-based NPs to co-deliver TLR agonists with antigen; this strategy improves 

molecular orientation, but these investigations have been limited to only one TLR agonist used25-

28 or two TLR agonists but only one was conjugated to the NP.29,30 

To build upon this body of work and to test the advantages of multiple-component co-

delivery on NPs, we have engineered E2 protein NPs that can conjugate and deliver two TLR 

agonists (flagellin [a TLR5 agonist] and CpG [a TLR9 agonist]) and influenza H5 antigen on a 

single NP, attached in a way that displays each component in its native-pathogenic orientation. 

The most well-studied flagellin is derived from Salmonella typhimurium, which does not require 

glycosylation for adjuvant activity and has been expressed and purified from E. coli.31-34 Flagellin 

has been shown to elicit Th1 and Th2 immune responses,35-37 and combining flagellin into H1 
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influenza vaccine formulations enhanced antibody and T cell responses.35,36  In the majority of 

studies, flagellin is solubly co-administered with antigen; however, an alternative strategy 

genetically incorporated flagellin with a recombinant virus expressing influenza antigen.35-37 The 

Th1-skewing TLR9 agonist, CpG 1826, is the second adjuvant conjugated to our current E2 NP 

vaccine formulations in this study. Our group has previously synthesized CpG-loaded E2 protein 

NPs and demonstrated their efficient dendritic cell activation capability in vitro, as well as potent 

CD8+ T cell responses in tumor vaccination models.11,38-40 This protein scaffold can be engineered 

to encapsulate molecules in its hollow interior (e.g., CpG) and display guest proteins on its surface 

(e.g., flagellin, antigen).13,41 

In recent years, the World Health Organization has acknowledged the growing pandemic 

risk of avian flu (H5N1).42,43 For this reason, the immunodominant influenza hemagglutinin (HA) 

protein antigen (subtype H5 A/Vietnam/1194/2004) (H5) was utilized as the model antigen to 

investigate in this vaccine strategy. Due to the protein nature of flagellin and HA, both can be 

recombinantly engineered with the SpyTag/SpyCatcher bioconjugation system, allowing for their 

separate expression and subsequent conjugation to the E2 nanoparticle via spontaneous 

isopeptide bond formation.13,44 In this work, we synthesized NPs displaying flagellin, CpG, and 

HA, investigated the bioactivity of flagellin when displayed on a NP in vitro, evaluated the 

antibodies elicited after immunization, and demonstrated the protection from viral challenge 

elicited by adjuvanted NPs. Development of a modular vaccine platform capable of improving and 

directing prophylactic immune responses by the precise delivery of multiple adjuvants and antigen 

on a NP could prove extremely favorable as a general vaccine approach. 

 

4.3. Methods  

4.3.1. Materials 

Chemical and cloning reagents were purchased from Fisher Scientific or New England 

Biolabs (NEB) unless otherwise noted. DH5α and BL21(DE3) E. coli were used for general cloning 
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and expression studies, respectively. DNA minipreps and extractions were performed with the 

QIAprep Spin Miniprep Kit (Qiagen) and GeneJET Gel Extraction Kit (Thermo Fisher Scientific), 

respectively. DNA primers were synthesized and ordered from Integrated DNA Technologies 

(IDT). CloneJET PCR cloning kit (Thermo Fisher Scientific) was used for all polymerase chain 

reactions (PCRs). Plasmid pET11a was used as the expression vector for all protein constructs. 

HA variants used in the protein arrays were purchased from Sino Biological.45  

 

4.3.2. Construction of SpyCatcher-flagellins and SpyCatcher-hemagglutinin fusion proteins 

The plasmids encoding the wild type flagellin (FliC) and the cysteine-stabilized flagellin 

(FliCc) were previously synthesized and generously gifted by Dr. James Swartz.32 The plasmid 

containing the SpyCatcher gene (pDEST14-SpyCatcher) was obtained from Addgene. The 

plasmid containing the hemagglutinin subtype H5 gene was synthesized using RNA obtained from 

H5N1 virus A/Vietnam/1194/2004 (National Institute for Biological Standards & Controls, South 

Mimms, UK; catalog # NIBRG-14), which was used as a template for cDNA synthesis. In brief, 

140uL allantois fluid from H5N1 (A/Vietnam/1194/2004 reassortant virus preparation) was 

processed using the QIAamp Viral RNA minikit (Qiagen). To synthesize cDNA of the H5 

A/Vietnam/1194/2004 gene from RNA, the forward primer: 5’-

TTTGCAATAGTCAGTCTTGTTAAAAGTG-3’ and reverse primer: 5’-

AATTCTGCATTGTAACGACCC-3’ were used. cDNA of the H5 A/Vietnam/1194/2004 gene was 

then inserted into a pJET cloning vector using a CloneJET PCR cloning kit. To fabricate the well-

studied N-terminus truncated form of SpyCatcher (referred to here as SC) the first 24 AA of the 

native SpyCatcher were deleted.46,47 To accomplish this, forward primer #1 (introduce deletion 

and TEV cleavage site) 5’-

GATTACGACATCCCAACGACCGAAAACCTGTATTTTCAGGGCGATAGTGCTACCCATATTAAA

TTCTCAAAACG-3’, forward primer #2 (introduce 6x-HisTag and endonuclease cut-site) 5’-

CATATGTCGTACTACCATCACCATCACCATCACGATTACGACATCCCAACGACCG-3’, and 
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reverse primer 5’-GCTAGCAATATGAGCGTCACCTTTAGTTGCTTTGCC-3’ were used. To 

introduce the endonuclease sites and GS-rich spacer on both FliC and FliCc variants for fusion 

to SpyCatcher, the forward primer was 5’- 

ATATGCTAGCATGGGATCAGGGGGATCAGGTGGCAGCGGAGCACAAGTGATTAATACAAAC

AGCCTGTCGC-3’ and 5’-

ATATGCTAGCATGGGATCAGGGGGATCAGGTGGCAGCGGAATACAAGTGATTAATACAAACA

GCCTGTCGC-3’, respectively, and the reverse primer was 5’-

ATATGGATCCTTAACGCAGTAAAGAGAGGACGTTTTGC-3’. To introduce the endonuclease 

sites and GS-rich spacer on H5 hemagglutinin for fusion to SpyCatcher, the forward primer was 

5’- 

GCTAGCGGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCGATCAGATTTGCATTGGTTACC

ATG-3’ and the reverse primer was 5’- 

GGATCCTTATATTTGGTAAATTCCTATTGATTCCAATTTTAC-3’. The SC-H5 fusion protein gene 

was cloned into a pJET vector.  A standard Phusion High-Fidelity DNA polymerase protocol was 

used for PCRs and sequences were confirmed by Azenta (See Appendix A.2.6). The protein was 

expressed by BioTimes Inc. in a mammalian CHO cell system. 

 

4.3.3. Expression, purification, and characterization of SpyCatcher-Flagellins and SpyCatcher-

Hemagglutinin 

The SpyCatcher-flagellins were prepared similarly to previously described SpyCatcher 

fusion proteins.13,48 Proteins were expressed in E. coli as follows: after growing cells to an OD of 

0.6-0.9 and induction with 1mM IPTG for 3 h at 37 °C, the cells were pelleted and stored at −80 

°C before lysing. Cells were lysed via French press and soluble protein was purified using a 

HisPur Ni-NTA resin batch protocol (ThermoFisher Scientific). In brief, soluble cell lysates were 

mixed with equal parts equilibration buffer and applied to a HisPur Ni-NTA affinity spin column 

using a packing ratio of 1.5 mL of resin per 10 mL of lysate slurry. The lysate incubated with the 



98 
 

resin for 1 h at 4 °C. Wash buffers and elution buffer containing 75 and 150 mM imidazole, and 

250 mM imidazole, respectively, were used to attain pure SC-flagellins. Pure protein fractions 

were collected, and buffer exchanged into PBS to remove imidazole using an Amicon Stirred Cell 

unit with a 10kDa MWCO Ultracel membrane. The purified protein was characterized by mass 

spectrometry (Xevo G2-XS QTof) and SDS-PAGE, and bicinchoninic acid assay (BCA) for 

molecular weight and purity, and protein concentration, respectively. LPS was removed following 

our protocol used for the E2 protein.13 Briefly, Triton X-114 was added to the purified protein at 

1% (v/v), chilled to 4 °C, vortexed, and heated to 37 °C. The mixture was then centrifuged at 

18000 × g and 37 °C for 1 min, and the protein containing aqueous phase was separated from 

the detergent phase. This total process was repeated 9 times. Residual Triton was removed with 

detergent removal spin columns. LPS levels were below 0.1 EU per microgram of SC-flagellin 

protein, and was determined by an LAL ToxinSensor gel clot assay (Genscript). 

Expression and purification of SpyCatcher-H5 was performed by BioTimes Inc. in a 

mammalian Chinese hamster ovary (CHO) cell system. The resulting fusion protein was purified 

to >90% using Ni-affinity chromatography and was concentrated to 1 mg/ml in PBS with an 

endotoxin level <0.1 EU per microgram of protein as determined by the LAL method. 

 

4.3.4. CpG and SpyCatcher conjugation onto SpyTag-E2 particles 

The TLR9 agonist CpG 1826 (5′-tccatgacgttcctgacgtt-3′) (CpG) was synthesized with a 

phosphorothioated backbone and 5′ benzaldehyde modification by Integrated DNA Technologies 

(IDT). CpG was conjugated to the internal cavity of the ST-E2 nanoparticle as described 

previously.38 In brief, the internal cavity cysteines of ST-E2 were reduced with TCEP for 30 min, 

followed by incubation with the N-(β-maleimidopropionic acid) hydrazide (BMPH) linker for 2 h at 

room temperature (RT). Unreacted linker was removed using 40 kDa cutoff Zeba spin desalting 

columns (Pierce). The aldehyde-modified CpG was subsequently added and incubated overnight 
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at RT. Unreacted CpG was removed by desalting spin columns. Conjugation was estimated by 

SDS-PAGE and measured by band intensity analysis.  

Directly incubating SpyCatcher-flagellins and SpyCatcher-H5 with SpyTag-E2 particles 

allowed for spontaneous isopeptide bond formation and conjugation. SpyCatcher-flagellins were 

incubated with ST-E2 NPs at a 0.1:1 and 0.4:1 (SC-flagellin:ST-E2 monomer) molar ratio for 22 h 

at 4°C to synthesize low- and high-density NPs, respectively. To synthesize H5-loaded NPs, 

SpyCatcher-H5 was incubated with ST-E2 NPs at a 0.3:1 (SC-H5:ST-E2 monomer) molar ratio, 

supplemented with 500 mM NaCl, for 22 h at 4°C. SDS-PAGE densitometry analysis with protein 

standards was used to quantify protein loading onto the particles. Dynamic light scattering (DLS; 

Malvern Zetasizer Nano-ZS)  and transmission electron microscopy (TEM) were used to measure 

the size, assembly, and monodispersity of the particles. Transmission electron micrographs, on 

Cu 200 mesh carbon coated grids (Electron Microscopy Sciences) with 2% uranyl acetate-stained 

nanoparticles, were obtained on a JEM-2100F (JEOL) instrument with a Gatan OneView camera 

(Gatan). 

 

4.3.5. In vitro characterization of flagellin bioactivity 

To characterize flagellin bioactivity, we used the HEK-Blue hTLR5 reporter cell line 

(Invivogen), which overexpresses human TLR 5 on its surface and contains an inducible secreted 

alkaline phosphatase (SEAP) gene. We followed the manufacturer’s protocol using HEKblue 

detection media to evaluate activation. Briefly, in a 96-well tissue culture plate at ~25,000 cells 

per well, we added concentrations of flagellin ranging between 0.01-1000 ng/ml and incubated 

with HEK Blue detection media at 37 °C in a CO2 incubator for 16 h. The enzymatic activity of 

SEAP was measured using a spectrophotometer plate reader (SpectraMax M2) by absorbance 

at 630 nm. 

 To access the activity of flagellin in a more immunologically-relevant cell, the macrophage 

cell line J774.1 (UCSF cell bank) was employed. Cells were plated at ~100,000 cell per well in 96 
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well plates and stimulated with 5 ng/ml flagellin for 24 h. The supernatant of cell culture was 

collected and the concentration of cytokines [CXCL1 (KC), TGF-β1 (Free Active Form), IL-18, IL-

23, CCL22 (MDC), IL-10, IL-12p70, IL-6, TNF-α, G-CSF, CCL17 (TARC), IL-12p40, IL-1β] were 

measured by a LEGENDplex™ Mouse Macrophage/Microglia Panel (13-plex) (BioLegend), 

following the manufacturer’s instructions. 

 

4.3.6. Mice, immunizations, and challenge 

All animal work was approved by the UCI Institutional Animal Care and Use Committee 

(IACUC protocol #AUP-18-096) and by the Animal Care and Use Review Office (ACURO) of the 

U.S. Army Medical Research and Materiel Command (USAMRMC). The laboratory animal 

resources at UCI are Internationally accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC #000238). All virus handling was performed in 

USDA inspected and approved BSL2+/ABSL2+ facilities. Female C57Bl/6 mice were purchased 

from Charles River Inc., and housed in standard cages with enrichment. Briefly, 6-8 week old 

female C57BL/6 mice (8 mice per group) were immunized with 50 μl vaccine formulations via the 

subcutaneous route (left flank) according to the dosages and schedule shown in Figure 4.4A and 

4B, respectively. The mice were weighed daily for approximately two weeks after each injection 

and monitored for any changes in behavior or appearance. On days 14, 28, and 42 blood was 

collected via cheek vein into heparinized tubes and plasma stored at -80 until required for use. 

On day 52 of the study, transiently anesthetized mice were administered 104 TCID50/ml in a 

volume of 50 μl of virus (A/Vietnam/1194/2004 reassortant virus preparation NIBSC, NIBRG-14) 

via the intranasal route. Mice were monitored daily for behavior and body weight until the endpoint, 

defined when >20% of the original body weight was lost or 18 days, whichever occurred sooner. 

Additionally, on day 4 post challenge the lungs of three mice were harvested for viral lung titers 

by qPCR. Morbidity (transient weight loss or ‘partial protection’) was defined as maximum weight 

drop after viral challenge.  
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Lungs of infected mice (3 per group) were harvested 4 days post infection and lung viral 

titers were subsequently quantified using qPCR. Briefly, for total RNA extraction, lungs were 

weighed, mixed with 1 ml of Trizol (Thermo Fisher Scientific), and homogenized using a 

GentleMacs Tissue Homogenizer (Miltenyi Biotec) applying the RNA-01 program. Then, the total 

RNA was extracted using Phasemaker-TM tubes following the manufacturer’s recommendation 

(Thermo Fisher Scientific). The RNA sample was stored at -70°C until its use for RT-qPCR. HA5 

gene quantification by qPCR was performed based on the World Health Organization information 

for the molecular detection of influenza viruses, protocol 3 with slight modifications (February 

2021). For HA5 gene amplification primers H5HA-205-227v2-For 5’-

CGATCTAGATGGAGTGAAGCCTC-3’, H5HA-326-302v2-Rev 5’-

CCTTCTCCACTATGTAAGACCATTC-3’, and the TaqMan probe H5-Probe-239-RVa2 5’-56-FAM-

TGTAGTTGA-ZEN-GCTGGATGGCT-3IBkFQ-3’ were used. As a positive amplification control the 

housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from Mus musculus 

was used by employing primers GADPH-Fw 5’-CAATGTGTCCGTCGTGGATCT-3’, GADPH-Rv 

5’-GTCCTCAGTGTAGCCCAAGAT-3’, and the TaqMan probe GADPH probe 5’-SUN-

CGTGCCGCC-ZEN-TGGAGAAACCTGCC-3IABkFQ-3’.49,50 The quantitative RT-PCR was 

performed using the kit AgPath-ID™ One-Step RT-PCR Reagents (Thermo Fisher Scientific) 

following the manufacturer’s recommendation. For quantification purposes, an HA5 standard 

curve was performed with a synthetic linear DNA that contains one copy of the target HA5 

sequence. This DNA was serial diluted in base 10 between 8.3 x 107 copies/reaction until 8.3 

copies/reaction. The qPCR was performed as was described previously but replacing the total 

RNA sample volume for 5 µl of each standard serial dilution. This single standard curve was 

always performed with the same RT-qPCR reaction used for all RNA samples analyzed. From 

this standard curve the Ct value of each RNA sample was converted in HA5 copies/reaction. 

Finally, was estimated the total copies of HA5 per total RNA extraction and normalized with 
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respect to the total weight of lungs in milligrams. Thus, each outcome was expressed as gene 

copies of HA5 per milligram of lung. 

 

4.3.7. Protein Microarrays 

The construction and probing methodology of the influenza protein microarray used for 

the study has been previously reported.41,51 Briefly, 28 variants of recombinant H5 subtype 

hemagglutinin, expressed in mammalian or insect cells, were purchased from Sino Biological Inc. 

and printed as described previously.41,51 The array content and raw data are shown in Appendix 

A.2.7 and Appendix B.17. For probing, plasma samples were diluted 1:100 in protein array 

blocking buffer. A His-tag containing peptide HHHHHHHHGGGG was used to block anti-

polyhistidine antibodies. Plasma samples were incubated with rehydrated arrays in blocking buffer 

at 4°C overnight and washed in tris-buffered saline (TBS) containing 0.05% Tween 20 (T-TBS) to 

remove the sera. Bound IgG, IgG1, and IgG2c were detected and visualized using anti-mouse 

IgG-Alexa Fluor 647, IgG1-Alexa Fluor 647, and IgG2c-Alexa Fluor 488 (Southern Biotech), 

respectively. The arrays were incubated with the anti-mouse detection antibody for 1 hour at RT. 

After washing with T-TBS to remove non-specific binding, arrays were air-dried. The fluorescence 

intensity of each spot was captured using a Tiny Imager Microarray Imaging System. Spot and 

background intensities were measured using an annotated grid (.gal) file and captured tiff files 

quantified using ScanArray express software (Perkin Elmer, Waltham,MA, USA). The background 

of arrays was subtracted from median spot intensity for each antigen and the data was 

normalized. 

 

4.3.8. Statistical Analyses 

Data describing nanoparticle characterization, including hydrodynamic diameter 

measurements, molecular weights determined by mass spectrometry, and antigen/nanoparticle 

ratios, are presented as the mean ± standard deviation (SD) of at least three independent 
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experiments (n ≥ 3), unless otherwise noted. Statistical analysis of immunization data was carried 

out by using GraphPad Prism. Mouse data are presented as mean ± standard error of the mean 

(SEM). Antibody and challenge data are gathered from at least 5 independent individuals (n ≥ 5). 

Lung titer data is gathered from 3 independent individuals  (n = 3). Statistical analysis was 

determined by a one-way ANOVA over all groups, followed by a Tukey multiple comparison test, 

unless otherwise noted. Mantel-Cox log-rank test was used for survival curve analysis. P-values 

<0.05 were considered significant. 

 

4.4. Results and Discussion  

 

Figure 4.1. Schematic of nanoparticle synthesis with two adjuvants, CpG and flagellin 
(FliC), and the immunodominant influenza antigen hemagglutinin (H5). CpG is first 
conjugated into the internal cavity of the SpyTag-E2 (ST-E2) NP. SpyCatcher-fused flagellin (SC-
FliC) is then attached to the surface of CpG-ST-E2 NPs via ST/SC bond formation. Lastly, 
SpyCatcher-fused H5 hemagglutinin (SC-H5) is attached to the surface of FliC-CpG-E2 NPs via 
the remaining available SpyTags on the E2 NP surface. 
 
 

4.4.1. Conjugation of TLR agonists flagellin (FliC) and CpG1826 (CpG), and antigen (H5) onto a 

single E2 nanoparticle 

Design of NPs and their individual adjuvant and antigen components.  The 

SpyTag(ST)/SpyCatcher(SC) bioconjugation system was used to conjugate the TLR5 agonist 
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flagellin (FliC) and immunodominant influenza antigen hemagglutinin (H5), to the external surface 

of the E2 protein nanoparticle (Figure 4.1). Two forms of flagellin were investigated: wild-type 

flagellin (FliC) and cysteine-modified flagellin (FliCc).32 Wild-type flagellin can be expressed in 

bacterial expression systems but suffers from C-terminus degradation.32 The cysteine-modified 

flagellin mutant, FliCc, was previously designed to increase the stability of flagellin in solution via 

internal cross-links, but it demonstrated 5-10x lower TLR5-specific activity than FliC. In previous 

investigations, cysteine-modified flagellin showed improved bioactivity in a TLR reporter cell line 

when loaded on NPs using a click-chemistry. In our studies, we aim to build on these observations 

by applying flagellin using an alternative chemical conjugation strategy (SpyTag/SpyCatcher) and 

to examine the resulting bioactivity in vitro and in vivo.   

The E2 NP with 60 STs displayed on its external surface and 60 internal-cavity cysteines 

for CpG attachment (ST-E2) was utilized in this synthesis strategy.13 SpyCatcher was genetically 

fused to the N-terminus of the flagellin and H5 proteins. This ensured that when conjugated to the 

ST-E2 nanoparticle, flagellin and H5 would be oriented in the same direction as when they are 

natively presented on S. typhimurium and influenza, respectively, exposing relevant activation 

domains and B cell epitopes, respectively. Soluble protein expression of flagellin fused to SC was 

observed in E. coli (See Appendix B.15). After purification, we achieved >90% purity for SC-fused 

FliC (SC-FliC) and FliCc (SC-FliCc) and the predicted average molecular weights of ~65.2 kDa 

(See Appendix B.15; Figure 4.2A).  SC fused to H5 (SC-H5) was expressed in a mammalian cell 

system, allowing for post-translational glycosylation as in natively-expressed H5,52,53 which has 

been shown to be important in eliciting conformation-dependent immune responses.54,55    

Attachment of TLR5 agonist (flagellin) to NP surface.  The ST-E2 protein NP allows interior 

and exterior attachments designed for co-delivery of adjuvants and antigens. To examine the 

display of, and activation by, flagellin on NPs, we attached each variant of flagellin onto the 

particles at two different surface densities. Conjugation of FliC and FliCc onto the surface of ST-

E2 yielded intact and monodisperse NPs (Figure 4.2; See Appendix B.15). As expected, when 
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conjugated to either form of flagellin, the ST-E2 monomer molecular weight increases from ~30 

kDa to ~95 kDa (Figure 4.2A; See Appendix B.15). Quantification revealed that 5.9 ± 1.1 and 21.2 

± 0.8 FliCc molecules per NP were conjugated for low-density and high-density NPs, respectively. 

The average hydrodynamic diameters of low-density and high-density loaded FliCc-E2 NPs were 

34 ± 1.2 nm and 46.2 ± 5.1 nm, respectively, with the size increase corresponding to the additional 

number of flagellin per NP (Figure 4.2B). Similar ratios and size changes were also obtained for 

FliC molecules attached to E2 NPs (See Appendix B.15).  

These NPs (low- and high-density FliCc-E2 and FliC-E2 NPs) were used to evaluate the 

effects of loading TLR5 agonist on NPs for TLR5 activation in vitro. Stability assays of the SC-

fused flagellins (SC-FliC and SC-FliCc) showed that the cysteine-stabilized flagellin fusion protein 

(SC-FliCc) was more stable than the wild-type fusion protein (SC-FliC) (See Appendix B.15); we 

therefore used SC-FliCc for construction of NP vaccine formulations in subsequent in vivo studies.  

Attachment of TLR9 agonist (CpG 1826) to NP interior.  The TLR9 agonist, CpG 1826, 

was conjugated to the interior of the ST-E2 NP platform via an acid-labile linker (Figure 4.1).13,38 

The SDS-PAGE band at ∼37 kDa supports the conjugation of one CpG molecule (∼7 kDa) to a 

ST-E2 monomer, while the band at ∼30 kDa reflects unconjugated ST-E2 monomer (Figure 

4.2C). Sixty monomers self-assemble into CpG-ST-E2 nanoparticles, with an average 

hydrodynamic diameter of 29.9 ± 2 nm (Figure 4.2D). Quantification indicated 16.1 ± 3.2 CpG 

1826 molecules were encapsulated internally per 60-mer ST-E2 NP, which was consistent with 

our previously reported studies.13,38  

Attachment of antigen (influenza H5 hemagglutinin) to NP surface.  Conjugation of SC-H5 

antigen onto the surface of ST-E2 yielded intact and monodispersed nanoparticles after 

optimization. When conjugating the NP with H5 antigen, we aimed for a minimum loading of 6 

antigens per NP because antigen valences greater than ~5 per NP are reported to be effective 

for optimal B cell receptor engagement and B cell activation.2 Thus, based on models predicting 

steric hindrance at the high surface densities and the activation results discussed below (Figure 
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4.3), the low-density flagellin-E2 NP was used to enable higher SC-H5 conjugation numbers. 

Upon SC-H5 attachment, the ST-E2 monomer molecular weight increased by ~80-90 kDa, from 

~30 kDa to ~110-120 kDa, consistent with the molecular weight of hemagglutinin conjugation 

(Figure 4.2C). We confirmed the simultaneous loading of nucleic acid (CpG) and two whole 

proteins (SC-FliCc and SC-H5) on a single NP (Figure 4.2C, lane 10), along with several 

intermediate combinations of adjuvant and antigen attachment (Figure 4.2C). Quantification 

estimated that 19.6 ± 2.5 H5 were conjugated to each E2 nanoparticle. H5-E2 and H5-CpG-E2 

hydrodynamic diameters were 48.2 ± 1.3 nm and 46.3 ± 1.1 nm, respectively (Figure 4.2D). 

Combining SC-FliCc and SC-H5 in the H5-FliCc-E2 and H5-FliCc-CpG-E2 NPs further increased 

the diameters to 52.3 ± 0.3 nm and 50.3 ± 2.4 nm, respectively (Figure 4.2D). TEM images 

confirmed intact monodisperse NPs of the complete dual-adjuvant with antigen particle (H5-FliCc-

CpG-E2) (Figure 4.2E). These stable NPs were then used in vivo to evaluate the prophylactic 

vaccine potential of simultaneous delivery of antigen and adjuvants uniformly attached to a single 

delivery vehicle. 
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Figure 4.2. Synthesis of ST-E2 nanoparticles conjugated with CpG, SC-FliCc, and/or SC-
H5. (A) SDS-PAGE showing nanoparticles with ~6 and ~21 SC-FliCc loaded on the external 
surface. Lanes: 1. ST-E2; 2. SC-FliCc; 3. FliCc-E2 (6 FliCc: E2NP); 4. FliCc-E2 (21 FliCc: E2NP). 
MWST-E2 = 30.2 kDa, MWSC-FliCc = 65.2 kDa, MWFliCc-E2 = 95.4 kDa.  (B) Hydrodynamic diameters 
of FliCc-E2 NPs with ~6 and ~21 SC-FliCc per nanoparticle conjugated to the external surface. 
(C) SDS-PAGE of the H5-FliCc-CpG-E2 nanoparticle vaccine showing conjugation of CpG, SC-
FliCc, and SC-H5 individually and combined on a single nanoparticle. Lanes: 1. ST-E2; 2. SC-
FliCc; 3. SC-H5; 4. CpG-ST-E2; 5. FliCc-E2; 6. FliCc-CpG-E2; 7. H5-E2; 8. H5-CpG-E2; 9. H5-
FliCc-E2; 10. H5-FliCc-CpG-E2. MWST-E2 = 30.2 kDa, MWSC-FliCc = 65.2 kDa, MWSC-H5 = 71.4 kDa, 
MWCpG = 6.6 kDa, MWFliCc-E2 = 95.4 kDa, MWH5-E2 = 101.6 kDa, MWCpG-ST-E2 = 36.8 kDa, MWFliCc-

CpG-E2 = 102 kDa, MWH5-CpG-E2 = 108.2 kDa. SC-H5 protein migrates between approximately 80-
90 kDa on SDS-PAGE due to glycosylation. SC-H5 conjugates run ~10-20 kDa higher than 
expected on SDS-PAGE due to glycosylation. (D) Hydrodynamic diameters of H5-E2 NPs 
showing physical stability and monodispersity of nanoparticles and shifts in size upon conjugation 
with adjuvants. (E) Representative TEM image of the H5-FliCc-CpG-E2 nanoparticles. Scale bar 
= 100 nm. 
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4.4.2. Attachment of flagellin onto nanoparticles increases flagellin bioactivity 

Flagellin variants (SC-FliC and SC-FliCc) were conjugated to ST-E2 NPs, and the 

resulting bioactivities were evaluated using a hTLR5 reporter cell line. SC-FliC alone (not loaded 

on NPs)  was ~10 times more active than SC-FliCc alone, which is consistent with previously 

reported results (Figure 4.3A, B).32 Attaching SC-FliC and SC-FliCc on NPs at a low-density of ~6 

flagellin (per ST-E2 NP) significantly increased the activity of the flagellins, from average EC50s 

of ~30 and ~300 ng/ml (for unbound FliC and FliCc, respectively) to EC50s of ~8 and ~15 ng/ml 

(for FliC-E2 and FliCc-E2, respectively) (Figure 4.3A, B). At this low-density surface loading, SC-

FliCc activity increased by more than an order of magnitude when NP-bound and the disparity 

between SC-FliC and SC-FliCc was reduced from ~10x to only ~2x. This phenomenon of loading 

immunomodulatory motifs onto NPs has been shown to have significant benefits for cell 

recognition, as increasing the valency and density of a motif can make receptor engagement more 

likely and activation stronger.2,56  

At high-density loading of ~21 flagellin per ST-E2 NP, activation increased further to EC50s of ~3 

and ~6 ng/ml for SC-FliC and SC-FliCc, respectively, but was not significantly higher than the 

response to the low-density loaded NPs (Figure 4.3A, B). Like the low-density NPs, by loading 

flagellin on NPs, the discrepancy in bioactivity between SC-FliCc and SC-FliC was significantly 

reduced to an extent that SC-FliCc becomes nearly as active as SC-FliC. Given this result, 

together with the higher observed stability of SC-FliCc (See Appendix B.15), subsequent studies 

utilized SC-FliCc at the lower surface density. 

 

4.4.3. FliCc-E2 nanoparticles promote inflammatory cytokine release by macrophages 

To examine the effect of loading flagellin on NPs in a more immunologically-relevant cell 

type, we examined macrophage activation by incubating cells with flagellin (unbound SC-FliCc 

and low-density FliCc-E2 NPs) and quantifying secreted inflammatory cytokines.  We consistently 

observed activation of five cytokines (CCL22, IL-6, TNF-α, G-CSF, and IL-12p40), which 
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overlapped with the cytokine production reported from previous studies utilizing this macrophage 

cell line for flagellin activation (IL-6, TNF-α, GCSF, and IL-1β).57-59 In our investigation, 

inflammatory cytokine secretion was significantly increased by conjugation of SC-FliCc to ST-E2 

NPs, relative to SC-FliCc alone (Figure 4.3).  

Interestingly, these observed cytokines are associated with both innate and adaptive 

immunity. Specifically, CCL22 production increased by ~4x, from an average of 53 pg/ml (for free 

SC-FliCc) to 210 pg/ml when SC-FliCc was attached to the NP (FliCc-E2; Figure 4.3C). CCL22 is 

attributed to adaptive immune responses as a chemoattractant for T cells and dendritic cells, and 

it is a regulator of Th2-type immune responses.60,61 After conjugating SC-FliCc onto the NP, IL-6 

production increased by 40x, from 10.6 pg/ml (free SC-FliCc) to 425 pg/ml (FliCc-E2). IL-6 is 

connected to both proinflammatory and anti-inflammatory immune responses, and it is often 

recognized as an acute phase response regulator and stimulator of adaptive immune 

responses.62 TNF-α, a macrophage regulator and acute inflammation activator63,64, also increased 

from 350 pg/ml to 1490 pg/ml.  G-CSF, an innate immune system cytokine that regulates 

neutrophil maturation,65,66 increased by nearly 30x, from 10.7 pg/ml to 280 pg/ml for cells 

incubated with SC-FliCc and FliCc-E2, respectively.  IL-12p40 production increased by more than 

10x, from 25 pg/ml secreted by SC-FliCc alone to 380 pg/ml secreted when SC-FliCc was loaded 

on the NP. IL-12p40 is a cytokine that is part of both the innate and adaptive immune response 

as a macrophage chemoattractant and promoter of T cell differentiation and proliferation.67-69 

Notably, IL-1β levels were below detection in our activation studies. In all this unique cytokine 

profile is consistent with the many observations of flagellin eliciting Th1 and/or Th2 

responses.30,70,71   

 



110 
 

 

Figure 4.3. Conjugation of SC-FliCc onto ST-E2 NPs increases activation of TLR5 reporter 
cells and macrophages, relative to SC-FliCc alone. (A) Representative experiment of the 
activation of HEK-blue hTLR5 cells after 16h incubation. Absorbance of each group was 
normalized to the absorbance of PBS-only incubation. EC50 was determined using a sigmoidal 
dose-response curve-fit of each group. (B) Average EC50 concentrations of flagellin from HEK-
blue hTLR5 activation. Panels C-G: Cytokine secretion from J774.1 macrophage cells after 24 h 
incubation. (C) CCL22 (One PBS data point is between 0-1 pg/ml), (D) IL-6 (PBS data are 
between 0-1pg/ml), (E) TNF-α, (F) G-CSF (PBS and ST-E2 data are between 0-1 pg/ml. One data 
point of SC-FliCc is between 0-1 pg/ml), (G) IL-12p40 (PBS data are between 0-1 pg/ml. Three 
ST-E2 data points are between 0-1 pg/ml). Data in panel B is presented as an average ± SEM of 
4 independent experiments (n = 4). Data in panel C-G is presented as an average ± SEM of 
greater than or equal to 4 independent experiments (n ≥ 4).Statistical significance was determined 
by one-way ANOVA followed by a Tukey multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 
0.0005, ****p < 0.0001. 
 

4.4.4. Attaching H5 hemagglutinin onto nanoparticles elicits significantly higher IgG responses 

than soluble SC-H5 alone 

We investigated the antibody response elicited by different vaccine formulations after a 

prime and boost immunization in C57Bl/6 mice (Figure 4.4A, B). The study included different 

combinations of adjuvant (flagellin, CpG), HA antigen (H5), and bound (or unbound) to the E2 

NP, described in Figure 4.4A. Sera from each animal was probed against HA protein microarrays 
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displaying 28 variants of H5 (See Appendix B.17; See Appendix A.2.7) including the subtype H5 

used in the vaccine formulations and immunizations (A/Vietnam/1194/2004). Immunizing with the 

SC-H5 antigen alone (no NP) elicited the lowest H5-specific IgG response after 42 days (Figure 

4.4C). Strikingly, when SC-H5 was displayed on ST-E2 nanoparticles (H5-E2 NPs), with or 

without the TLR adjuvants, H5-specific IgG antibody response significantly increased relative to 

immunization with SC-H5 alone (Figure 4.4C). H5-E2 NPs elicit >5 times greater IgG antibody 

responses toward H5 by simply displaying the antigen on the NP scaffold. H5-E2 also elicited 

observably higher H5-specific IgG responses compared to the formulation with all antigen and 

adjuvant vaccine components present but unconjugated (SC-H5 + SC-FliCc + CpG + E2 [without 

ST]) (Figure 4.4C). This demonstrates that simply displaying antigen on a NP can produce 

adjuvating magnitudes similar to, or even higher than, having two highly specific PRR targets 

(flagellin and CpG) soluble in the formulation. It has been previously reported that NP size and 

repetitive antigen display can play a crucial role in B cell receptor engagement and B cell 

activation2,72,73 Our data supports this premise that B cell activation can be augmented by the 

decoration of NPs with repetitive epitopes which mimic natural pathogens such as viruses, and 

can yield strong innate responses by increasing uptake from antigen-presenting cells and 

enabling binding and simultaneous activation of multiple B cell receptors.2,74 

 

4.4.5. One or two adjuvants attached to a nanoparticle elicits significantly higher IgG responses 

than two co-administered soluble adjuvants 

We examined the effects of attaching the adjuvants to the NP vaccines, compared to 

unconjugated adjuvants.  Typically, approximately 1-100 μg CpG and approximately 0.5-10 μg 

flagellin have been used as soluble adjuvants for in vivo immunizations.11,31,37,39,75-78 In each of 

our formulations, the dosage of CpG and flagellin was ~0.2 μg and ~0.6 μg, respectively, both of 

which lie at the low end of dosage amounts for typical immunization studies. The total IgG 

responses obtained with CpG-E2- and FliCc-E2-based formulations (H5-CpG-E2 and H5-FliCc-
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E2, respectively) were relatively high and comparable to one another (Figure 4.4C). 

Unexpectedly, the combination of CpG and flagellin both loaded together onto one NP (H5-FliCc-

CpG-E2) did not increase the total IgG response above the effects of a single adjuvant loaded 

onto the NP (H5-CpG-E2 or H5-FliCc-E2), despite being conjugated to agonists for two different 

TLR receptors.  This may be in part due to both adjuvants primarily signaling through the MyD88 

pathway to activate NFκB leading to the secretion of inflammatory cytokines.79 

Interestingly, loading a single adjuvant onto a NP (H5-CpG-E2 or H5-FliCc-E2) or both 

adjuvants onto a NP (H5-FliCc-CpG-E2) elicited significantly stronger IgG responses than having 

the equivalent amounts of both soluble adjuvants dosed concurrently (SC-H5 + SC-FliCc + CpG 

+ E2) (Figure 4.4C). Encapsulating CpG in a particle has been shown to activate antigen 

presenting cells at significantly lower concentrations than unbound CpG, indicating the advantage 

for CpG-NP conjugation for eliciting increased immune response.38  Other studies have also 

shown that NPs capable of simultaneously delivering flagellin or CpG, together with antigen, can 

increase the immune response mounted against the target antigen.13,29,39 In our formulations, CpG 

was encapsulated within a NP to increase uptake efficiency of CpG, and flagellin was displayed 

onto a NP to increase TLR5 receptor engagement of flagellin, both properties of which could 

increase the dose of CpG and flagellin that an individual cell receives upon interacting with the 

E2 NP (relative to unbound CpG or flagellin). 
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Figure 4.4. Antibody response elicited by H5-FliCc-CpG-E2 dual-adjuvant nanoparticle 
formulations. (A) Table describing each formulation and its individual components. The mole 
amounts of each component are shown in Appendix B.16. SC-H5 is colored blue, SC-FliCc is 
green, CpG is magenta, and ST-E2 NP is grey. To avoid conjugation from occurring during 
immunization the E2 NP used in group H did not have SpyTag. (B) Immunization schedule and 
challenge timeline. (C) H5-specific IgG response in plasma on days 0, 14, 28, and 42.  This 
response is specific to antigen used in the vaccination (H5 variant A/Vietnam 1194/ 2004). (D) 
Homosubtypic IgG response to 28 different variants of H5, from day 42 plasma. Each column of 
spots corresponds to the antibody response to a unique H5 antigen variant, with each spot being 
an average response from n=8 mice. (E) Box plot of homosubtypic IgG response to H5 variants 
at day 42. Each spot corresponds to response to a different H5 variant (n=8 mice). Plotted is 
average ± SEM of 28 variants. (F) H5-specific IgG1/IgG2c response on day 14 (H5 variant 
A/Vietnam 1194/ 2004). (G) H5-specific IgG1/IgG2c response on day 28 (H5 variant A/Vietnam 
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1194/ 2004). (H) H5-specific IgG1/IgG2c response on day 42 (H5 variant A/Vietnam 1194/ 2004). 
Data in panel C is presented as an average ± SEM of 8 individual mice (n = 8). Statistical 
significance was determined by one-way ANOVA followed by a Tukey multiple comparisons test 
of day 42 data. Data in panel E is presented as an average ± SEM of 28 individual signals (n = 
28). Statistical significance was determined by one-way ANOVA followed by a Tukey multiple 
comparisons test. Data in panels F, G, H is presented as an average ± SEM of 8 individual mice 
(n = 8). Statistical significance was determined by one-way ANOVA followed by a Tukey multiple 
comparisons test.*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. 
 

4.4.6. E2-bound formulations elicited higher homosubtypic cross-reactivity amongst H5 variants 

(relative to unbound antigen or adjuvants) 

The breadth of the antibody response elicited by the vaccine formulations was examined 

by quantifying subtype cross-reactivity on the protein microarrays. We demonstrate that attaching 

SC-H5 on ST-E2 NPs (i.e., H5-E2) enhances antibody breadth relative to unbound SC-H5. Shown 

in Figures 4.4D and 4.4E are IgG profiles for day 42 sera towards 28 variants of H5 (variants 

listed in Appendix A.2.7). The plot in Figure 4.4D shows response intensities for each vaccine 

group (mean of n=8 mice) against all H5 hemagglutinins printed on the microarray, spanning H5 

variants 1 through 28 (left to right on horizontal axis). The data for individual H5 variants are also 

shown in the box plots in Figure 4.4E. Displaying SC-H5 on ST-E2 NPs (H5-E2) not only 

significantly increased homosubtypic cross-reactivity relative to SC-H5 alone (p < 0.0005) (Figure 

4.4D, E), but also elicited significantly higher cross-reactivity than SC-H5 co-administered with 

unbound CpG and SC-FliCc (SC-H5 + SC-FliCc + CpG + E2) (p < 0.05) (Figure 4.4D, E). All NP 

formulations with single or both adjuvants conjugated also elicited significantly higher 

homosubtypic cross-reactivities than the unconjugated dual adjuvant formulation (SC-H5 + SC-

FliCc + CpG + E2) (Figure 4.4D, E). This demonstrates that although the same amount of adjuvant 

was administered in vivo in these studies, attachment to the E2 NP significantly increases their 

effect on the immune response at this dose.  

The addition of CpG onto H5-E2 NPs (H5-CpG-E2) increases the average of its 

homosubtypic cross-reactivity compared to H5-E2 NPs alone; however, only when SC-FliCc is 

attached (H5-FliCc-E2 and H5-FliCc-CpG-E2) does its homosubtypic cross-reactivity significantly 
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increase above H5-E2 NPs alone (p < 0.05) (Figure 4.4E). Homosubtypic cross-reactivity of 

antibodies generated by the H5 (A/Vietnam/1194/2004) vaccine is mediated by B cell clones that 

recognize shared epitopes across drift variants.80 Homosubtypic cross-reactivity produced by the 

H5−E2 vaccine reported here is significant, as it may offer a path to providing protection against 

drift variants. Current seasonal influenza vaccines elicit antibodies that are highly specific to the 

immunizing variant;81-83 consequently, seasonal vaccines need to be modified each year in 

response to antigenic drift. Avian influenza H5N1 is endemic in wild birds. It is also known for 

causing sporadic zoonotic infections in humans and therefore has potential to cause 

pandemics.42,43 A vaccine able to provide broader protection than conventional inactivated or 

attenuated virus formulations, accomplished through the use of adjuvants and/or nanoparticles, 

would reduce the need for annual reformulations in the case of seasonal vaccines, and improved 

anticipatory protection against potentially emerging pandemic influenzas. 

 

4.4.7. IgG1 and IgG2c antibody responses can be modulated by adjuvant type and attachment 

on nanoparticle 

Sera on days 14, 28 and 42 were probed using microarrays for H5-specific IgG1 and IgG2c 

using isotype-specific secondary antibodies (Figure 4.4F, G, H). Antibody class switching to IgG1 

and IgG2c is frequently used as a surrogate marker for Th2 and Th1 immune responses, 

respectively.13,84-86 Profiles of the IgG1 and IgG2c antibody responses suggest modulation 

capabilities that depend on the adjuvant used and whether it was loaded on the E2 nanoparticle 

(Figure 4.4F, G, H). Signs of IgG1/IgG2c response skewing are observed as early as day 14 for 

E2 NP formulations after only a prime immunization, while SC-H5 antigen alone or soluble co-

administration of SC-H5, SC-FliCc, CpG, and E2 did not elicit strong enough responses for 

detection (Figure 4.4F). By day 28, the IgG1/IgG2c responses of each formulation were 

heightened, with day 42 responses being comparable in magnitude while maintaining subclass 

skewing (Figure 4.4G, H).  
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To characterize the IgG1/IgG2c bias for each formulation, we focused on data from day 

42. Soluble SC-H5 antigen elicited a weak total IgG response that was biased toward IgG1 (Th2) 

(Figure 4.4H). Loading SC-H5 onto NPs (H5-E2) significantly increased total IgG and retained the 

IgG1-bias that was observed for SC-H5 alone (Figure 4.4H). The addition of SC-FliCc conjugated 

to the H5-E2 NP (H5-FliCc-E2) further significantly increased IgG1 production without altering 

Th2 bias (Figure 4.4H). Flagellin has been utilized as an adjuvant in numerous vaccine 

formulations and has been shown to elicit Th1- and/or Th2-type responses.35-37,87,88 The exact 

mechanisms for the reasons that flagellin elicits a Th1 or Th2 bias response are still being studied, 

but some have attributed these observations to be antigen-specific or dependent on certain cell-

specific stimulations by flagellin.30,57,87-91 In our hands, it appears that flagellin did not change the 

baseline Th2 bias elicited by SC-H5 alone and the H5-E2 NP. In contrast, when CpG was 

internally loaded into the ST-E2 NP (H5-CpG-E2), the total IgG response significantly increased 

(relative to SC-H5 antigen alone) and the response shifted toward Th1 bias, with significant 

decrease of IgG1 and significant increase of IgG2c, compared to H5-E2 NPs alone (Figure 4.4H). 

The Th1-skewing property of CpG is consistent with other studies.92-95 In our previous studies, we 

also showed the capacity of E2 NPs to elicit CD8+ mediated anti-tumor immunity when conjugated 

with tumor peptide antigens and administered with CpG.11,12  

Given the Th2 and Th1 profiles observed from using SC-FliCc and CpG, respectively, it 

was expected that combining the two adjuvants together may give a more balanced Th2/Th1 

response. Surprisingly, when soluble SC-H5 antigen and both adjuvants were co-administered 

without conjugation (SC-H5 + SC-FliCc + CpG + E2), the antibody response magnitude and 

immune response biases did not differ significantly from immunizing with SC-H5 antigen alone 

(Figure 4.4H). This could be that the adjuvant dosages administered here are too low to yield a 

response for the unconjugated soluble forms.11,31,37,39,75-78 However, when all components of the 

vaccine formulation were conjugated to the ST-E2 NP (H5-FliCc-CpG-E2) a distinctive immune 

response was observed. Having both flagellin and CpG conjugated to the nanoparticle elicited a 
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balanced IgG1/IgG2c response (Figure 4.4H). Although antibody responses have conventionally 

been the focus of evaluating influenza vaccine efficacy, more recent studies have shown that cell-

mediated responses are also valuable.96-98  T cells can recognize epitopes that can be highly 

conserved between variants located within the structure of antigens. Our data shows the ability 

of our NP platform to skew IgG responses toward IgG2c, suggesting a stronger Th1 CD4 T cell-

mediated response, which may have benefits in the context of influenza vaccine design.97,99 The 

ability to precisely modulate the ratio of Th1/Th2 immune response by using a NP platform 

conjugated with different TLR agonists is novel and significant, as the majority of adjuvants used 

in FDA-approved human vaccines primarily stimulate one type of immunity; for example, the most 

popular adjuvant is alum, which primarily stimulates Th2-biased immunity.79,100 

 

4.4.8. E2 nanoparticle formulations protect mice from lethal H5N1 influenza challenge 

Thirty-eight days after the final immunization, mice (n=8 per group) were inoculated with 

a lethal dose of H5N1 virus expressing the A/Vietnam/1194/2004 H5 variant (Figure 4.4B). The 

mice were subsequently monitored for changes in weight, physical appearance, and behavior. 

Animals that lost greater than 20% of their original body weight were euthanized, and weight data 

of each individual mouse is shown in Appendix B.18. Four days after the start of the challenge, 

the lungs of three mice per group were harvested for viral lung titers. Mice administered PBS and 

the ST-E2 NP alone (no H5 antigen, no TLR agonists) succumbed to infection (Figure 4.5A). Mice 

immunized with the SC-H5 antigen alone showed 40% survival, and with the addition of soluble 

flagellin and CpG (SC-H5 + SC-FliCc + CpG + E2) showed 80% survival. All E2 NPs bound to 

antigen, including the unadjuvanted H5-E2 NP, demonstrated 100% survival from lethal H5 

influenza challenge (Figure 4.5A). Despite having immune responses that skewed differently (Th1 

or Th2), each E2 formulation was capable of protecting the mice. We postulate that although the  

T cell response (Th1 vs. Th2) from a vaccination may vary between different adjuvants, efficacy 

was accomplished predominantly by neutralizing antibodies.  
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Morbidity, manifested as transient weigh loss (or ‘partial protection’) before regaining 

weight, helped reveal the nuances of the E2 formulations. Mice immunized with E2 NPs 

conjugated with adjuvant (i.e., H5-FliCc-E2, H5-CpG-E2, and H5-FliCc-CpG-E2) exhibited little to 

no signs of morbidity as seen by the minimal weight loss (Figure 4.5B). Viral lung titres showed a 

similar trend for NPs conjugated with adjuvant (See Appendix B.19). Nanoparticles without 

adjuvant (H5-E2), interestingly, performed similarly to that of the unconjugated complete 

formulation (SC-H5 + SC-FliCc + CpG + E2) with some mice exhibiting noticeable weight loss 

(Figure 4.5B). These observations demonstrated that to have 100% survival and minimal 

morbidity, formulations must have conjugated adjuvant (either singular or dual) on nanoparticles. 

The additive value to protection observed from the modular additions to the NP construction (i.e. 

from SC-H5 to H5-E2 to H5-FliCc-E2) demonstrates the control we have in modulating the 

immune response. 

 



119 
 

 

Figure 4.5. Immunization with nanoparticles bound to H5 and TLR adjuvants protect mice 
from the lethal challenge of influenza and improve morbidity. (A) Survival curves, after 
challenge with H5N1 influenza on day 52 of immunization.  All groups with components 
conjugated to nanoparticles yielded 100% survival (i.e. H5-E2, H5-FliCc-E2, H5-CpG-E2, H5-
FliCc-CpG-E2). (B) Morbidity plot showing maximal weight loss of each mouse after viral 
challenge. Data in each group reflects n ≥ 4 individual mice. Statistical significance was 
determined by one-way ANOVA followed by a Tukey multiple comparisons test. Mantel-Cox log-
rank test used for survival curve analysis. *p < 0.05, **p < 0.005, ***p < 0.0005. 
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Figure 4.6. Synthesis of E2 nanoparticles conjugated with Pam3CSK4 and in vitro 
activation studies of HEK-blue reporter cells. (A) Structure of Pam3CSK4 (left) and 
Pam3CSK4C (right). (B) Schematic of nanoparticle synthesis with Pam3SCK4. Pam3CSK4C will 
be abbreviated to Pam3 when conjugated to NP. (C) SDS-PAGE showing nanoparticles with 
Pam3CSK4, indicated by the smear above the monomer E2. Lanes: 1. E2; 2. Pam3-E2. MWE2 = 
28.1 kDa, MWPam3 = 1.6 kDa. (D) Hydrodynamic diameters of Pam3-E2 NPs. (E) Representative 
experiment of the activation of HEK-Blue hTLR2 cells after 12h incubation. Absorbance of each 
group was normalized to the absorbance of PBS-only incubation. EC50 was determined using a 
sigmoidal dose-response curve-fit of each group. (F) Average EC50 concentrations of Pam3CSK4 
from HEK-Blue hTLR2 activation. Data in panel F is presented as an average ± SEM of at least 
4 independent experiments (n ≥ 4). Statistical significance was determined by one-way ANOVA 
followed by a Tukey multiple comparisons test. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 
0.0001. 
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4.4.9. Constructing E2 nanoparticles displaying the TLR2/1 agonist Pam3CSK4 

 Given the interesting results gathered from conjugating the TLR5 agonist flagellin onto the 

E2 nanoparticle, we explored the integration of other cell-surface TLR agonists. Typical examples 

of TLR2/1 and 2/6 agonist include heat killed bacteria and microbial cell-wall components. 

Synthetic forms of these agonists include the triacylated and diacylated lipopeptide Pam3CSK4 

and Pam2CSK4, respectively.101,102 In most investigations, TLR2/1 and 2/6 agonists are co-

administered solubly with the target antigen to elicit stronger immune responses. Studies have 

shown that these agonists can also be delivered via PLGA and lipid encapsulation to further 

bolster immunity.21 However, due to the limited conjugation repertoire of TLR2/1 and 2/6 agonists, 

delivery on protein nanoparticles has yet to be explored in-depth. Recently, the synthesis the 

TLR2/1 agonist Pam3CSK4C (which contains an additional cysteine modification) was 

accomplished by the Yan-Mei Li Lab of Tsinghua University (Beijing, China) which allowed for 

conjugation to a cyclic dinucleotide for the synergistic activation of the TLR and STING signal 

pathways.103 Therefore, using this newly synthesized Pam3CSK4C (generously gifted to us by 

the Li Lab), we implemented it with our E2 protein nanoparticle delivery platform.  

 

4.4.9.1. Conjugation of Pam3CSK4 onto the E2 protein nanoparticle 

The linker sulfo-SMCC was used to conjugate the TLR2/1 agonist Pam3CSK4C to the E2 

protein nanoparticle. The previously generated E2 NP with 60 internal cavity cysteines, E2 

(D381C), was utilized in this conjugation strategy.38,104 The addition of cysteine to the end of the 

Pam3CSK4 molecule to make Pam3CSK4C allows for conjugation through a maleimide:thiol 

chemistry to the surface of the E2 NP, similar to previously studied peptide conjugations to the E2 

NP (Figure 4.6A, B).103 Further details describing the conjugation methods can be found in the 

Appendix A.1.6. 

 Conjugation of Pam3CSK4C onto the surface of E2 required optimization to yield intact 

and monodispersed nanoparticles. It was observed that as Pam3CSK4C loading increased the 
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solubility of the construct decreased. This result could be attributed to the increase in 

hydrophobicity as more lipopeptide is displayed on the NP. The use of additives to increase 

solubility of higher-density Pam3-E2 NPs were explored in Appendix A.1.7 and tabulated in 

Appendix B.20. To reduce the concern about solubility in subsequent studies, a low-density 

display of Pam3CSK4C on the E2 NP was used moving forward. As seen previously when 

conjugation peptides via sulfo-SMCC linker on E2, conjugation of Pam3CSK4C on E2 is indicated 

by a smear above the molecular weight of E2 monomer on SDS-PAGE (Figure 4.6C). 

Quantification by SDS-PAGE revealed that 14.7 ± 5.4 Pam3CSK4 molecules per E2 NP were 

conjugated for low-density NPs. The average hydrodynamic diameter of low-density loaded 

Pam3-E2 NPs was 31.5 ± 1.6 nm (Figure 4.6D). These NPs were used to evaluate the effects of 

loading TLR2/1 agonist on NPs for TLR2/1 activation in vitro. 

 

4.4.9.2. Attachment of Pam3CSK4 onto nanoparticles does not improve Pam3CSK4 bioactivity 

 The bioactivity of Pam3CSK4 was investigated using the HEK-blue hTLR2 reporter cell 

line (See Appendix A.1.8). The EC50s of Pam3CSK4 and Pam3CSK4C alone were not 

significantly different from one another (Figure 4.6E, F). Loading immunomodulatory motifs onto 

NPs has been shown to benefit cell recognition, as increasing the valency and density of a motif 

can improve receptor engagement and enhance activation.2,56 Unexpectedly, loading Pam3CSK4 

on NPs did not significantly change the activity of the Pam3CSK4 (Figure 4.6E, F).  

Several reasons could explain this unexpected observation. TLR2/1 engagement relies 

on the interaction between the triacylated groups of Pam3CSK4 and the binding pocket of formed 

from TLR2 and 6 joining. In addition, the four lysines on Pam3CSK4 help stabilize this 

receptor:ligand interaction. Given the large discrepancy between the size of the E2 NP and 

Pam3CSK4, conjugation onto the E2 NP may not display Pam3CSK4 in a flexible enough manner, 

and may cause steric hindrance, that disrupts the strict interaction required for TLR activation. 
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Using a PEG spacer between the NP and Pam3CSK4 may help to alleviate this issue by 

improving the accessibility of Pam3SCK4 for TLR engagement.  

Another consideration is that increasing the amount of Pam3CSK4 displayed on the E2 

NP could increase the dosage delivered to individual cells and improve activation; however, as 

mentioned, high-density Pam3-E2 NPs experienced severe problems of insolubility. Further 

optimization to find a stable high-density Pam3-E2 NP would be required to explore this. Another 

factor that should be accounted for is that due to the low-density loading of Pam3-E2 NPs  

concentrations of Pam3CSK4 high enough to elicit plateauing of the activation responses could 

not be reached  (Figure 4.6E). This makes the curve-fit and, subsequently, the EC50 less reliable. 

However, based on the theoretical maximum activity elicited by Pam3CSK4 alone, the theoretical 

EC50 values for Pam3-E2 would only get larger and our conclusion of the platform not improving 

the Pam3CSK4 activity would still stand.  

Testing the Pam3-E2 NPs with immunologically relevant cells, such as dendritic cells, 

should also be explored after formulation/solubility concerns are addressed. Bone marrow derived 

dendritic cells (BMDCs) can be cultured, incubated with NPs, and analyzed for activation markers. 

Loading Pam3-E2 NPs with the OVA peptide SIINFEKL can help us quantify activation of the 

BMDCs via SIINFEKL display on MHC molecules. Preliminary synthesis of SIINFEKL-Pam3-E2 

NP indicates a feasible way of conjugating both SIINFEKL and Pam3CSK4 on one nanoparticle, 

but SDS-PAGE is not sensitive enough to accurately quantify the attachment of both molecules 

(See Appendix B.21). Other characterization techniques such as mass spectrometry or 

fluorescence spectrophotometry could be options to explore. Ultimately, due to questions 

concerning the physical instability of the Pam3-E2 NP, the potentially suboptimal orientation and 

density of Pam3CSK4 on the NP, and the lackluster reporter cell line in vitro assays, the Pam3-

E2 NP was not implemented in the extensive way the flagellin-E2 NP was. Additional studies are 

required before moving forward with this NP construct. 
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4.5. Conclusions  

The co-delivery of a model protein antigen (H5 hemagglutinin) and two adjuvants, flagellin 

and CpG, on a single nanoparticle was successfully synthesized using the E2 protein nanoparticle 

scaffold and the SpyTag/SpyCatcher bioconjugation system. This strategy yielded stable 

monodispersed nanoparticles with H5 and flagellin displayed on its exterior and CpG loaded in its 

internal cavity. Displaying as little as ~6 flagellin molecules on the ST-E2 NP significantly 

increased the bioactivity of flagellin and increased the activation of immunologically relevant cells 

in vitro by upwards of an order of magnitude compared to unconjugated flagellin. SC-H5 alone is 

weakly immunogenic and elicits a Th2 bias response. Conjugation of SC-H5 onto ST-E2 NPs (H5-

E2) significantly enhances magnitude and breath of antibody response but does not change the 

underlying Th2 profile. Compared to unconjugated soluble adjuvants co-administered with antigen 

(SC-H5 + SC-FliCc + CpG + E2), conjugation of adjuvants onto H5-E2 NPs increased both 

antibody magnitude and breadth, showing that adjuvant conjugation to NP is necessary to 

maximize the adjuvant activity.  

IgG1/IgG2c antibody subclassing could also be precisely modulated, dependent on the 

adjuvant and whether it was attached to the nanoparticle. Addition of TLR agonist flagellin 

elevated magnitude and breadth but does not affect Th2 profile, while addition of CpG also 

enhanced magnitude and breadth but polarized the response into a Th1 direction. Interestingly, 

when both flagellin and CpG were loaded on the NP vaccine, a more balanced IgG1/IgG2c 

response was observed, suggesting the generation of both Th1 (associated with cellular 

immunity) and Th2 (associated with humoral immunity) responses. Mice immunized with any E2 

NP-based vaccine exhibited complete protection from H5N1 influenza challenge. Notably, only 

mice that received adjuvanted E2 NP vaccine showed minimal or no signs of sickness. Our 

successful engineering of a protein nanoparticle to precisely orient and attach antigen and 

multiple adjuvants enabled specific modulation of an immune response.  This highlights the 

potential of nanoparticle-based delivery systems for the development of prophylactic vaccines, 
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which could offer broader protection, reduce the need for annual reformulations of seasonal 

vaccines, and improve anticipatory protection against emerging pandemic pathogens.   

 A nanoparticle conjugated with the TLR2/1 agonist Pam3CSK4C was synthesized and its 

immunostimulatory effects were tested in vitro. Low-density loaded Pam3-E2 NPs (~15 

Pam3CSK4C per E2 NP) did not elicit stronger TLR2/1-mediated activation than soluble 

Pam3CSK4C. Synthesis of higher-density Pam3-E2 NPs experienced instability and insolubility; 

thus, further optimization of these NPs is required before continuing the characterization of their 

immunostimulatory effects in vitro and in vivo.  
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5.1. Functionalizing E2 protein nanoparticles with whole protein antigens and 

immunostimulatory agonists 

5.1.1. Summary and Conclusions 

 In this work we have demonstrated that whole protein antigens can be delivered on the 

E2 protein nanoparticle. Previously, the E2 nanoparticle platform was used for cancer vaccines. 

Here we applied the E2 nanoparticle for infectious disease vaccine development, specifically  

influenza and Coxiella burnetii. We investigated multiple approaches for whole protein antigen 

conjugation to the E2 nanoparticle including direct genetic fusion, high affinity tris-NTA-Ni 

conjugation, and the SpyTag/SpyCatcher. By synthesizing a new maleimide functionalized tris-

NTA-Ni linker, the high affinity tris-NTA-Ni conjugation was used to conjugate proteins including 

the H1 influenza antigen hemagglutinin. By engineering the E2 nanoparticle and protein antigens 

with the SpyTag/SpyCatcher bioconjugation system, the immunodominant protein antigen from 

H5 influenza and Coxiella burnetii were successfully delivered with the E2 nanoparticle.  

In addition, we designed and engineered the first known example of a vaccine formulation 

capable of delivering a protein antigen (i.e., H5 hemagglutinin) and two immunostimulatory 

adjuvants (i.e., flagellin and CpG) on a single protein nanoparticle. The modularity of our protein-

protein conjugation strategies may have utility in future vaccine development against other human 

pathogens. Given our ability to modulate the type of immune response elicited by loading antigen 

and adjuvant on the nanoparticle, this strategy can be applied to other diseases that require 

specific immune response for elimination. 

 

5.1.2. Future Directions 

We have shown that delivering H1 and H5 antigens on E2 nanoparticles elicits increased 

homosubtypic antibody responses compared to antigen alone. However, we observed modest 

increases to heterosubtypic immune responses when hemagglutinin antigen was delivered on the 

E2 nanoparticle. Conserved epitopes on hemagglutinin in both the HA1 and HA2 domains are 
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widely considered as prime targets for eliciting broad and cross-protective immunity. Given the 

desire to elicit stronger heterosubtypic cross-reactivity, the delivery of multiple different HAs (i.e., 

H1, H5, H7, etc.) on single particle or on multiple particles, which has been shown to promote 

cross-reactive immune responses against flu, should be investigated.1 Delivery of mosaic 

nanoparticles with HAs that also simultaneously deliver adjuvants like CpG and/or FliC has not 

been investigated before and could result in elevated responses to the HA1 and HA2 domains 

and cross-reactive immune responses. 

There are limited options in the toolbox of chemical linkers for attaching molecules onto 

the surfaces of protein nanoparticles. We have applied genetic mutations and the 

SpyTag/SpyCatcher system to precisely functionalize the external surface and inner core of the 

E2 nanoparticle allowing the conjugation of antigen and adjuvants. Previously, the lab had 

engineered variants of E2 with hydrophobic cores  for the delivery hydrophobic molecules, and 

cysteine mutations for the conjugation of maleimide modified molecules.2,3 Nonnatural amino 

acids have been used to allow click chemistry to be applied to proteins for the conjugation of 

molecules such as sugars, proteins, and lipids.4-6 Integration of nonnatural amino acids into E2 

could potentially expand the toolbox of the E2 nanoparticle platform. This route can open the door 

to potentially conjugating other immunostimulatory adjuvants (i.e., Pam3CSK4, MPLA, and 

muropeptides), and even cell-selectivity motifs that could help the nanoparticle vaccine target 

immunologically relevant cell types.4-8 In addition, other approaches for whole protein conjugation, 

such as SnoopTag/SnoopCatcher and DogTag/DogCatcher, have been developed and have 

unique catalytic specificity from SpyTag/SpyCatcher. Thus, developing particles that have both 

SnoopTag, DogTag, and/or SpyTag could increase the modularity of the nanoparticle platform for 

the application of multiple components in the same reaction.9-12 These conjugation systems uses 

a unique peptide tag and protein for spontaneous isopeptide formation, similar to the ST/SC 

system, meaning that it can be applied to the nanoparticle and protein antigen in a similar fashion. 
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We have applied one variant of SpyTag and two variants of SpyCatcher to the E2 

nanoparticle platform. In attempts to reduce cell-stress during expression and reduce 

immunogenicity of SpyCatcher a N-terminus truncated mutant has been employed. Other newer 

generations of SpyTag and SpyCatcher have been developed to have faster and more efficient 

kinetics, and with additional reductions in immunogenicity.13,14 Implementing the newer 

generations of ST/SC will further optimize E2 formulations using this conjugation strategy.  

Lastly, we struggled to synthesize nanoparticles with high densities of Pam3CSK4 on the 

surface, as loading more than 10-20 Pam3CSK4 molecules on the E2 surface caused the 

nanoparticles to precipitate out of solution. Extensive investigation of the reaction conditions was 

completed with different buffers, ionic strengths, surfactants, and other additives. Evaluation of 

the precipitated NPs demonstrated high densities of Pam3CSK4 loaded on the NPs. It would be 

interesting to introduce a PEG spacer between the E2 and the hydrophobic Pam3CSK4 molecule 

via a heterobifunctional PEG linker to possibly increase the solubility of higher density Pam3CSK4 

loaded nanoparticles. 

 

5.2. Construction of E2 nanoparticle-based vaccines enhance prophylactic immune 

responses against infectious disease antigens 

5.2.1. Summary and Conclusions 

 In this work, we demonstrated that loading H1, H5, and CBU1910 protein antigens on E2 

nanoparticles results in elevated adaptive immunity including humoral and cellular responses. We 

showed that delivering a TLR4 agonist, MPLA, with H1 conjugated E2 nanoparticles (H1-E2) 

increased antigen-specific antibody responses, as well as homo- and hetero-suptypic immune 

responses. We also demonstrated that immunizing with E2 nanoparticles conjugated with H5 

antigen, and the flagellin and/or CpG adjuvants (H5-FliC-CpG-E2, H5-FliC-E2, and H5-CpG-E2) 

lead to elevated antigen-specific immune responses and 100% protection from H5N1 influenza 

challenge. We also observed that after a single dose of the H1-E2 or H5-E2 nanoparticle 
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formulations, significant increases in antibody responses (compared to soluble antigens or soluble 

antigen with adjuvant) were observed as early as day 10. The conjugation of HA antigen to the 

E2 nanoparticle enhanced IgG class switching to IgG1 and IgG2c, which was also dependent on 

the adjuvant’s type and its attachment to the E2 nanoparticle. 

We synthesized nanoparticles capable of delivering the immunodominant Coxiella burnetii 

protein antigen CBU1910 and the Th1-skewing adjuvant CpG. Mice immunized with this vaccine 

elicited elevated CBU1910-specific IgG responses and promoted IgG2c class switching. 

Unpredictably, only modest T lymphocyte response was observed via IFNγ ELISpot when 

lymphocytes were restimulated with CBU1910. An E2 nanoparticle formulation co-delivering CpG 

and a CD4 T cell epitope peptide, derived from CBU1910, induced strong IFNγ ELISpot responses 

to both the immunized peptide antigen and the whole CBU1910 protein. 

 

5.2.2. Future Directions 

We have shown homosubtypic cross-reactivity to twenty-eight variants of H5. It is known 

that current seasonal influenzas vaccines elicit antibodies that are highly specific to the 

immunizing variant, so a direct comparison of our E2 NP vaccines with the conventional influenza 

vaccine would be very interesting to see. 

Despite having immune responses that skewed differently (Th1 or Th2), based on adjuvant 

used, each H5-E2 formulation protected the mice from virus challenge. Explaining how differently 

skewed immune responses protect is important to determine. Establishing if this protective effect 

is due to T cell-specific responses or neutralizing antibody responses would help guide future 

vaccine development using this protein nanoparticle platform which could potentially translate to 

nanoparticle delivery in general. In vivo and ex vivo assays examining the changes in cell 

populations (i.e., effector and memory CD4 T cells, CD8 T cells, and B cells) using flow cytometry 

could help evaluate the protective properties of E2 formulations.15-17 In addition, 



138 
 

microneutralization assays of the sera of immunized animals can be evaluated to characterize 

the contributions of neutralizing antibodies.17,18 

We evaluated H5 specific antibody response and showed the E2 NP vaccines significantly 

increases these responses over antigen alone. As with the H1 antigen, elicitation of the HA0- and 

HA1-specific responses for H5 would be important to determine the stem and head specific 

antibody response elicited by the E2 formulations. This would give us information of how to 

improve the heterosubtypic responses (i.e., use other adjuvants, change antigen and/or adjuvant 

dosage). In addition, checking neutralization titres and/or hemagglutinin assay titres developed 

by H5-E2 NPs would help further characterize the immune response elicited and help find a 

correlation between immune responses elicited and protection. When using H1-E2 NPs the 

breadth of cross-reactive responses was broader for full-length HA0 compared to HA1, potentially 

indicating a notable response to the highly conversed stem region of HA, which is advantageous 

for the development of a universal flu vaccine. To determine if this phenomenon is conserved for 

different antigens and adjuvants, investigating the HA0- and HA1-specific antibody response 

elicited by the H5-E2 nanoparticles could be done. Like the H1 hemagglutinin probing analysis, 

full-length H5 proteins (HA0s) and truncated head-region H5 proteins (HA1s) can be printed on 

protein microarrays and the sera of immunized animals can be subsequently analyzed for HA0- 

and HA1-specific binding. 

Broader homo- and hetero- subtypic cross-reactivity was observed for H1-E2 

nanoparticles co-administered with MPLA adjuvant. Only homosubtypic cross-reactivity was 

observed for H5-E2 nanoparticles. Understanding the reason why the H1-E2 nanoparticle 

formulation elicited higher heterosubtypic cross-reactivity, compared to the H5-NPs is important. 

H1 hemagglutinin been shown to be more immunogenic in humans than other hemagglutinin 

variants such as the avian H5 strain.19 This could explain the reduced heterosubtypic cross-

reactivity of H5-E2 vaccines. To investigate this directly, E2 vaccines with either H1 or H5 (co-

delivered with the same adjuvant) can be evaluated in vivo side by side. In addition, cross-
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reactivity could be adjuvant-dependent since each adjuvant stimulates a unique signal pathway 

to promote a distinctive inflammatory response. To assess this, HA-E2 nanoparticles can be co-

delivered with different adjuvants (i.e., MPLA, CpG, flagellin) at different dosages and their cross-

reactive antibody responses can be compared. 

Both the H1-E2 and H5-E2 nanoparticle vaccines demonstrated elevated antibody 

responses as soon as day 10, over antigen alone. In addition, IgG1/IgG2c response skewing was 

also observed as early as day 14 for H5-E2 nanoparticle formulations after only a prime 

immunization. The search for a single-dose influenza vaccine has eluded researchers due the 

difficulty in mounting a strong enough response to establish neutralizing antibodies and memory. 

Given the promising result of the H5-E2 NP, evaluating the H5-E2 NP as a single dose vaccine 

by optimizing antigen and adjuvant dosage would be intriguing. 

CD4 T cell responses have been shown to be important for influenzas immune responses 

by T cell-dependent maturation of  B cells to elicit higher IgG titers.20,21 Given the T cell responses 

elicited by previously synthesized E2 nanoparticles for cancer and C. burnetii using peptide 

antigens, it would be interesting to investigate a combination therapy where E2 nanoparticles 

loaded with CD4 specific peptide epitopes from HA could be used in a vaccine and co-

administered with whole protein HA-E2 NPs to potentially bolster the B cell dependent antibody 

responses. Potentially increasing the magnitude and breadth of the HA-specific antibody 

responses. CD8 T cells have been shown to react against heterosubtypic influenzas strains and 

have been shown to help control symptomatic infection.22-24 Thus, like the CD4 peptide strategy 

utilizing a CD8 peptide E2 nanoparticle in combination with a protein antigen E2 nanoparticle 

would be remarkably interesting to investigate. 

Neutralizing antibodies have been conventionally used to evaluate influenza vaccine 

efficacy but were not focused on in my studies. Thus, adding this form of characterization, via 

microneutralization assays, to our repertoire could be immensely helpful in further screening our 

influenza vaccines. 
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The conjugation of HA antigen to the nanoparticle enhanced class switching of both H1 

and H5 specific B cells causing IgG1 and IgG2c responses. It would be interesting if we could 

investigate class  switching directly by potentially using organoids such as that of the Lisa Wagar 

lab here at UCI’s immunology department who works with human tonsil organoids to investigate 

B cell maturation and influenzas.25,26 

T cell responses from the CBU1910-E2 nanoparticle vaccine evaluated using ELISpot 

were at best modest, and this was surprising given the increased IgG2c response observed. We 

hypothesize that this may have resulted from cytokines other IFNγ (including IL-2, IL-10, or TNFα) 

driving the IgG2c response or a different temporal release of IFNγ (ELISpot assayed after 18h of 

restimulation with antigen, only). Thus, cytokine analysis of supernatants after ELISpot and 

varying incubation times (6h, 18h, 24h) could help resolve the reason for low ELISpot results. 

Another reason for this response could have been due to the relatively low molar dose of 

immunodominant T cell epitopes and the low dose of CpG (attributed to dose being calculated 

based on micrograms of protein antigen and not peptide antigen), as we typically dose 5-10x 

more CpG when investigating our cancer vaccines which are designed to promote T cell 

responses. In addition, our cancer vaccines can display upwards of ~200 immunodominant T cell 

epitope peptides on a single E2 NP while, as a result of having a maximum number of ~26 

CBU1910 protein antigens on the E2 NP and each CBU1910 protein only containing one or two 

of these immunodominant T cell epitopes,27,28  the CBU1910-E2 vaccine displays measurably less 

T cell epitope peptides. When we immunized mice with an E2 nanoparticle delivering a CD4 T 

cell specific epitope and loaded with CpG, which increased the dose of antigen and adjuvant by 

an order of magnitude, elevated T cell responses were observed not only to the immunized 

peptide antigen but also the CBU1910 protein antigen. Thus, adjustment of the vaccine dosage, 

both antigen and adjuvant, can be assessed to determine if higher T cell responses result from 

the CBU1910-E2 formulation. Because Coxiella burnetii is an intracellular pathogen, CD8  T cell 

responses are also particularly important for its elimination. For this reason, development of a 
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nanoparticle vaccine using the immunodominant CD8 cell peptide epitope on CBU1910, should 

be investigated as an effective candidate for a Coxiella burnetii vaccine. In addition, combination 

of protein- and peptide-based NP vaccines which are optimized for B cell and T cell immune 

responses, respectively, can be investigated as a combination therapy. This combination strategy 

has clear potential to confer protection against a pathogen with both extra- and intra-cellular 

stages to its life cycle, such as Coxiella burnetii, which requires activation of both humoral and 

cellular arms of the immune system to grant protection. 

As we have demonstrated, the doses of adjuvants when loaded onto our protein-based 

E2 nanoparticle vaccines is quite low compared to the conventional dosage of these adjuvants, 

yet we still see significantly elevated prophylactic immune responses. It would be extremely 

fascinating to assess the effects of increasing adjuvant dosage on the immune responses. We 

possibly could see further elevated immune responses and maybe even some immune responses 

like antigen-specific T lymphocytes and high heterosubtypic cross-reactivity which we did not see 

before. 

For all our formulations with antigens H1, H5, and CBU1910, we have only investigated 

shorter term immune responses. A desired quality of a vaccine is to also elicit strong long-term 

immunity such as memory B cells and T cells, which we have yet to fully explore. Thus, 

investigations characterizing the population of memory cells could prove fruitful in determining the 

efficacy of a vaccine even before challenge. More so, Th2 responses are described by  B cell 

proliferation and antibody production while Th1 responses are characterized by the activation of 

antigen-presenting cells and stimulation of T cells. Further characterization of these responses 

with flow cytometry to identify effector and memory B cell and T cell populations would help in 

understanding these mechanisms of immunity. 

The use of viral vectors as vaccine delivery platforms (i.e. AAV) has shown to be effective 

for a multitude of diseases; however, the concern of platform specific immune response that would 

neutralize and nullify subsequent vaccinations using the same platform has been a question of 
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concern for their long-term viability.29 Investigating this phenomenon for a non-viral protein 

platform, such as our E2 nanoparticle platform would be interesting to determine. We now have 

vaccines for Coxiella burnetii and influenza and can potentially assess this phenomenon. An 

investigation immunizing with the CBU1910-E2 or H5-E2 vaccine then after a period of time 

immunizing with the H5-E2 or CBU1910-E2 vaccine, respectively, and comparing the immune 

response with immunizing only with a single type of nanoparticle would be help answer this 

question for a non-viral platform. 

We have made nanoparticles that deliver all the components needed to elicit a targeted 

immune response. It would be interesting if we can use the E2 nanoparticle platform as an 

adjuvant delivery platform to be used with other vaccines. E2 nanoparticles can more precisely 

deliver adjuvants to immunologically relevant cells (i.e., antigen presenting cells), than the soluble 

forms of the adjuvants. This makes the E2 nanoparticle platform a potentially powerful adjuvant 

delivery vehicle that can be used in combination with established vaccine formulations that require 

stronger adjuvant effects to elicit improved immune responses. Varying dosages of flagellin, CpG, 

and other conjugated adjuvants on the E2 NP can be evaluated to determine the dose dependent 

effect on the immune response when co-administering these adjuvant-E2 NPs with other 

established vaccines. 

 

5.3. In vitro evaluation of co-delivering multiple adjuvants on a single E2 nanoparticle 

5.3.1. Summary and Conclusions 

 The E2 nanoparticle platform was utilized as an adjuvant delivery vehicle for flagellin, 

CpG, and Pam3CSK4. We show that attaching flagellin onto nanoparticles increased its 

bioactivity in vitro. In addition, flagellin loaded E2 nanoparticles promoted inflammatory cytokine 

release by macrophage. When loaded onto E2 nanoparticles, Pam3CSK4’s in vitro bioactivity 

unexpectedly decreased when compared to soluble Pam3CSK4 alone. 
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5.3.2. Future Directions 

 We hypothesize that the reason for the Pam3CSK4’s decrease in bioactivity when 

displayed on the surface of the E2 NP could be due to steric hinderance caused by the E2 surface 

impeding the interaction between Pam3CSK4 and TLR2/1. We propose that introducing a flexible 

spacer, such as PEG, between the Pam3CSK4 and the E2 NP would allow for more efficient 

receptor engagement and facilitate better Pam3CSK4 activation. 

Previous studies have shown that the combination of endosomal-based (TLR3, 7, 8, 9) 

with cell-surface-based (TLR1, 2, 4, 5, 6)  TLR agonists in vaccines can elicit improved immune 

responses. Our lab has implemented endosomal TLR agonists including the TLR7 agonist ssRNA 

and TLR9 agonist CpG. In addition, the cell-surface TLR5 agonist flagellin and TLR2/1 agonist 

Pam3CSK4 have also been utilized in our E2 nanoparticle platform. ssRNA activation via TLR7 

follows the IRF7 signal pathway to promote inflammatory responses. This is a different pathway 

from the typical NFκB pathway the most TLRs operate under.30 Exploring the effects of co-

delivering adjuvants on nanoparticles (i.e. CpG with flagellin, ssRNA with flagellin, CpG with 

Pam3CSK4, etc.) in vitro studies would help in understanding the cooperative interplay that 

occurs when cells are activated by these adjuvants. In addition, in vitro assays could act as an 

initial screen to determine which combinations of nanoparticle-loaded adjuvants would elicit 

desired immune responses before formulating nanoparticles for in vivo work.  

The implementation of an adjuvant with unique signaling pathway in tandem with cell-

surface-based adjuvants like FliC or Pam3CSK4 could help us further understand the 

immunomodulatory characteristics we observe in vivo for the E2 nanoparticle vaccine platform. 

Additionally, other immunostimulatory agonists such as MPLA, which signals through NFκB or 

IRF3, and muropeptides, which target innate immune receptors NOD1/2 in the cytosol,8 could be 

explored once conjugations to the E2 nanoparticle are established. We showed that displaying 

flagellin on E2 nanoparticles triggered a dramatic increase in TLR5 activation and its subsequent 

signal cascade. Interestingly, flagellin has also been shown to trigger different immune responses 
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when interacting with inflammasome receptors in the cytosol of cells.31,32  Using muropeptides 

that can drive cytosolic entry via NOD1/2 receptors, FliC-E2 nanoparticles could be tuned further 

to elicit another precisely modulated immune response. 

Reporter cell lines and a macrophage cell line were used to evaluate adjuvant activity of 

flagellin and Pam3CSK4 once loaded onto the E2 nanoparticle. Immunologically relevant cells, 

such as macrophage, dendritic cells, and epithelial cells, have differential expressions of each 

toll-like receptor altering their activation by each TLR agonist. More so, each immune cell has a 

unique occupation in the immune system which makes understanding the interaction to each cell 

type important when characterizing the adjuvant activity of the E2 NPs. Thus, expanding the 

repertoire of cell lines that can be used when assessing future adjuvant-loaded E2 nanoparticles 

is required. For example, Pam3CSK4-E2 and Pam3CSK4-CpG-E2 nanoparticles can be 

evaluated with BMDC or BMDM cells. The addition of OVA peptide antigen (SIINFEKL) to 

Pam3CSK4-E2 and Pam3CSK4-CpG-E2 NPs will allow for the evaluation of activation markers 

and MHCII peptide display by BMDCs. Using macrophage, activation markers and secreted 

cytokine analysis can be used to evaluate the NPs. 
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A.1. Additional Methods and Detailed Protocols 

A.1.1. Synthesis of maleimide-tris-NTA (Relevant to section 2.3.2.) 

(N,N) di-t-butyl acetate-L-Glu(Bzl)-OtBu (2). Reaction was performed similarly as 

previously reported.1 t-butyl bromoacetate (3.558 mL, 4.681 g, 24 mmol) and DIPEA (5.3 mL, 

3.877 g, 30 mmol) were added to a solution of H-L-Glu(Bzl)-OtBu hydrochloride (1) (1.979 g, 6 

mmol) in DMF (50 mL). The reaction was purged with nitrogen gas and heated to 55 C for 12 h 

with continuous stirring. The solvent was removed by rotary evaporation at 60 C. Ethyl acetate 

(20 mL) was added to the reaction residue to obtain a slurry and was filtered and the liquid 

collected. The precipitate was washed 3X with hexane/ethyl acetate (3:1, 3X 40 mL) and the liquid 

collected. The combined filtrate and washes were concentrated by rotary evaporation. The 

product was purified by flash chromatography using hexane/ethyl acetate. Column Conditions: 

mobile phase A: hexanes, mobile phase B: ethyl acetate. Gradient: 0-3 min 0% B, 3-7 min ramp 

to 15% B, 7-15 min 100% B. Product eluted as a peak between 9.5-12 min. The fractions 

containing product were pooled, concentrated by rotary evaporation, dried over high vacuum, and 

weighed.  The product was confirmed by NMR and TLC in cyclohexane/ethyl acetate (Rf = 0.6) 

and was obtained in 81% yield (2.535 g, 4.866 mmol).  1H NMR (500 MHz,CDCl3) δ 7.37-7.28 

(m, 5H), 5.11 (s, 2H), 3.43 (s, 4H), 3.38 (dd, 1H), 2.73 – 2.56 (m, 2H), 2.04-2.87 (m, 2H), 1.45 (s, 

9H), 1.43 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 173.6, 171.9, 170.6, 136.3, 128.6, 128.3, 128.2, 

81.4, 80.8, 66.2, 64.5, 54.0, 30.7, 28.3, 28.2, 25.5. 

(N,N) di-t-butylacetate-L-Glu-OtBu (3). Reaction was performed similarly as previously 

reported.1 10% Pd/C was added to a flame dried round bottom flask with a magnetic stir bar and 

purged with nitrogen gas. Methanol (110 mL) was added to the flask, followed by compound 1 

(2.535 g) dissolved in methanol (10 mL). The solution was purged again with nitrogen gas. A 

hydrogen balloon was then added and the reaction ran for 6 h. The reaction solution was passed 

through a celite plug to remove Pd/C. The methanol was removed by rotary evaporation, 
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transferred to a pre-weighed vial, and dried under high vacuum. The product was weighed and 

characterized by NMR. The product was obtained in 95% yield (1.994 g, 4.621 mmol). 1H NMR 

(500 MHz,CDCl3) δ 3.43 (s, 4H), 3.36 (dd, 1H), 2.63 (m, 2H), 1.95 (m, 2H), 1.45 (s, 9H), 1.43 (s, 

18H). 13C NMR (126 MHz, CDCl3) δ 177.6, 171.6, 170.7, 81.7, 81.27, 64.7, 54.1, 31.0, 28.3, 

28.2, 25.5. 

t-butyl protected tris-NTA-NH (4). Reaction was performed similarly as previously 

reported.1 Compound 2 (3.495 g, 8.100 mmol) and HBTU (3.351 g, 8.837 mmol) were added to 

a flame dried round bottom flask and dissolved in DCM/DMF (1:1, 100 mL). DIPEA (10 mL) was 

added to the reaction mixture and the solution stirred for 5 min. Tetraazacyclodecane (0.487 g, 

2.430 mmol) was added to the reaction mixture and the reaction stirred for 18 h. The solvent was 

removed by rotary evaporation at 50 C. The reaction residue was dissolved in hexanes/ethyl 

acetate and purified by flash chromatography. Column conditions: mobile phase A: hexanes, 

mobile phase B: ethyl acetate. Gradient: 0-5 min 0% B, 5-15 min ramp to 100% B, 15-25 min 

100% B. Product eluted as a broad peak at 15-22 min. The fractions containing product were 

combined, the solvent removed by rotary evaporation, and the product dried under high vacuum 

which was obtained in 53% yield (1.861 g, 1.292 mmol). 

t-butyl protected-tris-NTA-mal. Maleimido-propionic acid (27 mg, 0.16 mmol) and HBTU 

(61 mg, 0.16 mmol) was dissolved in DMF  (9.5 mL) and DIPEA (0.5 mL). After five minutes, t-

butyl protected-tris-NTA-NH (151 mg, 0.11 mmol) was added and the reaction was stirred 

overnight. The solvent was removed by rotary evaporation and the product purified by flash 

chromatography. Column conditions: 40 g silica gel column, Mobile phase A: hexanes, mobile 

phase B: ethyl acetate. Gradient: percent mobile phase B: 0-4 min 0% B, 4-12 min 100% B ramp, 

12-20 min 100% B. Product eluted at 13 min. The fractions containing product were collected, the 

solvent removed by rotary evaporation, and dried over high vacuum. The product was recovered 

and analyzed by ESI-MS (110 mg, 66% yield). ESI was performed on a Waters LCT ESI MS with 
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flow injection at 0.1mL/min in 100% MeOH. Predicted [M+Na]+: 1613.9 m/z Observed [M+Na]+: 

1612.9 m/z. 

mal-tNTA (5). t-butyl protected tris-NTA-mal (109 mg, 0.07 mmol) was dissolved in 95% 

TFA in water (5 mL) and stirred for 2 h. The TFA was removed by rotary evaporation and the 

residue added to 40 mL of cold diethyl ether to precipitate the product. The mixture was 

centrifuged to recover the product pellet. The pellet was dissolved in 50% water/ACN, sterile 

filtered through a nylon 0.22 m filter, and lyophilized. The product (5) was weighed and analyzed 

by LC-MS in water/acetonitrile with 0.1% formic acid (53 mg, 71% yield). LC-MS was performed 

on a Waters LC-MS with QDA detector with Hclass UPLC with a water/acetonitrile 0.1% formic 

acid solvent system. Predicted [M+H]+: 1087.4 m/z Observed [M+H]+: 1087.8 m/z.   

 

A.1.2. Attachment of His6-Tagged GFP to tNTA-E2 (Relevant to section 2.4.2.) 

A 10X molar excess of aqueous NiCl2 was first added to the tNTA-E2 and incubated for 2 

hours at room temperature on a shaker. The sample was then run through a 0.5mL 40kDa 

molecular weight cutoff Zeba spin desalting column according to manufacturer’s instructions to 

remove unchelated NiCl2. A 1:2.2 molar ratio (E2 monomer:GFP) of His6-tagged GFP was added 

to Ni-tNTA-E2 or tNTA-E2 and incubated at room temperature on a shaker for 2 hours. Reaction 

solutions were then run through a packed Sephacryl S-200 SEC column via gravity separation to 

remove unreacted reactants. Elution profiles and loading quantifications of GFP-(His)6 were 

determined with spectrophotometry at 280 nm and fluorescence spectrometry of GFP  (Ex: 488 

nm and Em: 510 nm). 

 

A.1.3. Expression analysis of SpyTag-E2 particles (Relevant to section 3.3.7.) 

Expression studies were done for each ST-E2 mutant and controls. Proteins were 

expressed in BL21 (DE3) E. coli via 1 mM IPTG induction. After induction for 3 h at 37 °C, cells 

were pelleted and stored at -80 °C before breaking. Cells were lysed by vortexing with glass 
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beads. Soluble and insoluble lysates were centrifuged at 18000 x g for 15 min and analyzed using 

SDS-PAGE for molecular weight and soluble: insoluble ratios. Mutant ST-E2(D381C) was chosen 

for subsequent scale up expression. 

 

A.1.4. Reaction optimizations to synthesize final ST/SC CBU1910-E2 formulation (Relevant to 

section 3.3.9.) 

Investigated excipients included Sarkosyl (SLS) concentrations from 0.05-5.0% (w/v), 3-

((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) concentrations from 1.0-

10% (w/v), Tween 20 concentrations from 0.10-1% (w/v), Tween 80 concentrations from 0.10-1% 

(w/v), pH ranges from 5-10, NaCl concentrations from 100-500 mM, and dextrose concentrations 

from 5.0-10% (w/v). Molar ratios of SC-CBU1910:ST-E2 monomer ranged from 0.5-3. Reaction 

temperatures and times ranged from 4-25 °C and 30 min-24 h, respectively. The soluble and 

insoluble fractions of these reactions were separated by centrifuging at 18000 x g for 5 min and 

analyzed using DLS and SDS-PAGE densitometry. 

 

A.1.5. Loading C. burnetii peptide antigen onto E2 nanoparticles (Relevant to section 3.4.5.) 

Given the desire to elicit a robust adaptive immune response towards the pathogen of C. 

burnetii, we conjugated peptide antigen epitopes to the E2 nanoparticle, a strategy which has 

been implemented by our cancer vaccines.2-4 Using a CBU1910 peptide, HYLVNHPEVLVEASQ 

(CBU1910p), that has been shown to be a T cell specific epitope, the CBU1910p-CpG-E2 

formulation was synthesized.5,6 Optimization of the peptide conjugation was necessary to 

synthesize well loaded and stable constructs. To increase its physical stability and prevent 

aggregation, the final formulation contained 0.005% (v/v) Tween 20. Conjugation of CBU1910p 

was supported by ~1.8 kDa incremental increases to E2 monomer molecular weight seen on 

SDS-PAGE. Using a BMPH linker, aldehyde modified CpG was conjugated in the core of the E2 

nanoparticle. Loading of CpG was confirmed by a ~7 kDa increase in E2 monomer molecular 
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weight from ~28 kDa to ~35 kDa. SDS-PAGE and mass spectrometry were used to determine 

the loading of CBU1910p and CpG per nanoparticle. 

 

A.1.6. Loading Pam3CSK4C lipopeptide, CSIINFEKL peptide, and CpG DNA onto E2 

nanoparticles (Relevant to section 4.4.9.1.) 

The Pam3CSK4C lipopeptide and CSIINEKL peptide were conjugated to the E2 (D381C) 

NP mutant, which contains 60 cysteines in its internal cavity, using a strategy which has been 

implemented by our cancer vaccines.2-4 To synthesize stable low-density Pam3-E2 NPs a 

Pam3CSK4C:E2 monomer molar ratio of 1:1 was used. To conjugate both Pam3CSK4C and 

CSIINFEKL onto the same E2 NP all components were combined together at the 

Pam3CSK4C:CSIINFEKL:E2 monomer molar ratio of 2:2:1 and allowed to react for 2h at room 

temperature followed by 12-16h at 4°C. Conjugation of Pam3CSK4C and CSIINFEKL are 

supported by ~1.6 and ~1.1 kDa incremental increase, respectively, to E2 monomer molecular 

weight seen on SDS-PAGE. Using a BMPH linker, aldehyde modified CpG was conjugated in the 

core of the E2 nanoparticle. Attachment of CpG was confirmed by a ~7 kDa increase in E2 

monomer molecular weight from ~28 kDa to ~35 kDa. SDS-PAGE were used to determine the 

loading of Pam3CSK4C, CSIINFEKL and CpG per nanoparticle. DLS was used to characterize 

the size of constructed nanoparticles. 

 

A.1.7. Reaction optimizations to improve high-density Pam3-E2 formulation stability (Relevant to 

section 4.4.9.1.) 

Molar ratio of Pam3CSK4C:E2 monomer was 5:1 to achieve high-density Pam3-E2 NPs. 

Investigated excipients included NaCl concentration of 500 mM, Tween 20 concentrations from 

0.001-1% (w/v), Tween 80 concentrations from 0.001-1% (w/v), Sarkosyl (SLS) concentrations 

from 0.05-0.1% (w/v), DMSO concentration of 10% (v/v), sucrose concentrations from 1-10% 

(w/v), dextrose concentrations from 1-10% (w/v), glycerol concentrations from 1-50% (v/v), 3-((3-
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cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) concentrations from 0.025-

0.25% (w/v), and DMF concentration of 10% (v/v). The soluble and insoluble fractions of these 

reactions were separated by centrifuging at 18000 xg for 5 min and analyzed using DLS and SDS-

PAGE densitometry. 

 

A.1.8. In vitro characterization of Pam3CSK4 bioactivity (Relevant to section 4.4.9.2.) 

To characterize Pam3CSK4 bioactivity, we used the HEK-Blue hTLR2 reporter cell line 

(Invivogen), which overexpresses human TLR2 on its surface and contains an inducible secreted 

alkaline phosphatase (SEAP) gene. We followed the manufacturer’s protocol using HEK-blue 

detection media to evaluate activation. Briefly, in a 96-well tissue culture plate at ~100,000 cells 

per well, we added concentrations of Pam3CSK4 ranging between 0.01-1000 ng/ml and 

incubated with HEK-blue detection media at 37 °C in a CO2 incubator for 12h. The enzymatic 

activity of SEAP was measured using a spectrophotometer plate reader (SpectraMax M2) by 

absorbance at 630 nm. 
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A.2. Additional descriptions, and protein and DNA sequences  

A.2.1. Three-dimensional representation of the hemagglutinin (HA) monomer (Relevant to section 

2.4.) 

The head region (HA1) sequence shown in cyan and stem region (HA2) sequence in 

magenta (PDB: 3ztn). The HA0 description constitutes the HA1 and HA2 regions together. 
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A.2.2. ChimeraX-generated three-dimensional structure of the E2 (E279C) nanoparticle (PDB: 

1b5s) (Relevant to section 2.4.2.) 

Black spots are located at amino acid position 279, the site of the engineered cysteine 

residue (to yield mutant E279C), to which the mal-tNTA linker is attached allowing for conjugation 

of His-tagged protein antigens. The distance between each E279C residue is ~3 nm, which is 

considered during conjugation for steric hinderance assessments. 
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A.2.3. H1 HA0 and H1 HA1 variants printed on the protein microarray used for IgG, IgG1, and 

IgG2c antibody profiling of the H1-E2 nanoparticle vaccine (Relevant to section 2.4.3. and 2.4.4.) 

(A) H1 HA0 descriptions: influenza strain, type, and subtype. (B) H1 HA1 descriptions: 

influenza strain, type, and subtype. 
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A.2.4. Abbreviations and descriptions of Coxiella burnetii vaccine components (Relevant to 

section 3.4.1.)  

Abbreviations of vaccine components and how each correlate to a specific conjugation 

strategy (i.e. sulfo-SMCC linker, SpyTag/SpyCatcher, recombinant fusion, and Ni-NTA/HisTag 

coordination bond). N/A denotes "not applicable".  

Abbreviation Description Attachment 
strategy 

CBU1910 C. burnetii protein antigen N/A 

E2 E2 protein nanoparticle N/A 

NP Nanoparticle N/A 

VLP Virus-like particle N/A 

E2(D381C) E2 with internal cavity mutation of Asp to Cys sulfo-SMCC linker 

CBU1910p C. burnetii peptide antigen sulfo-SMCC linker 

CBU1910p-E2 CBU1910p attached to E2 nanoparticle via 
ST/SC 

sulfo-SMCC linker 

CpG-E2 CpG attached to E2 nanoparticle sulfo-SMCC linker 

CpG-ST-E2 CpG attached to ST-E2 nanoparticle ST/SC 

CBU1910p-CpG-E2 CBU1910p and CpG attached to E2 
nanoparticle 

sulfo-SMCC linker 

E2_152(D381C) E2 with 20 amino acid N-terminus “tail” and 
internal cavity mutation of Asp to Cys 

Recombinant 
fusion 

E2_158(D381C) E2 with 14 amino acid N-terminus “tail” and 
internal cavity mutation of Asp to Cys 

Recombinant 
fusion 

CBU1910-
E2_152(D381C) 

CBU1910 attached to E2_152(D381C) 
nanoparticle via genetic fusion 

Recombinant 
fusion 

CBU1910-
E2_158(D381C) 

CBU1910 attached to E2_158(D381C) 
nanoparticle via genetic fusion 

Recombinant 
fusion 

E2(E279C) E2 with external surface mutation of Glu to 
Cys 

Ni-NTA / His  

tNTA Tris-Nitrilotriacetic acid with maleimide 
functional group 

Ni-NTA / His 

tNTA-E2 tNTA linker attached to E2(E279C) 
nanoparticle 

Ni-NTA / His  

Ni-tNTA-E2 Ni loaded tNTA linker on E2 nanoparticle Ni-NTA / His  

CBU1910-(His)6 Histidine tagged CBU1910 Ni-NTA / His  

CBU1910-E2 CBU1910 attached to E2 nanoparticle via Ni-
tNTA linker 

Ni-NTA / His  

ST SpyTag ST/SC 

SC SpyCatcher ST/SC 

ST-E2 SpyTag fused to E2 monomer ST/SC 

SC-CBU1910 SpyCatcher fused to CBU1910 ST/SC 

CBU1910-E2 CBU1910 attached to E2 nanoparticle via 
ST/SC 

ST/SC 

CBU1910-CpG-E2 CBU1910 and CpG attached to E2 
nanoparticle 

ST/SC 
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A.2.5. DNA and protein sequences of E2 nanoparticle mutants and antigen mutants used for 

Coxiella burnetii vaccine development. (Relevant to section 3.3.2.and 3.3.6. and 3.4.1.1.) 

Abbreviation Description: DNA (top) and protein (bottom) sequences Attachment 
strategy 

CBU1910 ccgcagcaagtcaaagacattcagtcaatcgttcatcattacctggtcaatcacc 
cggaagtcctggttgaagccagccaggcactgcagaagaaaaccgaagctc
agcaagaagaacatgctcagcaagcgatcaaagaaaacgcgaaaaaact
gttcaacgatccggcatcaccggtcgcaggtaacccgcatggtaatgtcaccct
ggtggaatttttcgactatcagtgcggccactgtaaagctatgaattcggtgattc
aggcgatcgttaaacagaacaaaaatctgcgtgtggtttttaaagaactgccga
ttttcggcggtcagagtcaatacgcggccaaagtctccctggcagctgcgaaa
cagggcaaatattacgcttttcacgatgcgctgctgagcgtggacggtcaactgt
ctgaacagattaccctgcaaacggccgaaaaagttggcctgaacgtcgcaca
gctgaaaaaagatatggacaatccggccatccagaaacaactgcgcgataa
cttccagctggcccaaagtctgcagctggcaggcaccccgacgtttgtgattggt
aacaaagcgctgaccaaattcggtttcattccgggcgcaacgtcgcaacaaa
acctgcaaaaagaaattgaccgtgtcgaaaaataa 
 
PQQVKDIQSIVHHYLVNHPEVLVEASQALQKKTEAQQEE
HAQQAIKENAKKLFNDPASPVAGNPHGNVTLVEFFDYQC
GHCKAMNSVIQAIVKQNKNLRVVFKELPIFGGQSQYAAK
VSLAAAKQGKYYAFHDALLSVDGQLSEQITLQTAEKVGL
NVAQLKKDMDNPAIQKQLRDNFQLAQSLQLAGTPTFVIG
NKALTKFGFIPGATSQQNLQKEIDRVEK  

N/A 

E2_152(D381C) gctagcaccggcaaaaatggtcgtgtgctgaaagaagacattgatgcgtttct 
ggcgggcggcgcgaaacccgggcccgctgctgcagaggaaaaggctgctc 
cagcggctgcgaaaccggctactactgaaggtgaattccctgaaacccgtga
aaaaatgtctggtatccgtcgtgcaatcgcgaaagccatggttcactctaaaca
caccgcgccacacgttaccctgatggatgaagcagacgttaccaaactggttg
cgcaccgtaaaaaattcaaggcgattgcggcggaaaaaggtatcaaactga
ccttcctgccgtacgttgttaaagctctggtttcggctctgcgtgaatacccggttct
gaacacctctattgacgacgagaccgaagaaatcatccagaaacactactac
aacatcggtatcgctgcggacactgatcgtggtctgctggttcctgtgattaaaca
cgcggaccgtaaaccgatcttcgcgctcgctcaggaaatcaacgaactggctg
agaaagctcgtgacggtaaactgactcctggtgaaatgaaaggcgcgtcttgc
actattaccaacatcggctctgcaggtggtcagtggttcaccccagttatcaacc
acccggaagttgcgatcctgggtattggtcgtatagccgaaaagccgatcgttc
gttgcggtgaaatcgttgctgctccgatgctggccctgtctctgtctttcgatcatcg
tatgattgatggcgcgaccgcacagaaagccctgaaccacatcaaacgtctg
ctgtccgacccggaactgctgctgatggaagcttaa 
 
ASTGKNGRVLKEDIDAFLAGGAKPGPAAAEEKAAPAAAK
PATTEGEFPETREKMSGIRRAIAKAMVHSKHTAPHVTLM
DEADVTKLVAHRKKFKAIAAEKGIKLTFLPYVVKALVSALR
EYPVLNTSIDDETEEIIQKHYYNIGIAADTDRGLLVPVIKHA
DRKPIFALAQEINELAEKARDGKLTPGEMKGASCTITNIG

Recombinant 
fusion 
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SAGGQWFTPVINHPEVAILGIGRIAEKPIVRCGEIVAAPML
ALSLSFDHRMIDGATAQKALNHIKRLLSDPELLLMEA 

E2_158(D381C) gctagcgtgctgaaagaagacattgatgcgtttctggcgggcggcgcgaaac
ccgggcccgctgctgcagaggaaaaggctgctccagcggctgcgaaaccgg
ctactactgaaggtgaattccctgaaacccgtgaaaaaatgtctggtatccgtcg
tgcaatcgcgaaagccatggttcactctaaacacaccgcgccacacgttaccc
tgatggatgaagcagacgttaccaaactggttgcgcaccgtaaaaaattcaag
gcgattgcggcggaaaaaggtatcaaactgaccttcctgccgtacgttgttaaa
gctctggtttcggctctgcgtgaatacccggttctgaacacctctattgacgacga
gaccgaagaaatcatccagaaacactactacaacatcggtatcgctgcggac
actgatcgtggtctgctggttcctgtgattaaacacgcggaccgtaaaccgatctt
cgcgctcgctcaggaaatcaacgaactggctgagaaagctcgtgacggtaaa
ctgactcctggtgaaatgaaaggcgcgtcttgcactattaccaacatcggctctg
caggtggtcagtggttcaccccagttatcaaccacccggaagttgcgatcctgg
gtattggtcgtatagccgaaaagccgatcgttcgttgcggtgaaatcgttgctgct
ccgatgctggccctgtctctgtctttcgatcatcgtatgattgatggcgcgaccgca
cagaaagccctgaaccacatcaaacgtctgctgtccgacccggaactgctgct
gatggaagcttaa 
 
ASVLKEDIDAFLAGGAKPGPAAAEEKAAPAAAKPATTEG
EFPETREKMSGIRRAIAKAMVHSKHTAPHVTLMDEADVT
KLVAHRKKFKAIAAEKGIKLTFLPYVVKALVSALREYPVLN
TSIDDETEEIIQKHYYNIGIAADTDRGLLVPVIKHADRKPIF
ALAQEINELAEKARDGKLTPGEMKGASCTITNIGSAGGQ
WFTPVINHPEVAILGIGRIAEKPIVRCGEIVAAPMLALSLSF
DHRMIDGATAQKALNHIKRLLSDPELLLMEA  

Recombinant 
fusion 

CBU1910- 
E2_152(D381C) 

ccgcagcaagtcaaagacattcagtcaatcgttcatcattacctggtcaatcacc 
cggaagtcctggttgaagccagccaggcactgcagaagaaaaccgaagctc
agcaagaagaacatgctcagcaagcgatcaaagaaaacgcgaaaaaact
gttcaacgatccggcatcaccggtcgcaggtaacccgcatggtaatgtcaccct
ggtggaatttttcgactatcagtgcggccactgtaaagctatgaattcggtgattc
aggcgatcgttaaacagaacaaaaatctgcgtgtggtttttaaagaactgccga
ttttcggcggtcagagtcaatacgcggccaaagtctccctggcagctgcgaaa
cagggcaaatattacgcttttcacgatgcgctgctgagcgtggacggtcaactgt
ctgaacagattaccctgcaaacggccgaaaaagttggcctgaacgtcgcaca
gctgaaaaaagatatggacaatccggccatccagaaacaactgcgcgataa
cttccagctggcccaaagtctgcagctggcaggcaccccgacgtttgtgattggt
aacaaagcgctgaccaaattcggtttcattccgggcgcaacgtcgcaacaaa
acctgcaaaaagaaattgaccgtgtcgaaaaagctagcaccggcaaaaatg
gtcgtgtgctgaaagaagacattgatgcgtttctggcgggcggcgcgaaaccc
gggcccgctgctgcagaggaaaaggctgctccagcggctgcgaaaccggct
actactgaaggtgaattccctgaaacccgtgaaaaaatgtctggtatccgtcgtg
caatcgcgaaagccatggttcactctaaacacaccgcgccacacgttaccctg
atggatgaagcagacgttaccaaactggttgcgcaccgtaaaaaattcaagg
cgattgcggcggaaaaaggtatcaaactgaccttcctgccgtacgttgttaaag
ctctggtttcggctctgcgtgaatacccggttctgaacacctctattgacgacgag

Recombinant 
fusion 
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accgaagaaatcatccagaaacactactacaacatcggtatcgctgcggaca
ctgatcgtggtctgctggttcctgtgattaaacacgcggaccgtaaaccgatcttc
gcgctcgctcaggaaatcaacgaactggctgagaaagctcgtgacggtaaac
tgactcctggtgaaatgaaaggcgcgtcttgcactattaccaacatcggctctgc
aggtggtcagtggttcaccccagttatcaaccacccggaagttgcgatcctggg
tattggtcgtatagccgaaaagccgatcgttcgttgcggtgaaatcgttgctgctc
cgatgctggccctgtctctgtctttcgatcatcgtatgattgatggcgcgaccgcac
agaaagccctgaaccacatcaaacgtctgctgtccgacccggaactgctgctg
atggaagcttaa  
 
PQQVKDIQSIVHHYLVNHPEVLVEASQALQKKTEAQQEE
HAQQAIKENAKKLFNDPASPVAGNPHGNVTLVEFFDYQC
GHCKAMNSVIQAIVKQNKNLRVVFKELPIFGGQSQYAAK
VSLAAAKQGKYYAFHDALLSVDGQLSEQITLQTAEKVGL
NVAQLKKDMDNPAIQKQLRDNFQLAQSLQLAGTPTFVIG
NKALTKFGFIPGATSQQNLQKEIDRVEKASTGKNGRVLK
EDIDAFLAGGAKPGPAAAEEKAAPAAAKPATTEGEFPET
REKMSGIRRAIAKAMVHSKHTAPHVTLMDEADVTKLVAH
RKKFKAIAAEKGIKLTFLPYVVKALVSALREYPVLNTSIDD
ETEEIIQKHYYNIGIAADTDRGLLVPVIKHADRKPIFALAQE
INELAEKARDGKLTPGEMKGASCTITNIGSAGGQWFTPV
INHPEVAILGIGRIAEKPIVRCGEIVAAPMLALSLSFDHRMI
DGATAQKALNHIKRLLSDPELLLMEA  

CBU1910- 
E2_158(D381C) 

ccgcagcaagtcaaagacattcagtcaatcgttcatcattacctggtcaatcacc 
cggaagtcctggttgaagccagccaggcactgcagaagaaaaccgaagctc
agcaagaagaacatgctcagcaagcgatcaaagaaaacgcgaaaaaact
gttcaacgatccggcatcaccggtcgcaggtaacccgcatggtaatgtcaccct
ggtggaatttttcgactatcagtgcggccactgtaaagctatgaattcggtgattc
aggcgatcgttaaacagaacaaaaatctgcgtgtggtttttaaagaactgccga
ttttcggcggtcagagtcaatacgcggccaaagtctccctggcagctgcgaaa
cagggcaaatattacgcttttcacgatgcgctgctgagcgtggacggtcaactgt
ctgaacagattaccctgcaaacggccgaaaaagttggcctgaacgtcgcaca
gctgaaaaaagatatggacaatccggccatccagaaacaactgcgcgataa
cttccagctggcccaaagtctgcagctggcaggcaccccgacgtttgtgattggt
aacaaagcgctgaccaaattcggtttcattccgggcgcaacgtcgcaacaaa
acctgcaaaaagaaattgaccgtgtcgaaaaagctagcgtgctgaaagaag
acattgatgcgtttctggcgggcggcgcgaaacccgggcccgctgctgcaga
ggaaaaggctgctccagcggctgcgaaaccggctactactgaaggtgaattc
cctgaaacccgtgaaaaaatgtctggtatccgtcgtgcaatcgcgaaagccat
ggttcactctaaacacaccgcgccacacgttaccctgatggatgaagcagacg
ttaccaaactggttgcgcaccgtaaaaaattcaaggcgattgcggcggaaaa
aggtatcaaactgaccttcctgccgtacgttgttaaagctctggtttcggctctgcg
tgaatacccggttctgaacacctctattgacgacgagaccgaagaaatcatcc
agaaacactactacaacatcggtatcgctgcggacactgatcgtggtctgctgg
ttcctgtgattaaacacgcggaccgtaaaccgatcttcgcgctcgctcaggaaa
tcaacgaactggctgagaaagctcgtgacggtaaactgactcctggtgaaatg
aaaggcgcgtcttgcactattaccaacatcggctctgcaggtggtcagtggttca
ccccagttatcaaccacccggaagttgcgatcctgggtattggtcgtatagccg
aaaagccgatcgttcgttgcggtgaaatcgttgctgctccgatgctggccctgtct

Recombinant 
fusion 
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ctgtctttcgatcatcgtatgattgatggcgcgaccgcacagaaagccctgaac
cacatcaaacgtctgctgtccgacccggaactgctgctgatggaagcttaa 
 
PQQVKDIQSIVHHYLVNHPEVLVEASQALQKKTEAQQEE
HAQQAIKENAKKLFNDPASPVAGNPHGNVTLVEFFDYQC
GHCKAMNSVIQAIVKQNKNLRVVFKELPIFGGQSQYAAK
VSLAAAKQGKYYAFHDALLSVDGQLSEQITLQTAEKVGL
NVAQLKKDMDNPAIQKQLRDNFQLAQSLQLAGTPTFVIG
NKALTKFGFIPGATSQQNLQKEIDRVEKASVLKEDIDAFL
AGGAKPGPAAAEEKAAPAAAKPATTEGEFPETREKMSGI
RRAIAKAMVHSKHTAPHVTLMDEADVTKLVAHRKKFKAI
AAEKGIKLTFLPYVVKALVSALREYPVLNTSIDDETEEIIQK
HYYNIGIAADTDRGLLVPVIKHADRKPIFALAQEINELAEK
ARDGKLTPGEMKGASCTITNIGSAGGQWFTPVINHPEVA
ILGIGRIAEKPIVRCGEIVAAPMLALSLSFDHRMIDGATAQ
KALNHIKRLLSDPELLLMEA  

E2 (E279C) atgctgtctgttcctggtcccgctgctgcagaggaaaaggctgctccagcggct
gcgaaaccggctactactgaaggtgaattccctgaaacccgtgaaaaaatgtc
tggtatccgtcgtgcaatcgcgaaagccatggttcactctaaacacaccgcgcc
acacgttaccctgatggatgaagcagacgttaccaaactggttgcgcaccgta
aaaaattcaaggcgattgcggcggaaaaaggtatcaaactgaccttcctgcc
gtacgttgttaaagctctggtttcggctctgcgtgaatacccggttctgaacacctc
tattgacgactgcaccgaagaaatcatccagaaacactactacaacatcggta
tcgctgcggacactgatcgtggtctgctggttcctgtgattaaacacgcggaccg
taaaccgatcttcgcgctcgctcaggaaatcaacgaactggctgagaaagctc
gtgacggtaaactgactcctggtgaaatgaaaggcgcgtcttgcactattacca
acatcggctctgcaggtggtcagtggttcaccccagttatcaaccacccggaag
ttgcgatcctgggtattggtcgtatagccgaaaagccgatcgttcgtgacggtga
aatcgttgctgctccgatgctggccctgtctctgtctttcgatcatcgtatgattgatg
gcgcgaccgcacagaaagccctgaaccacatcaaacgtctgctgtccgacc
cggaactgctgctgatggaagcttaa 
 
MLSVPGPAAAEEKAAPAAAKPATTEGEFPETREKMSGIR
RAIAKAMVHSKHTAPHVTLMDEADVTKLVAHRKKFKAIAA
EKGIKLTFLPYVVKALVSALREYPVLNTSIDDCTEEIIQKH
YYNIGIAADTDRGLLVPVIKHADRKPIFALAQEINELAEKA
RDGKLTPGEMKGASCTITNIGSAGGQWFTPVINHPEVAI
LGIGRIAEKPIVRDGEIVAAPMLALSLSFDHRMIDGATAQK
ALNHIKRLLSDPELLLMEA 

Ni-NTA / His  
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E2 (D381C) atgctgtctgttcctggtcccgctgctgcagaggaaaaggctgctccagcggct
gcgaaaccggctactactgaaggtgaattccctgaaacccgtgaaaaaatgtc
tggtatccgtcgtgcaatcgcgaaagccatggttcactctaaacacaccgcgcc
acacgttaccctgatggatgaagcagacgttaccaaactggttgcgcaccgta
aaaaattcaaggcgattgcggcggaaaaaggtatcaaactgaccttcctgcc
gtacgttgttaaagctctggtttcggctctgcgtgaatacccggttctgaacacctc
tattgacgacgagaccgaagaaatcatccagaaacactactacaacatcggt
atcgctgcggacactgatcgtggtctgctggttcctgtgattaaacacgcggacc
gtaaaccgatcttcgcgctcgctcaggaaatcaacgaactggctgagaaagct
cgtgacggtaaactgactcctggtgaaatgaaaggcgcgtcttgcactattacc
aacatcggctctgcaggtggtcagtggttcaccccagttatcaaccacccggaa
gttgcgatcctgggtattggtcgtatagccgaaaagccgatcgttcgttgcggtg
aaatcgttgctgctccgatgctggccctgtctctgtctttcgatcatcgtatgattgat
ggcgcgaccgcacagaaagccctgaaccacatcaaacgtctgctgtccgac
ccggaactgctgctgatggaagcttaa 
 
MLSVPGPAAAEEKAAPAAAKPATTEGEFPETREKMSGIR
RAIAKAMVHSKHTAPHVTLMDEADVTKLVAHRKKFKAIAA
EKGIKLTFLPYVVKALVSALREYPVLNTSIDDETEEIIQKH
YYNIGIAADTDRGLLVPVIKHADRKPIFALAQEINELAEKA
RDGKLTPGEMKGASCTITNIGSAGGQWFTPVINHPEVAI
LGIGRIAEKPIVRCGEIVAAPMLALSLSFDHRMIDGATAQK
ALNHIKRLLSDPELLLMEA 

ST/SC 

ST gcccacatcgttatggtggatgcctacaagccaactaaa 
 
AHIVMVDAYKPTK 

ST/SC 

SC atgtcgtactaccatcaccatcaccatcacgattacgacatcccaacgaccg 
aaaacctgtattttcagggcgccatggttgataccttatcaggtttatcaagtgag
caaggtcagtccggtgatatgacaattgaagaagatagtgctacccatattaaa
ttctcaaaacgtgatgaggacggcaaagagttagctggtgcaactatggagttg
cgtgattcatctggtaaaactattagtacatggatttcagatggacaagtgaaag
atttctacctgtatccaggaaaatatacatttgtcgaaaccgcagcaccagacg
gttatgaggtagcaactgctattacctttacagttaatgagcaaggtcaggttact
gtaaatggcaaagcaactaaaggtgacgctcatatt 
 
MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQG
QSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSG
KTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAIT
FTVNEQGQVTVNGKATKGDAHI 

ST/SC 
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ST-E2 atggcccacatcgttatggtggatgcctacaagccaactaaaggttcaggaac 
agcaggtggtgggtcaggttccctgtctgttcctggtcccgctgctgcagaggaa
aaggctgctccagcggctgcgaaaccggctactactgaaggtgaattccctga
aacccgtgaaaaaatgtctggtatccgtcgtgcaatcgcgaaagccatggttca
ctctaaacacaccgcgccacacgttaccctgatggatgaagcagacgttacca
aactggttgcgcaccgtaaaaaattcaaggcgattgcggcggaaaaaggtat
caaactgaccttcctgccgtacgttgttaaagctctggtttcggctctgcgtgaata
cccggttctgaacacctctattgacgacgagaccgaagaaatcatccagaaa
cactactacaacatcggtatcgctgcggacactgatcgtggtctgctggttcctgt
gattaaacacgcggaccgtaaaccgatcttcgcgctcgctcaggaaatcaac
gaactggctgagaaagctcgtgacggtaaactgactcctggtgaaatgaaag
gcgcgtcttgcactattaccaacatcggctctgcaggtggtcagtggttcacccc
agttatcaaccacccggaagttgcgatcctgggtattggtcgtatagccgaaaa
gccgatcgttcgttgcggtgaaatcgttgctgctccgatgctggccctgtctctgtc
tttcgatcatcgtatgattgatggcgcgaccgcacagaaagccctgaacca 
catcaaacgtctgctgtccgacccggaactgctgctgatggaagcttaa 
 
MAHIVMVDAYKPTKGSGTAGGGSGSLSVPGPAAAEEKA
APAAAKPATTEGEFPETREKMSGIRRAIAKAMVHSKHTA
PHVTLMDEADVTKLVAHRKKFKAIAAEKGIKLTFLPYVVK
ALVSALREYPVLNTSIDDETEEIIQKHYYNIGIAADTDRGL
LVPVIKHADRKPIFALAQEINELAEKARDGKLTPGEMKGA
SCTITNIGSAGGQWFTPVINHPEVAILGIGRIAEKPIVRCG
EIVAAPMLALSLSFDHRMIDGATAQKALNHIKRLLSDPELL
LMEA 

ST/SC 

SC-CBU1910 atgtcgtactaccatcaccatcaccatcacgattacgacatcccaacgaccg 
aaaacctgtattttcagggcgccatggttgataccttatcaggtttatcaagtgag
caaggtcagtccggtgatatgacaattgaagaagatagtgctacccatattaaa
ttctcaaaacgtgatgaggacggcaaagagttagctggtgcaactatggagttg
cgtgattcatctggtaaaactattagtacatggatttcagatggacaagtgaaag
atttctacctgtatccaggaaaatatacatttgtcgaaaccgcagcaccagacg
gttatgaggtagcaactgctattacctttacagttaatgagcaaggtcaggttact
gtaaatggcaaagcaactaaaggtgacgctcatattgctagcggttcaggaac
agcaggtggtgggtcaggttccccgcagcaagtcaaagacattcagtcaatcg
ttcatcattacctggtcaatcacccggaagtcctggttgaagccagccaggcact
gcagaagaaaaccgaagctcagcaagaagaacatgctcagcaagcgatc
aaagaaaacgcgaaaaaactgttcaacgatccggcatcaccggtcgcaggt
aacccgcatggtaatgtcaccctggtggaatttttcgactatcagtgcggccact
gtaaagctatgaattcggtgattcaggcgatcgttaaacagaacaaaaatctgc
gtgtggtttttaaagaactgccgattttcggcggtcagagtcaatacgcggccaa
agtctccctggcagctgcgaaacagggcaaatattacgcttttcacgatgcgct
gctgagcgtggacggtcaactgtctgaacagattaccctgcaaacggccgaa
aaagttggcctgaacgtcgcacagctgaaaaaagatatggacaatccggcc
atccagaaacaactgcgcgataacttccagctggcccaaagtctgcagctggc
aggcaccccgacgtttgtgattggtaacaaagcgctgaccaaattcggtttcatt
ccgggcgcaacgtcgcaacaaaacctgcaaaaagaaattgaccgtgtcgaa
aaataa 
 
MSYYHHHHHHDYDIPTTENLYFQGAMVDTLSGLSSEQG
QSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSG

ST/SC 
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KTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAIT
FTVNEQGQVTVNGKATKGDAHIASGSGTAGGGSGSPQ
QVKDIQSIVHHYLVNHPEVLVEASQALQKKTEAQQEEHA
QQAIKENAKKLFNDPASPVAGNPHGNVTLVEFFDYQCG
HCKAMNSVIQAIVKQNKNLRVVFKELPIFGGQSQYAAKV
SLAAAKQGKYYAFHDALLSVDGQLSEQITLQTAEKVGLN
VAQLKKDMDNPAIQKQLRDNFQLAQSLQLAGTPTFVIGN
KALTKFGFIPGATSQQNLQKEIDRVEK 
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A.2.6. DNA and protein sequences of flagellin mutants and antigen mutant used for H5 influenza 

vaccine development (Relevant to section 4.3.2.) 

Abbreviation Description: DNA (top) and protein (bottom) sequences 

SC-FliCc (N-terminus 
truncated SpyCatcher 
fused with cysteine-
modified flagellin) 

ATGTCGTACTACCATCACCATCACCATCACGATTACGACATCCCA
ACGACCGAAAACCTGTATTTTCAGGGCGATAGTGCTACCCATAT
TAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTG
CAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACAT
GGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGA
AAATATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGT
AGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGTTAC
TGTAAATGGCAAAGCAACTAAAGGTGACGCTCATATTGCTAGCA
TGGGATCAGGGGGATCAGGTGGCAGCGGAATACAAGTGATTAA
TACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAACAAAT
CCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGG
TTGCCGTATCAACAGCGCGAAAGACGATGCGGCAGGTCAGGCG
ATTGCTAACCGTTTTACCGCGAACATCAAAGGTCTGACTCAGGC
TTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAGACCACTG
AAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCG
TGAACTGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTG
ACCTCGACTCCATCCAGGCTGAAATCACCCAGCGCCTGAACGAA
ATCGACCGTGTATCCGGCCAGACTCAGTTCAACGGCGTGAAAGT
CCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAAC
GACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCA
GACCCTGGGTCTGGATACGCTGAATGTGCAACAAAAATATAAGG
TCAGCGATACGGCTGCAACTGTTACAGGATATGCCGATACTACG
ATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTACTGGTCTT
GGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGAT
ACGACTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGAAC
TGGTAAAGATGGCTATTATGAAGTTTCCGTTGATAAGACGAACG
GTGAGGTGACTCTTGCTGGCGGTGCGACTTCCCCGCTTACAGG
TGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACAAG
TTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCA
GCAGGTGTTACCGGCACAGCATCTGTTGTTAAGATCTCTTATACT
GATAATAACGGTAAAACTATTGATGGTGGTTTAGCAGTTAAGGTA
GGCGATGATTACTATTCTGCAACTCAAAATAAAGATGGTTCCATA
AGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAA
ACTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAG
TTGTTTCTATTGGTGGTAAAACTTACGCTGCAAGTAAAGCCGAAG
GTCACAACTTTAAAGCACAGCCTGATCTGGCGGAAGCGGCTGCT
ACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTGCTTTGGC
ACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACC
GTTTCAACTCCGCTATTACCAACCTGGGCAACACCGTAAACAAC
CTGACTTCTGCCCGTAGCCGTATCTGTGATTCCGACTACGCGAC
CGAAGTTTCCAACATCTCTCGCGCGCAGATTCTGCAGCAGGCCG
GTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGT
CCTCTCTTTACTGCGTTAA 
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MSYYHHHHHHDYDIPTTENLYFQGDSATHIKFSKRDEDGKELAGAT
MELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAI
TFTVNEQGQVTVNGKATKGDAHIASMGSGGSGGSGIQVINTNSLSL
LTQNNLNKSQSALGTAIERLSSGCRINSAKDDAAGQAIANRFTANIK
GLTQASRNANDGISIAQTTEGALNEINNNLQRVRELAVQSANSTNS
QSDLDSIQAEITQRLNEIDRVSGQTQFNGVKVLAQDNTLTIQVGAND
GETIDIDLKQINSQTLGLDTLNVQQKYKVSDTAATVTGYADTTIALDN
STFKASATGLGGTDQKIDGDLKFDDTTGKYYAKVTVTGGTGKDGY
YEVSVDKTNGEVTLAGGATSPLTGGLPATATEDVKNVQVANADLTE
AKAALTAAGVTGTASVVKISYTDNNGKTIDGGLAVKVGDDYYSATQ
NKDGSISINTTKYTADDGTSKTALNKLGGADGKTEVVSIGGKTYAAS
KAEGHNFKAQPDLAEAAATTTENPLQKIDAALAQVDTLRSDLGAVQ
NRFNSAITNLGNTVNNLTSARSRICDSDYATEVSNISRAQILQQAGT
SVLAQANQVPQNVLSLLR* 
 

SC-FliC (N-terminus 
truncated SpyCatcher 
fused with wild-type 
flagellin) 

ATGTCGTACTACCATCACCATCACCATCACGATTACGACATCCCA
ACGACCGAAAACCTGTATTTTCAGGGCGATAGTGCTACCCATAT
TAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTAGCTGGTG
CAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGTACAT
GGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGA
AAATATACATTTGTCGAAACCGCAGCACCAGACGGTTATGAGGT
AGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCAGGTTAC
TGTAAATGGCAAAGCAACTAAAGGTGACGCTCATATTGCTAGCA
TGGGATCAGGGGGATCAGGTGGCAGCGGAGCACAAGTGATTAA
TACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAACAAAT
CCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGG
TCTGCGTATCAACAGCGCGAAAGACGATGCGGCAGGTCAGGCG
ATTGCTAACCGTTTTACCGCGAACATCAAAGGTCTGACTCAGGC
TTCCCGTAACGCTAACGACGGTATCTCCATTGCGCAGACCACTG
AAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCG
TGAACTGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTG
ACCTCGACTCCATCCAGGCTGAAATCACCCAGCGCCTGAACGAA
ATCGACCGTGTATCCGGCCAGACTCAGTTCAACGGCGTGAAAGT
CCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAAC
GACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCA
GACCCTGGGTCTGGATACGCTGAATGTGCAACAAAAATATAAGG
TCAGCGATACGGCTGCAACTGTTACAGGATATGCCGATACTACG
ATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTACTGGTCTT
GGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGAT
ACGACTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGAAC
TGGTAAAGATGGCTATTATGAAGTTTCCGTTGATAAGACGAACG
GTGAGGTGACTCTTGCTGGCGGTGCGACTTCCCCGCTTACAGG
TGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACAAG
TTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCA
GCAGGTGTTACCGGCACAGCATCTGTTGTTAAGATGTCTTATACT
GATAATAACGGTAAAACTATTGATGGTGGTTTAGCAGTTAAGGTA
GGCGATGATTACTATTCTGCAACTCAAAATAAAGATGGTTCCATA
AGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAA
ACTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAG
TTGTTTCTATTGGTGGTAAAACTTACGCTGCAAGTAAAGCCGAAG
GTCACAACTTTAAAGCACAGCCTGATCTGGCGGAAGCGGCTGCT
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ACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTGCTTTGGC
ACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACC
GTTTCAACTCCGCTATTACCAACCTGGGCAACACCGTAAACAAC
CTGACTTCTGCCCGTAGCCGTATCGAAGATTCCGACTACGCGAC
CGAAGTTTCCAACATGTCTCGCGCGCAGATTCTGCAGCAGGCC
GGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACG
TCCTCTCTTTACTGCGTTAA 
 
 
MSYYHHHHHHDYDIPTTENLYFQGDSATHIKFSKRDEDGKELAGAT
MELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAI
TFTVNEQGQVTVNGKATKGDAHIASMGSGGSGGSGAQVINTNSLS
LLTQNNLNKSQSALGTAIERLSSGLRINSAKDDAAGQAIANRFTANIK
GLTQASRNANDGISIAQTTEGALNEINNNLQRVRELAVQSANSTNS
QSDLDSIQAEITQRLNEIDRVSGQTQFNGVKVLAQDNTLTIQVGAND
GETIDIDLKQINSQTLGLDTLNVQQKYKVSDTAATVTGYADTTIALDN
STFKASATGLGGTDQKIDGDLKFDDTTGKYYAKVTVTGGTGKDGY
YEVSVDKTNGEVTLAGGATSPLTGGLPATATEDVKNVQVANADLTE
AKAALTAAGVTGTASVVKMSYTDNNGKTIDGGLAVKVGDDYYSAT
QNKDGSISINTTKYTADDGTSKTALNKLGGADGKTEVVSIGGKTYAA
SKAEGHNFKAQPDLAEAAATTTENPLQKIDAALAQVDTLRSDLGAV
QNRFNSAITNLGNTVNNLTSARSRIEDSDYATEVSNMSRAQILQQA
GTSVLAQANQVPQNVLSLLR* 
 

SC-H5 (N-terminus 
truncated SpyCatcher 
fused with H5 
hemagglutinin) 

ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCA
CTTGTCACAAACAGTCATCATCACCATCATCACCATCACCATTCA
GGAGGAGGATCAGGAGGAGGAATCGAGGGAAGGGATAGTGCTA
CCCATATTAAATTCTCAAAACGTGATGAGGACGGCAAAGAGTTA
GCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATT
AGTACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTAT
CCAGGAAAATATACATTTGTCGAAACCGCAGCACCAGACGGTTA
TGAGGTAGCAACTGCTATTACCTTTACAGTTAATGAGCAAGGTCA
GGTTACTGTAAATGGCAAAGCAACTAAAGGTGACGCTCATATTG
CTAGCGGTTCAGGAACAGCAGGTGGTGGGTCAGGTTCCGATCA
GATTTGCATTGGTTACCATGCAAACAACTCGACAGAGCAGGTTG
ACACAATAATGGAAAAGAACGTTACTGTTACACATGCCCAAGACA
TACTGGAAAAGACACACAATGGGAAGCTCTGCGATCTAGATGGA
GTGAAGCCTCTAATTTTGAGAGATTGTAGTGTAGCTGGATGGCT
CCTCGGAAACCCAATGTGTGACGAATTCATCAATGTGCCGGAAT
GGTCTTACATAGTGGAGAAGGCCAATCCAGTCAATGACCTCTGT
TACCCAGGGGATTTCAATGACTATGAAGAATTGAAACACCTATTG
AGCAGAATAAACCATTTTGAGAAAATTCAGATCATCCCCAAAAGT
TCTTGGTCCAGTCATGAAGCCTCATTGGGGGTGAGCTCAGCATG
TCCATACCAGGGAAAGTCCTCCTTTTTCAGAAATGTGGTATGGCT
TATCAAAAAGAACAGTACATACCCAACAATAAAGAGGAGCTACAA
TAATACCAACCAAGAAGATCTTTTGGTACTGTGGGGGATTCACC
ATCCTAATGATGCGGCAGAGCAGACAAAGCTCTATCAAAACCCA
ACCACCTATATTTCCGTTGGGACATCAACACTAAACCAGAGATTG
GTACCAAGAATAGCTACTAGATCCAAAGTAAACGGGCAAAGTGG
AAGGATGGAGTTCTTCTGGACAATTTTAAAACCGAATGATGCAAT
CAACTTCGAGAGTAATGGAAATTTCATTGCTCCAGAATATGCATA
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CAAAATTGTCAAGAAAGGGGACTCAACAATTATGAAAAGTGAATT
GGAATATGGTAACTGCAACACCAAGTGTCAAACTCCAATGGGGG
CGATAAACTCTAGCATGCCATTCCACAATATACACCCTCTCACCA
TCGGGGAATGCCCCAAATATGTGAAATCAAACAGATTAGTCCTT
GCGACTGGGCTCAGAAATAGCCCTCAACGAGAGACGCGAGGAT
TATTTGGAGCTATAGCAGGTTTTATAGAGGGAGGATGGCAGGGA
ATGGTAGATGGTTGGTATGGGTACCACCATAGCAACGAGCAGG
GGAGTGGGTACGCTGCAGACAAAGAATCCACTCAAAAGGCAATA
GATGGAGTCACCAATAAGGTCAACTCGATTATTGACAAAATGAAC
ACTCAGTTTGAGGCCGTTGGAAGGGAATTTAACAACTTAGAAAG
GAGAATAGAGAATTTAAACAAGAAGATGGAAGACGGGTTCCTAG
ATGTCTGGACTTATAATGCTGAACTTCTAGTTCTCATGGAAAACG
AGAGAACTCTAGACTTTCATGACTCAAATGTCAAGAACCTTTACG
ACAAGGTCCGACTACAGCTTAGGGATAATGCAAAGGAGCTGGGT
AACGGTTGTTTCGAGTTCTATCATAAATGTGATAATGAATGTATG
GAAAGTGTAAGAAACGGAACGTATGACTACCCGCAGTATTCAGA
AGAAGCAAGACTAAAAAGAGAGGAAATAAGTGGAGTAAAATTGG
AATCAATAGGAATTTACCAAATATAA 
 
 
MYRMQLLSCIALSLALVTNSHHHHHHHHHSGGGSGGGIEGRDSAT
HIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPG
KYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHIASGS
GTAGGGSGSDQICIGYHANNSTEQVDTIMEKNVTVTHAQDILEKTH
NGKLCDLDGVKPLILRDCSVAGWLLGNPMCDEFINVPEWSYIVEKA
NPVNDLCYPGDFNDYEELKHLLSRINHFEKIQIIPKSSWSSHEASLG
VSSACPYQGKSSFFRNVVWLIKKNSTYPTIKRSYNNTNQEDLLVLW
GIHHPNDAAEQTKLYQNPTTYISVGTSTLNQRLVPRIATRSKVNGQS
GRMEFFWTILKPNDAINFESNGNFIAPEYAYKIVKKGDSTIMKSELEY
GNCNTKCQTPMGAINSSMPFHNIHPLTIGECPKYVKSNRLVLATGL
RNSPQRETRGLFGAIAGFIEGGWQGMVDGWYGYHHSNEQGSGYA
ADKESTQKAIDGVTNKVNSIIDKMNTQFEAVGREFNNLERRIENLNK
KMEDGFLDVWTYNAELLVLMENERTLDFHDSNVKNLYDKVRLQLR
DNAKELGNGCFEFYHKCDNECMESVRNGTYDYPQYSEEARLKRE
EISGVKLESIGIYQI* 
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A.2.7. H5 variants printed on the protein microarray used for IgG, IgG1, and IgG2c antibody 

profiling of the H5-E2 nanoparticle vaccine (Relevant to section 4.3.7., 4.4.4., and 4.4.6.) 

H5 descriptions: variant number, Sino Biological catalog number, influenza strain, 

subtype, and type, expression system, protein sequence. 
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APPENDIX B 

 

 

ADDITIONAL RESULTS 
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B. Additional Results 

B.1. Liquid chromatography–mass spectrometry (LC-MS) data of maleimido tris-NTA (mal-tNTA) 

(Relevant to section 2.4.1.) 

(A) Traces show chromatograms from final product UV and ions detected. (B) Mass 

spectrum of main peak, confirming identity of mal-tNTA. 

A 
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B.2. Representative mass spectrometry data for E2 (E279C) and tNTA-E2 proteins (Relevant to 

section 2.4.2. and 3.3.5.) 

(A) E2 protein (E279C E2) and (B) E2 conjugated with mal-tNTA (tNTA-E2). MWE2 (E279C)= 

28091 Da, MWmal-tNTA= 1087 Da, MWtNTA-E2= 29177 Da. Data shows near-complete conjugation of 

the tNTA linker for each protein monomer. Because the 60-mer nanoparticle is assembled via 

non-covalent intermolecular interactions, the use of relatively high-energy, non-native conditions 

in the ESI-MS instrument dissociates the protein nanoparticles into its monomers, yielding 

monomeric molecular weight values. 
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B.3. Size exclusion chromatography (SEC) of H1 (Relevant to section 2.4.2.) 

H1 is shown as solid blue line. Elution volumes of molecular weight (MW) standards are 

marked at the top of the chromatogram. The SEC elution peak of our soluble H1 (as-received) is 

located between 66 and 150 kDa, and this is consistent with other studies reporting monomeric 

HA proteins (with trimeric forms eluting at molecular weights >400 kDa).1-4 MW standards 

included:  β-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin bovine serum (66 

kDa), carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa). MW standards were run 

according to manufacturer’s suggestions (Sigma Aldrich Cat#: MWGF200), on a Superose™ 6 

increase 10/300 GL analytical column (Cytiva).  A comparison of our H1 elution profile with H1 

monomer and H1 trimer elution profiles from McMillan et al.2 supports that our H1 protein is in 

monomeric form.  No significant A280 signal was observed from 0-10 ml. 
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B.4. SDS-PAGE with silver stain of fractions collected from analytical SEC used to separate H1-

E2 from unbound H1 (Relevant to section 2.4.2.) 

Each collected fraction was analyzed with SDS-PAGE, and confirmed H1-bound E2 in the 

first SEC peak and unbound H1 in the second peak. MWE2 (E279C)= 28091 Da, MWtNTA-E2= 29177 

Da, MWH1= 59000 Da. Due to its glycosylation H1 runs at ~66-95kDa on SDS-PAGE under 

reducing conditions. 
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B.5. GFP attachment to E2 (Relevant to section 2.4.2.) 

Bar graph of the number of GFP bound to Ni-tNTA-E2 after high affinity Ni-tNTA + (His)n-

protein conjugation. tNTA-E2 is not loaded with Ni, thus no binding is expected. Ni-tNTA-E2 is 

loaded with Ni, thus binding is expected. 
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B.6. Antibody arrays from sera of immunized mice (Relevant to section 2.3.8. and 2.4.3. and 

2.4.5.) 

Six groups of 5 B6 mice (Groups A to F) were administered different formulations on d0 

and boosted on d14 and d49. IgG, IgG1, and IgG2c signal intensities were determined at different 

time points post-prime against HA variants displayed on protein microarrays (Signals to H1 

through H7 variants are shown). Microarray data was compiled into heat map compilations with 

columns representing immunized mice groups and rows representing individual HA variants and 

their specific HA1 and HA0 domains (red = high amount of binding, white = low amount of binding). 

Within each HA1 and HA0 row were the individual domains of homosubtypic HA variants (i.e., 23 

variants of H1 were analyzed). Group A: PBS, Group B: H1, Group C: H1 + E2, Group D: H1 + 

E2 + MPLA, Group E: H1-E2, Group F: H1-E2 + MPLA. Day 0 sera = naive mice. 
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B.7. CBU1910-specific IgG profiling by protein microarray shows potential antibody suppression 

from co-mixing of E2 with protein target antigen, CBU1910 (Relevant to section 2.4.3.) 

(A) Timeline of immunizations and plasma collection. (B) Table summarizing the vaccine 

groups and dose amounts per injection. Group A) CBU1910 only; Group B) E2 nanoparticle and 

CBU1910 (unconjugated); Group C) CBU910 with MPLA (TLR4 agonist); Group D) E2 

nanoparticle and CBU1910 (unconjugated), with MPLA (TLR4 agonist). (C) CBU1910-specific 

IgG profiling by protein microarray. Four groups of 5 B6 mice (Groups A to D) were administered 

different formulations as indicated and boosted on d14 (red arrows). Array data are shown as dots 

plots of IgG signal intensities at different time points post-prime against CBU1910 displayed on a 

Coxiella burnetii protein microarray; each dot represents a replicate (of 3) of CBU1910 (mean of 

5 mice) with lines connecting the means (± SD error bars). One-way ANOVA (non-parametric) 

comparisons using a Kruskal-Wallis test were made between both pre- and post-boost time 

points: *p<0.05. (D) Microarray raw data was compiled into heat map compilations with columns 

representing immunized mice groups and rows representing CBU1910 (red = high amount of 

binding, white = low amount of binding). Abbreviations: MPLA, monophosphoryl lipid A. 
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B.8. Direct recombinant fusion of CBU1910 onto E2 protein nanoparticles (Relevant to section 

3.4.1.1.) 

(A) Plasmid construction of genetically fused CBU1910-E2 mutant in pET11a vector. (B) 

SDS-PAGE of expression studies of CBU1910-E2 mutants in BL21(DE3) E. coli. Expression at 

37°C and induced with 1 mM IPTG. S: soluble fraction, I: insoluble fraction (C) SDS-PAGE of 

expression studies at 37°C induced with different concentrations of IPTG. S: soluble fraction, I: 

insoluble fraction, 1 mM: 1 mM IPTG induction, 0.5 mM: 0.5 mM IPTG induction, 0.1 mM: 1 mM 

IPTG induction. All samples diluted 1/10 when loaded into SDS-PAGE gel. (D) SDS-PAGE of 

expression studies at 20°C induced with different concentrations of IPTG. S: soluble fraction, I: 

insoluble fraction, 1 mM: 1 mM IPTG induction, 0.5 mM: 0.5 mM IPTG induction, 0.1 mM: 1 mM 

IPTG induction. 
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B.9. tNTA-Ni + CBU1910 conjugation conditions optimization (Relevant to section 3.3.5. and 

3.4.1.2.) 

Table of excipients tested to stabilize CBU1910-E2 constructs during tNTA-Ni/HisTag 

conjugation. Aggregation/precipitation and intact nanoparticle structure were determined based 

on DLS analysis. +++: high percentage of monodispersed particles; ++: mixture of monodispersed 

and aggregated particles; +: extreme aggregation of particles. A high NaCl concentration of 360 

mM in a HEPES buffer system using low CBU1910:E2 molar ratios demonstrated the most 

consistent ability to alleviate aggregation during conjugation. 
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B.10. Expression and characterization of ST-E2 and SC-CBU1910 (Relevant to section 3.4.1.3.) 

(A) SDS-PAGE from small scale expression studies of ST-E2 and SC-CBU1910. (left) 1: 

E2(D381C) soluble fraction; 2: E2(D381C) insoluble fraction; 3: E2_152(D381C) soluble fraction; 

4: E2_152(D381C) insoluble fraction; 5: ST-E2(D381C) soluble fraction; 6: ST-E2(D381C) 

insoluble fraction; 7: ST-E2_152(D381C) soluble fraction; 8: ST-E2_152(D381C) insoluble 

fraction (right) 1: CBU1910 soluble fraction; 2: CBU1910 insoluble fraction; 3: SC-CBU1910 

soluble fraction; 4: SC-CBU1910 insoluble fraction. (B) Characterization of ST-E2(D381C). 

Representative (left) SDS-PAGE, (middle) protein mass spectrometry showing ~2 kDa increase 

in E2 monomer when ST is recombinantly fused to its N-terminus, and (right) DLS indicating ~1 

nm increase in diameter when ST is added to surface of E2 nanoparticles. (C) Characterization 

of SC-CBU1910. Representative (left) SDS-PAGE and (right) protein mass spectrometry showing 

final result of protein-protein with a molecular weight of ~40.8 kDa.  
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B.11. Alphafold2 Colab to predict the folded structure of CBU1910 (Relevant to section 3.4.1.3.) 

The amino acid sequence of the transmembrane truncated form of CBU1910 was input 

into Alphafold2 and its output .pdb file was viewed on ChimeraX. Orange highlighted region = 

CBU1910p sequence. 
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B.12. ST/SC reaction conditions optimization for CBU1910-E2 nanoparticles (Relevant to section 

3.4.1.3.) 

Table of excipients tested to stabilize CBU1910-E2 constructs during ST/SC reaction. 

Aggregation/precipitation and intact nanoparticle structure were determined based on SDS-PAGE 

and DLS analysis. +++X: highly soluble but disassembled particles; +++: high percentage of 

monodispersed particles; ++: mixture of monodispersed and aggregated particles; +: extreme 

aggregation of particles. A 0.08-0.0875% (w/v) Sarkosyl (SLS) condition demonstrated consistent 

ability to alleviate aggregation while keeping nanoparticles intact.  
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B.13. ELISpot analysis of splenocytes after immunizations with CBU1910 and CBU1910p 

formulations (Relevant to section 3.4.5.) 

(A) Representative ELISpot data from splenocytes of immunized groups (a-g, CBU1910-

E2 groups), pulsed ex vivo with relevant protein (CBU1910) or irrelevant protein (OVA) and 

analyzed for antigen-specific IFN-γ secretion. (B) Representative ELISpot data from splenocytes 

of immunized groups (h = CBU1910p and i = CBU1910p-CpG-E2), pulsed ex vivo with relevant 

peptide or protein (CBU1910p or CBU1910) or irrelevant peptide (SIINFEKL) and analyzed for 

antigen-specific IFN-γ secretion. 
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B.14. Conjugation of CBU1910p onto E2 nanoparticles (Relevant to section 3.4.5.) 

(A) Structure of E2(D381C) with representative 60 cysteine groups in black. Schematic of 

CpG1826 and CBU1910p conjugation onto E2. (B) SDS-PAGE of formulation synthesis. 1: E2; 

2: CpG-E2; 3: CBU1910p-E2; 4: CBU1910p-CpG-E2. Quantification indicated 22.3 ± 1.5 CpG 

1826 molecules were conjugated internally and 166 ± 11.2 CBU1010p peptides were conjugated 

externally per 60-mer E2 nanoparticle, similar to previous E2 formulations.5 (C) Hydrodynamic 

diameters of E2 constructs after CpG and CBU1910p conjugations. The average hydrodynamic 

diameter of CpG-E2, CBU1910p-E2 and CBU1910p-CpG-E2 nanoparticles was 27.1 ± 0.4 nm, 

35.4 ± 2.7 nm, and 31.9 ± 1.7 nm, respectively. 
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B.15. Characterization of the purity and stability of SC-FliC and SC-FliCc, and the FliC-E2 

nanoparticle (Relevant to section 4.4.1.) 

(A) Expression of SpyCatcher fused wild type (FliC) and cysteine stabilized (FliCc) flagellin 

at 37°C induced with 1, 0.5, and 0.1 mM IPTG. MWFlagellin = ~65 kDa. S: soluble; I: insoluble. (B) 

Mass spectrometry of purified SC-FliC (top, blue) and SC-FliCc (bottom, green). (C) SDS-PAGE 

comparing stability of SC-FliCc and SC-FliC after 1 week, 1 month, and 2 months at 4°C. (D) 

SDS-PAGE showing nanoparticles with ~6 and ~21 SC-FliC loaded on the external surface. 

MWST-E2 = 30.2 kDa, MWSC-FliC = 65.2 kDa, MWFliC-E2 = 95.4 kDa. Lanes: 1. ST-E2; 2. SC-FliC; 3. 

FliC-E2 (6 FliC: E2NP); 4. FliC-E2 (21 FliC: E2NP). (E) Hydrodynamic diameters of FliC-E2 NPs 

with ~6 and ~21 FliC loaded on the external surface. 
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B.16. Table describing each H5 formulation and its individual components in mass and mole 

amounts per immunization (Relevant to section 4.4.4.) 

3.5 μg of E2 is equivalent to 0.12 nmol of E2. 0.2 μg of CpG is equivalent to 0.03 nmol of 

CpG. 0.6 μg of FliCc is equivalent to 0.01 nmol of FliCc. 2 μg of H5 is equivalent to 0.03 nmol of 

H5. 
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B.17. Antibody arrays from sera of immunized mice (Relevant to section 4.3.7. and 4.4.4.) 

Eight groups of 8 mice (Groups A to H) were administered different formulations on day 0 

and boosted on day 14. IgG, IgG1, and IgG2c signal intensities were determined at different time 

points post-prime against H5 variants displayed on protein microarrays. Microarray data was 

compiled into heat map compilations with columns representing immunized mice groups and rows 

representing individual H5 variants (i.e., 28 variants of H5 were analyzed) (red = high amount of 

binding, white = low amount of binding). Group A: PBS, Group B: ST-E2, Group C: SC-H5, Group 

D: H5-E2, Group E: H5-FliCc-E2, Group F: H5-CpG-E2, Group G: H5-FliCc-CpG-E2, Group H: 

SC-H5 + SC-FliCc + CpG + E2. 
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B.18. Individual weight curves of mice during H5N1 challenge (Relevant to section 4.4.8.) 

Mice weights and physical state were monitored over 18 days after H5N1 virus inoculation. 

Each group had 5 mice. One mouse from the PBS group was evaluated to be an outlier using 

Grubb’s outlier test comparing maximum weight loss between mice. The red dotted line indicates 

20% weight loss. 
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B.19. Viral loads in lungs four days post H5N1 challenge (Relevant to section 4.4.8.) 

Influenza hemagglutinin H5 gene quantification by qPCR, represented as gene copies of 

hemagglutinin H5 normalized to the weight of the lungs. Each group had 3 mice. (Data of one 

sample from the SC-H5 group could not be acquired. Data of one sample from the H5-FliCc-CpG-

E2 group was between 0-1 copy/mg of lung.). Statistical significance was determined by one-way 

ANOVA followed by a Tukey multiple comparisons test. *p < 0.05. 
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B.20. Optimizing reaction conditions to improve solubility of higher-density Pam3-E2 

nanoparticles (Relevant to section 4.4.9.1.) 

(A) SDS-PAGE comparing the solubility of low-density and high-density Pam3-E2 NPs.     

1: E2 (D381C); 2: SMCC-E2; 3&4: low-density Pam3-E2; 5&6: high-density Pam3-E2. S: soluble, 

I: insoluble. (B) Table of excipients tested to stabilize Pam3-E2 constructs during conjugation 

reaction. Mixing additive and E2 together then adding Pam3 (Additive + E2 mixing); Mixing 

additive and Pam3 together then adding E2 (Additive + Pam3 mixing); Mixing additive with E2 

and additive with Pam3 then combing mixtures (Additive + E2 + Pam3 mixing). 

Aggregation/precipitation and intact nanoparticle structure were determined based on SDS-PAGE 

and DLS analysis. +++X: highly soluble but disassembled particles; ++X: mixture of aggregated 

and disassembled particles; +++: high percentage of monodispersed particles; ++: mixture of 

monodispersed and aggregated particles; +: extreme aggregation of particles. A 0.01% (w/v) SLS 

condition demonstrated the ability to alleviate aggregation while keeping nanoparticles intact. 
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B.21. Characterization of Pam3CSK4C and CSIINFEKL conjugated onto E2 nanoparticles 

(Relevant to section 4.4.9.2.) 

(A) Structure of E2(D381C) with representative 60 cysteine groups in black. Schematic of 

CpG1826, Pam3CSK4C (Pam3), and CSIINFEKL (SIIN) conjugation onto E2. (B) SDS-PAGE of 

formulation synthesis. 1: E2; 2: CpG-E2; 3: Pam3-E2; 4: Pam3-CpG-E2; 5: SIIN-Pam3-CpG-E2. 

Quantification indicated ~30 Pam3CSK4 lipopeptides and ~15 SIINFEKL peptides were 

conjugated externally per 60-mer E2 nanoparticle. (C) Hydrodynamic diameters of E2 constructs 

after CpG, Pam3, and SIIN conjugations. The hydrodynamic diameters of CpG-E2, Pam3-E2 and 

Pam3-CpG-E2, and SIIN-Pam3-CpG-E2 nanoparticles were ~27.3 nm, ~31.3 nm, and ~29.2 nm, 

and ~31.1 nm, respectively. 
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