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            Although progress has been made in conventional cancer therapy, cancer is still the 

second leading cause of death in the United States. Recently, a new approach for cancer 

treatment known as immunotherapy has shown remarkable success. Within 

immunotherapy, cancer vaccines train the body to recognize tumor-associated antigens for 

targeted destruction of cancer cells. While promising, clinical success of cancer vaccines to 

date has been limited. Our work focuses on utilizing a viral-mimetic design to develop a 

new platform to improve cancer vaccine efficacy. 

 We have been exploring the non-viral E2 protein nanoparticle as a cancer vaccine 

platform. We verified that simultaneous delivery of cancer antigen epitopes (e.g., gp1    

N -E  -1  M GE-  ) an  a   vant (CpG)  ithin E  nanoparticles res lte  in improve  

anti-t mor responses   rophylactic imm ni ation  ith CpG-gp-E  (E  con  gate   ith 

gp1   an  CpG) increase  animal s rvival time  y    40% in an aggressive tumor model. 

Furthermore, we demonstrated that simultaneous delivery of human-restricted cancer-

testis epitopes and CpG within E2 (CpG-NYESO-E2 and CpG-MAGE-E2) resulted in an 

increase in IFN-γ secretion an  enhance  lytic activity to ar s h man cancer cells 
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expressing the antigen. These results demonstrate the broad efficacy of the E2 nanoparticle 

platform against various target cancer antigens. 

 One of the promising new FDA-approved approaches in cancer immunotherapy is 

the obstruction of inhibitory effects of immune checkpoint molecules (e.g., PD-1). However, 

treatments with checkpoint inhibitors are still not effective in a significant portion of 

patients. To address this, we examined the therapeutic effects of combination delivery of 

anti-PD-1 with CpG-gp-E2 nanoparticles   n the  1 - 1  melanoma t mor mo el       % of 

the mice treate   ith com ination therapy remaine  t mor-free  compare   ith  % an     

5% survival for vaccine and anti-PD-1 treatments alone, respectively. Cell uptake of the E2 

nanoparticle in vitro was also investigated, and we demonstrated that surface display of 

CpG on E2 increased the nanoparticle uptake by APCs, which can potentially further 

increase the vaccine efficacy. Altogether, our results demonstrate the potential of the E2 

protein nanoparticle as an effective cancer vaccine platform for inducing anti-tumor 

responses. These findings could lead to more effective cancer treatments.  
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 1.1. Cancer and Immune System 

1.1.1. Cancer Immunoediting 

 Evidence has long indicated that an individual's immune system is capable of 

recognizing and destroying tumor cells. In the 1950's, MacFarlane Burnet and Lewis 

Thomas proposed the immunosurveillance hypothesis, which suggested that cancer is 

suppressed by the immune system.1 However, occasional immunological escape can lead to 

cancer progression, a process that became known as cancer immunoediting [Figure 1.1].2 

Cancer cells alter their microenvironment to that which is more favorable for their 

progression. Detectable tumors, which need clinical treatments are those that have escaped 

the immune system. Cancer treatment by conventional strategies such as surgery, 

radiotherapy, and cytotoxic drugs usually result in an incomplete elimination of cancer 

cells. However, recent efforts in research have opened a new area in cancer treatment 

known as immunotherapy. Immunotherapy's main goal is to harness and boost the 

patient's intrinsic immune system to effectively attack cancer cells.3–6 

 
Figure 1.1. Different Phases in Cancer Immunoediting. a) Elimination phase 

corresponds to immunosurveillance. b) In the equilibrium phase, the immune system 

promotes the generation of tumor cell variants with increasing capacities to survive 

immune attack. c) In escape, the tumor expands in an uncontrolled manner. Figure taken 

from Dunn G.P. et al.2 Copyright Nature Publishing Group. Reproduced with permission. 
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1.1.2. CD8 T Cells in Cancer Immunology  

 The goal of many cancer vaccines is to induce strong CD8 T cell responses which are 

needed to overcome the low immunogenicity of tumor cells.7 Immature dendritic cells 

(DCs) residing in tissues continuously sample and process soluble extracellular antigens in 

their environment and respond to potential danger signals. In the presence of danger 

signals DCs are rapidly activated. DCs are mainly activated through the interaction of their 

pattern recognition receptors (e.g., Toll-like receptors) with a wide variety of conserved 

biological motifs known as pathogen-associated molecular patterns.8  

 Once DCs are activated, they migrate to secondary lymphoid organs to interact with T 

cells to achieve a more specific and longer-term anti-tumor responses. For induction of a 

CD8 T cell mediated response against cancer, it is required that the antigens be 

endocytosed by DCs and transported to MHC-I, a process known as cross-presentation.9  

 T cells activation is initiated by interactions of the T cell receptor (TCR) with an 

epitope-bound MHC-I molecule presented on the surface of antigen presenting cells (APCs), 

most importantly DCs. In addition to TCR binding, co-stimulation by receptors on the 

surface of activated DCs (CD80 or CD86) is also critical for activation of T cells. In the 

absence of co-stimulatory signals, T cell anergy could happen.10 T cell activation is also 

controlled by the balance between co-stimulatory and co-inhibitory signals.11,12 Following 

T cell activation, inhibitory checkpoint molecules, which exist to support self tolerance and 

protect individuals against autoimmunity diseases,13,14 are expressed on surface of 

activated T cells. Program death 1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4) 

are two examples of co-inhibitory molecules that are expressed on surface of activated T 
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cells. Interaction of these molecules with their ligand leads to T cell suppression and 

deactivation, which normally aids in immune homeostasis.15 

 

1.2. Cancer Vaccines 

 The goal of many cancer vaccines is to induce strong anti-tumor CD8 T cell 

responses. Cancer vaccines promote the immune system to recognize distinct antigenic 

epitopes expressed primarily by cancer cells and to target such cells for lysis by CD8 T 

cells.16,17 These are known as tumor-associated antigens (TAAs), which vary widely among 

different cancer types. The identities of many TAAs have been elucidated.18 In many 

clinically-examined cancer vaccines, TAAs are co-administered with adjuvant, which are 

immune activator molecules. Although these cancer vaccines have been shown to elicit a 

partial immune response, the clinical outcome is usually weak and insufficient to overcome 

the low immunogenicity of the tumor microenvironment.17 

 In recent years, different strategies have been developed to increase vaccine 

efficacy, such as vaccination with the whole tumor lysate,19 combination of antigens with 

adjuvants,20 and formulation in carriers such as nanoparticles (e.g., PLG, PLGA, gold 

nanoparticles),21–23 liposomes,24 and microparticles.25 Protein nanoparticles have also 

attracted significant interest as cancer vaccine platforms for inducing antigen-specific 

immune responses against cancerous cells. Protein nanoparticles are self-assembled 

protein structures with physical properties and geometries similar to viruses but not from 

a viral source. These nanoparticles as vaccine platforms have the potential to improve 

vaccine efficacy by promoting antigen localization to dendritic cell-enriched 

draining lymph nodes, enhancing endocytosis of antigens by antigen presenting cells 
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(APCs),26 and increasing antigen presentation to the adaptive immune cells such as T 

cells.27  

 

1.2.1. Antigen-Based Cancer Vaccines 

 TAAs are typically antigenic proteins produced by tumor cells which can trigger an 

immune response in the host.28 Immunotherapy using vaccines is based on the premise 

that TAAs can induce specific cytotoxic T cell responses to cancer cells, resulting in tumor 

destruction without harming normal cells.29 However, clinically-examined cancer vaccines, 

consisting of whole tumor antigen (proteins) or epitopes (smaller peptides), are often 

insufficient to overcome the low immunogenicity of the tumor microenvironment.28 

 To address this limitation, different approaches have been examined to increase the 

antitumor responses for improved vaccine efficacy. One strategy is the combination of 

these antigen-based cancer vaccines with immune activator molecules known as 

adjuvants.29,30 Common adjuvants used in clinical trials include aluminum salts, oil-in-

water emulsions (MF59), and monophosphoryl lipid A (MPL) with aluminum salt.31 

Recently, ligands of Toll-like receptors in APCs such as CpG32–34, poly-IC35,36, and 

imidazoquinoline37,38 have also attracted considerable interest as cancer vaccine adjuvants 

in preclinical and clinical trials. 

 Alternative approaches for increasing vaccine efficacy such as using multiple 

antigen peptide epitopes39–41 and personalized peptide formulations have been developed 

and supported by clinical studies.42,43 Vaccination with multiple-peptide epitopes from 

different sources can decrease the possibility of tumor escape and increase the anti-tumor 

responses relative to single epitope immunization.44,45 Also, since tumor cells and TAAs are 
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heterogeneous among patients, a personalized selection of peptides against individually-

expressed antigens could increase efficacy.46 

 Despite these improvements, however, clinical outcomes of cancer vaccines have 

still been limited by factors such as identification of optimal antigens, adjuvants, and 

importantly, delivery system. It is the goal of this dissertation research to investigate a 

protein nanoparticle delivery system to improve in vivo anti-tumor results, compared to 

antigen-based vaccines. 

 

1.3. Protein Nanoparticles as Delivery Platforms 
 
 Generation of potent specific immune responses to cancer is dependent on antigen 

uptake by APCs, particularly DCs. Efficient uptake by DCs is subject to the important 

antigen properties of size, shape, and surface charge.47,48 Additional key steps in generation 

of response include proper activation of DCs, trafficking of DCs to lymph nodes (LNs), 

sufficient communication of DCs with adaptive immune cells such as CD8 T cells, and 

activation of cytotoxic T cells for targeted tumor lysis 49 [Figure 1.2]. 

 The use of nanoparticles in vaccines is supported by the premise that a higher 

cellular uptake and an elevated interaction of antigens with the immune cells can be 

achieved by using an optimally-designed delivery system.50 Vaccine delivery materials that 

have been examined for cancer immunotherapy include liposomes, polymers, 

nanoparticles, and hydrogels.23,51   

 Nanoparticles based on proteins have symmetries and physical properties that are 

similar to viruses and can potentially increase the interaction of the vaccine components 
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with APCs.  These properties, such as size, shape, and surface charge, can affect the cellular 

uptake and induce potentially more effective anti-tumor immune responses. 

 
Figure 1.2. Common Mechanism of Tumor Cell Elimination. Protein nanoparticle (NP) 

cancer vaccines that are injected in vivo can accumulate in the LNs and spleen. Immature 

DCs residing in these tissues internalize and degrade the NPs and process the antigens and 

adjuvants for potential danger signals. If DCs are activated through an adjuvant-TLR 

interaction, they present the antigens to the T cells in the context of MHC-I molecules for 

specific and longer-term T cell responses (i.e., cross-presentation). Upon T cell activation 

and recognition of tumor-associated antigens on cancer cells, T cells secrete lytic effectors 

(such as perforin), leading to tumor lysis and elimination. Abbreviations in the figure 

include: MHC-I (major histocompatibility complex, class I), TCR (T-cell receptor), CD28 

(cluster of differentiation 28, costimulatory molecule), CD80/86 (cluster of differentiation 

80/86, costimulatory molecules), TLR (Toll-like receptor). 

  

   

 Studies have shown that there is an optimal nanoparticle size range for passive 

transport to the lymphatic system and APCs.48 Particles between 20-45 nm are drained 

significantly by LNs, with a relatively high retention time measured up to 120 hrs post-

injection.52 Particles of this size range are internalized by almost 50% of LN-resident DCs 

https://en.wikipedia.org/wiki/Major_histocompatibility_complex
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compared to 10% internalization by APCs of 100-nm particles.52–54 However, particles 

below 10 nm are not internalized by DCs efficiently.48 Furthermore, relatively high (~76%) 

lymphatic uptake was observed for 40-nm liposomes compared to larger liposomes (>150 

nm), the latter of which remained almost completely at the site of injection.55 

 As discussed, conventional formulations of peptide- and protein-based cancer 

vaccines usually yield relatively weak immune responses, which can be attributed to 

insufficient uptake and interaction of antigens with APCs.48 The size-uptake studies suggest 

that delivering the soluble protein or peptide antigens (which are typically much smaller 

than 5 nm) within nanoparticles of ~20-50 nm can lead to more efficient lymphatic 

drainage and a higher antigen uptake by DCs, resulting in stronger adaptive immunity to 

the antigens. 

Particle shape can also affect the uptake of nanoparticles by immune cells.48,56,57 

Although investigations have shown that non-spherical particles such as rod-shaped 

particles have higher circulation times, they also demonstrated decreased cellular uptake 

compared to spherical NPs.58 In fact, spherical NPs have the highest cell internalization rate 

compared to cubic, rod and disk-like shaped NPs.59 Spherical polystyrene particles 

(diameters ~200 nm) conjugated to ovalbumin antigen (OVA) generated stronger in vivo 

Th1 and Th2 immune responses relative to rod-shaped particles.60 In addition, enhanced 

LN transport and uptake by APCs was observed for the spherical virus-like particle, cowpea 

mosaic virus (CPMV), compared to the rod-shaped virus-like particles, potato virus X 

(PVX).61 

Surface charge is another parameter that can affect the cellular uptake of NPs.48,62 

Neutral NPs demonstrated minimal cellular interaction and cellular uptake compared to 
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the charged NPs.62 Positively charged nanoparticles have the greatest efficiency in cellular 

internalization, possibly due to their interactions with the negatively charged groups on the 

cell membrane.62 However, evidence also demonstrated uptake of negatively charged 

nanoparticles despite their unfavorable electrostatic interaction with cell membranes. For 

example, cellular uptake of both negatively and positively charged micellar NPs has been 

observed through different endocytic pathways (e.g., clathrin-mediated endocytosis, 

caveolae-mediated endocytosis, and macropinocytosis).63  

With regard to tumor tissue, in vivo biodistribution of chitosan and micellar-based 

NPs suggested that NPs with relatively weak negative surface charges tend to accumulate 

in tumors more than NPs with positive or highly-negative zeta potential values;63,64 this is 

somewhat consistent with a recent extensive survey demonstrating that NPs with neutral 

surface charges tend to result in higher delivery efficiencies to tumors, relative to NPs with 

more positive or negative charges.65 An important, but sometimes overlooked, 

consideration is the adsorption of blood components on nanoparticle surfaces (called the 

protein corona), which can modify NP surface properties. Therefore, physicochemical 

properties of a NP immediately after synthesis can be different than the one that cells 

encounter in vivo.66–68 

Highly-organized structures and symmetries of protein nanoparticles, their 

biodegradability, geometries, and their optimal size for delivery make them attractive 

vaccine platforms. Protein NPs are protein assemblies that have virus-like structures and 

geometries, but are not from viral sources. Examples of these particles that have been used 

in the field of cancer immunotherapy are heat-shock proteins (HSPs), E2, ferritin, and 

protein vault nanoparticles. A summary is presented in Table 1.1. 
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Table 1.1. Protein Nanoparticles that have been Explored as Delivery Platforms for Cancer 

Vaccines. 
Protein NP Antigen Adjuvant Target/ 

Cancer 
In vivo/ 
In vitro 

Clinical 
Study 

Response 
Investigated 

Ref 

 HSP  Her2/Neu - - Ex vivo - T cell and 
antibody 

69
 

HSP  MAGE-A1 - Melanoma Ex vivo and  
In vivo 

            - T cell 
70

 

 HSP  gp100  Melanoma Ex vivo and  
In vivo 

             - T cell 
71

 

HSP - - Colorectal                Yes T cell 
72

 

HSP - - Glioblastoma  Yes T cell 
73

 

HSP - - Lung  Yes NK cell 
74

 

E2 SIINFEKL CpG - In vitro              - T cell 
27

 

Ferritin SIINFEKL - - In vitro and  
Ex vivo 

             - T cell and 
antibody 

75
 

Ferritin RFP - RFP-
Melanoma 

Ex vivo and  
In vivo 

 

             - T cell 
76

 

Vault 
protein 

SIINFEKL - - In vitro and In 
vivo 

              - T cell and 
antibody 

77
 

Vault 
protein 

CCL21 
ligand 

- Lung In vivo             - Immune cells 
78

 

 

1.4. E2 Protein Nanoparticle 
 
 In our research, we have utilized the self-assembled protein nanoparticle E2. This 

nanoparticle is derived from the E2 subunit of the pyruvate dehydrogenase complex from 

Bacillus stearothermophilus [Figure 1.3]. The assembled NP is composed of 60 identical 

monomers that form a highly thermostable dodecahedral caged structure79 with a diameter 

of 25 nm, which is within the favored size range for lymphatic transport and DC uptake.52,53 

This caged structure has an internal 12-nm cavity and twelve 5-nm openings leading to this 

hollow cavity [Figure 1.3]. The scaffold has three interfaces (internal hollow cavity, 

subunit-subunit interface, and the exterior surface), which can be molecularly modified for 

site-directed functionalization.  
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Figure 1.3. Graphic Representation of the E2 Core of Pyruvate Dehydrogenase 

Complex. E2 subunit is composed of 60 identical monomers, which self assemble into a 

highly thermo-stable dodecahedron caged structure which is 25 nm in diameter. This caged 

structure also has a 12-nm cavity inside and 12, 5-nm openings to the internal cavity. 

Structural image is from Protein Data Bank (PDB). PDB ID code:1B5S. 

 
  

 The E2 nanoparticle has been used in drug delivery and vaccines.27,80–82 Our 

research group has demonstrated that with single amino acid (AA) mutations on E2 (e.g., 

D381C, E279C), we are able to chemically conjugate a variety of guest molecules to the 

nanoparticle.27,81,83 Our laboratory also demonstrated that hydrophobic small drugs could 

be encapsulated within E2 nanoparticles designed with a hydrophobic interior surface.81 

Encapsulated therapeutic drug molecules within E2 were able to be delivered in vitro to 

cancer cells and induced cytotoxicity.81 Others have explored the E2 nanoparticle as a 

vaccine vehicle for inducing a helper CD4 T cell and antibody-mediated responses against 

HIV antigens.82 

 Our lab has also demonstrated a significantly higher DC activation and antigen 

cross-presentation when an ovalbumin (OVA) antigen epitope (SIINFEKL) and DC-

activating DNA (CpG) are both attached to the E2 nanoparticle.27 Simultaneous delivery of 

model antigen OVA and CpG to DCs increased CD8 T cell activation in vitro,27 with 
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concurrent delivery of antigen and CpG being essential to achieve the highest T cell 

activation.27 With the use of a model antigen (OVA), our lab demonstrated the potential of 

the E2 nanoparticle to induce CD8 T cell mediated immune responses, which is needed to 

overcome the low immunogenicity of tumor cells. Higher antigen cross-presentation and 

CD8 T cell activation that were observed for OVA antigen provided the basis for optimizing 

E2 nanoparticle as a cancer vaccine platform for therapeutically relevant epitopes, which is 

the focus of this dissertation.  

 

1.5. Immune Checkpoint Inhibitors in Cancer Immunotherapy 

 Co-inhibitory immune checkpoint molecules such as program death 1 (PD-1) and  

cytotoxic T lymphocyte antigen 4 (CTLA-4) are expressed on the surface of activated T 

cells. Interaction between these molecules and their ligands lead to T cell inactivation.84–86 

Therefore, blockade of these inhibitory molecules can release the T cell deactivation and 

improve the anti-tumor responses.86–88 

 Nivolumab and ipilimumab, two FDA-approved immune checkpoint inhibitor 

antibodies, demonstrated clinical efficacy in different advanced malignancies.89,90 However, 

despite all promises, checkpoint inhibitors are still not responsive in a significant portion of 

patients or many cancer types.  nly    20% of patients benefit from a long-term survival of 

about 3 years post treatment.91,92 Therefore, it is hypothesized that combination 

approaches with immune checkpoint inhibitors are needed to improve efficacy. Treatment 

with immune checkpoint inhibitors only release the general T cell suppression, without 

boosting the specific T cell responses towards tumors.  On the other hand, cancer vaccines 

aim to prime the immune system to recognize specific TAA which results in an expansion of 
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specific CD8 T cell responses.30,93 Therefore, combination of cancer vaccines [to increase T 

cell responses] with checkpoint inhibitors [to release the T cell deactivation] could improve 

the efficacy of immune checkpoint inhibitors.94,95 In this dissertation, we investigated the 

possibility of using the E2-antigen vaccine in combination with immune checkpoint 

inhibitor antibody to improve the checkpoint inhibitor efficacy. 

 

1.6. Project Goals and Specific Aims of Each Chapter 

 Our overall goal was to use the non-viral E2 protein nanoparticle as a platform to 

deliver TAA for induction of anti-tumor cell-mediated immune responses.  Further, we 

wanted to examine if we can increase the efficacy of an FDA-approved treatment by 

combining this treatment with our developed nanoparticle vaccine formulation. The 

particular Specific Aims of each chapters are listed below. 

 

Chapter 2: To examine the functionality of E2 nanoparticles for eliciting anti-tumor 

responses in a mouse model. We hypothesized that combination of CpG, a DC activator 

molecule, and gp100, a melanocytes-TAA epitope, within the E2 nanoparticle (CpG-gp-E2) 

could increase the anti-tumor responses. Our data demonstrated that in a very aggressive 

B16-F10 melanoma murine tumor model, immunization with CpG-gp-E2 delayed the onset 

of tumor growth.  

 

Chapter 3: To examine the functionality of E2 nanoparticles for eliciting anti-tumor 

responses to human cancer antigens in a humanized mouse model. We hypothesized that 

combination of CpG and human cancer-testis antigen epitopes from NY-ESO-1 and MAGE-
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A3 antigens within the E2 nanoparticle could increase cell-mediated immune responses in 

a humanized mouse model. Our data confirmed an increase in specific IFN-γ secretion 

and human tumor cell lysis after nanoparticle immunization. Furthermore, combined 

delivery of NY-ESO-1 and MAGE-A3 antigens in E2 nanoparticles yielded an additive effect 

that increased lytic activity towards cells bearing NY-ESO-1+ and MAGE-A3+. 

 

Chapter 4: To examine the functionality of E2 nanoparticles in combination with immune 

checkpoint inhibitor treatment. We hypothesized that combination of antigen-E2 

nanoparticle vaccine with immune checkpoint inhibitor treatments could increase the 

animal survival. Our data demonstrated that combination of CpG-gp-E2 nanoparticle with 

anti-PD-1 treatment significantly increased the survival of tumor-bearing mice in a B16-

F10 melanoma cancer model. 

 

Chapter 5: To examine E2 nanoparticle uptake and biodistribution. Since DCs play a 

significant role in CD8 T cell activation, we wanted to alter E2 surface properties to 

enhance specificity and cell uptake by DCs. We hypothesized that surface display of CpG, a 

ligand of DC receptor, on E2 nanoparticles would increase cell uptake by DCs. Then we 

showed a higher cell uptake by DCs for E2 nanoparticles that were functionalized with CpG, 

compared to non-functionalized E2. However, this increase in uptake was not specific only 

to DCs.  

 

Chapter 6: A brief summary followed by future directions on developing E2 platform. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytolysis
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2.1. Abstract 

The immune system is a powerful resource for the eradication of cancer, but to 

overcome the low immunogenicity of tumor cells, a sufficiently strong CD8+ T cell-mediated 

adaptive immune response is required. Nanoparticulate biomaterials represent a 

potentially effective delivery system for cancer vaccines, as they can be designed to mimic 

viruses, which are potent inducers of cellular immunity. We have been exploring the non-

viral pyruvate dehydrogenase E2 protein nanoparticle as a biomimetic platform for cancer 

vaccine delivery. Our data shows that simultaneous delivery of a gp100 epitope and CpG 

using the E2 nanoparticle (CpG-gp-E2) enhance the anti-tumor responses. In the very 

aggressive B16 melanoma murine tumor model, prophylactic immunization with CpG-gp-

E2 delayed the onset of tumor growth by approximately 5.5 days and increased animal 

survival time by approximately 40%, compared to PBS treated animals. These results show 

that by combining optimal particle size and simultaneous co-delivery of molecular vaccine 

components, anti-tumor immune responses can be significantly increased. 

 

2.2. Introduction 

Recent years have brought an improved understanding of the interaction between 

cancer and the immune system, increasing clinical interest in cancer immunotherapy.1 

Strategies for therapeutic vaccination against tumor-associated antigens (TAAs) have 

included administration of whole protein antigen,2 immunodominant peptide epitopes,3 

and cell lysate.4 In particular, immunization with peptide vaccines represent an attractive 

strategy, however, suboptimal responses are typically observed in clinical trials, prompting 

the need for enhanced approaches.5 Low efficacy to TAAs using peptide (and protein) 
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vaccines may be related to physical size, peptide and protein are typically below the size 

range reported to be optimal for efficient vaccine delivery to antigen presenting cells 

(APCs).6 Delivery of TAAs within synthetic nanostructured biomaterials (e.g., liposomes, 

metals, and polymers) have been explored as cancer vaccine delivery vehicles, to improve 

efficacy.7–9 In this chapter we investigated whether the E2 protein nanoparticle could be 

used as a cancer antigen delivery platform to increase the peptide epitope vaccine efficacy. 

Viruses are effective inducers of cytotoxic T lymphocyte (CTL) immunity.10 They are 

generally comprised of one or a few protein monomers that self-assemble into symmetrical 

hollow structures packaged with genetic material.11 Dendritic cells (DCs), the most potent 

APC for CTL responses, have evolved sensing mechanisms (e.g., Toll-like receptors; TLRs) 

to recognize common features of pathogens for activation and orchestration of immune 

responses responses.12 In particular, the size and repetitive structural features of immune-

inducing viral components have been attributed to effective immunogenic response.6 

Therefore, mimicking the pathogenic features of viruses with biomaterials represents a 

potentially effective approach of delivering TAA epitopes.11 

Since the first clinically approved virus-like particle (VLP)-based vaccine (Gardasil), 

many other protein-based assemblies have been clinically developed, primarily for 

infectious disease.11,13 To induce CTL responses, nanoparticulate scaffolds based on 

proteins and viruses have been explored. For example, VLP-based vaccines toward 

influenza were previously shown to induce protective CD8+ T cell responses following a 

single immunization.14 In cancer therapy, tumor-derived heat shock proteins, hypothesized 

to bind TAAs, have been explored clinically for cancer vaccination, supporting interest in 

natural protein-derived nanoassemblies that carry antigens.15,16  
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Our research group has previously demonstrated that by externally displaying an 

ovalbumin model peptide epitope and internally packaging TLR9-activating CpG DNA for 

simultaneous delivery to DCs, significantly enhanced DC activation and cross-presentation 

was observed.17 In this chapter, we investigated whether simultaneous delivery of a 

melanoma-associated gp100 antigen with CpG increases anti-tumor responses toward a 

gp100+ cancer cell line, and in vivo tumor model. In vitro work (section 2.4.2) was 

performed by Dr. Nickolas Molino, but it is included here to give context to the in vivo 

results. Our target epitope, gp100 melanocyte differentiation protein, is a TAA that is a 

tumor regression antigen and a clinically-pursued target antigen in humans.18 The antigen 

is highly conserved between human and mouse, enabling testing of human vaccines in a 

murine model.19  

 

2.3. Methods 

2.3.1. Materials 

All buffer reagents were purchased from Fisher Scientific, unless otherwise noted.  

The oligodeoxynucleotide TLR9 ligand CpG 1826 ( ’-tccatgacgttcctgacgtt- ’) (CpG)  as 

synthesi e   ith a phosphorothioate   ack one an   ’  en al ehy e mo ification by 

TriLink Biotechnologies. The KVPRNQDWL peptide (gp10025-33, herein abbreviated as 

"gp100") was from Genscript, and the custom gp100 peptide (for conjugation to E2) was 

synthesized with an N-terminal cysteine by Thinkpeptides (Proimmune).   
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2.3.2. Mice and Cell Lines 

 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.  

Female C57BL/6 mice were purchased from Jackson Laboratories and used at 6-8 weeks of 

age.  The B16-F10 murine melanoma cell line was purchased from ATCC and cultured in 

DMEM media supplemented with 10% FBS according to vendor instructions.  

 

2.3.3. E2 Purification and Characterization 

 The D381C E2 protein nanoparticle (E2) was prepared and characterized as 

previously described.17  D381C is an E2 mutant with a non-native cysteine introduced to 

the internal cavity of the nanoparticle at amino acid location 381 for site-specific 

conjugation.  Briefly, proteins were expressed in E. coli and 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. The hydrodynamic 

diameter of the purified proteins was analyzed by dynamic light scattering (DLS; Zetasizer 

Nano ZS, Malvern).  Electrospray ionization mass spectrometry 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 (phosphate buffer) at 4 °C for short-term and -80 °C 

for long-term storage. Residual LPS was removed using Triton X-114 and endotoxin levels 

were checked as previously described.17 Briefly, Triton X-114 [Sigma] was added to the E2 

nanoparticle at 1% [v/v] ratio, incubated at 4°C for 5 min, vortexed, and incubated at 37°C 

for 5 min. The mixture was then centrifuged at 18,000 × g and 37°C for 30 seconds. E2-

containing aqueous portion was transferred to a new microcentrifuge tube. This process 
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 as repeate  ≥ 8 times  Triton  as remove   ith detergent removal spin columns [Pierce]. 

LPS levels were below 5 EU/mg of E2 protein nanoparticle [LAL ToxinSensor gel clot assay, 

Genscript]. 

 

2.3.4. CpG and gp100 Conjugation 

 Aldehyde-terminated CpG were covalently packaged internally and cysteine-

terminated peptide epitopes displayed externally on the E2 nanoparticle. The CpG 1826 

DNA oligodeoxynucleotide (sequence: 5'-tccatgacgttcctgacgtt-3' ; phosphorothioted bases) 

was synthesized with a 5' aldehyde group. CpG is recognized by Toll-like receptor 9 (TLR9) 

leading to DC activation. N-beta-maleimidopropionic acid hydrazide (BMPH) linker was 

used to conjugate the aldehyde-CpG to the internal cysteines of the E2-D381C nanoparticle 

(CpG-E2), through the maleimide and hydrazide functional groups [Figure 2.1.A]. The MHC 

I-restricted gp100 epitope was synthesized with cysteine on the N-terminus, and this 

epitope was conjugated to the external lysines of the E2-D381C (gp-E2) through sulfo-

SMCC linker [Figure 2.1.B].  
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Figure 2.1. Schematic of Antigen and Adjuvant Conjugation to the E2 Nanoparticle. A) 

Conjugation of 5'-aldehyde-terminated CpG to E2's internal cysteines. B) Conjugation of 

peptide to E2's external lysines. Reprinted from Molino et al., ACS Nano 7, 9743–9752, 

copyright (2013); with permission from American Chemical Society.17   

 

2.3.5. IFN-γ ELISpot & CTL Lysis Assays  

 Mice (C57BL/6) were subcutaneously immunized with 100 ml formulations 

containing 5 μg each of gp100 peptide and CpG in PBS (either free or E2-bound; equivalent 

to 50 μg of E2-based nanoparticle formulations) bilaterally at the base of the tail. After 7 

days, single cell suspensions were prepared from the spleen and draining lymph nodes 

(inguinal, axillary, brachial, and iliac). RBCs were depleted from splenocytes with ACK 

lysing buffer. For IFN-γ ELISpot, cells were resuspended in complete RPMI and added at 4 × 

105 and 8 × 105 cells/well to ELISpot plates (PVDF membrane 96-well plates, Millipore), 

pre-coated overnight with anti-mouse IFN-γ antibody from the Mouse IFN-γ ELISpot 

ReadySet-Go kit (eBioscience). Cells were incubated for 24 h at 37oC with either 10 μg/mL 

(~10 μM) gp100 peptide or irrelevant peptide (ovalbumin peptide, SIINFEKL). Negative 

control consisted of media only and positive control wells contained 1.5% PHA-M. Spots 

were developed according to the kit manufacturer's protocol and were detected and 
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analyzed by the Cellular Technology Ltd. ELISpot reader and Immunospot Analysis Pack 

software, respectively. To examine the specific lysis of cells bearing the gp100 TAA, 

splenocytes were cultured in complete RPMI at 5 × 106 cells/mL with 10 μg/mL free gp100 

for 24 h, washed twice with PBS to remove unbound peptide, and cultured in fresh 

complete RPMI for an additional 48 h. B16-F10 melanoma cells (gp100+) were plated at 5 × 

103 cell/well in a round-bottom 96 well tissue culture-treated plate along with the gp100-

stimulated splenocytes at a 50:1 effector-to-target ratio. Cytotoxicity was measured by 

lactate dehydrogenase release with the CytoTox 96 non-radioactive cytotoxicity assay 

(Promega) following the manufacturer's instructions. Data is reported as % lysis, 

calculated as: 

 

 

2.3.6. Immunization & Tumor Challenge 

 C57BL/6 mice (6-10 week) were immunized subcutaneously, bilaterally at the base 

of the tail with 50 μg CpG-gp-E2 in 100 ml PBS or with an equivalent volume of PBS on days 

-28 and -14. On day 0, 105 B16-F10 melanoma cells were subcutaneously inoculated in the 

right flank, and tumor size was measured daily with a caliper. Tumor volume was 

calculated as (0.5 × shortest diameter2 × longest diameter) and mice were sacrificed when 

tumor volumes reached 500 mm3  

 

2.3.7. Statistical Analysis 

 Data are presented as mean ± standard deviation for particle characterization of at 

least 3 independent experiments, using Microsoft Excel. For in ex vivo studies, statistical 
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analyses were carried out using Microsoft Excel and GraphPad Prism. Data is reported as 

mean ± standard error of the mean (S.E.M.) of at least three independent experiments. 

Statistical significance was determined by performing a one-way analysis of variance 

(ANOVA) followed by a Dunnett's test, comparing formulations to the viral-mimicking CpG-

gp-E2 protein. Statistical analysis of survival curve was determined by Log-rank [Mantel-

Cox] of 2 independent experiments; n = 5 for each independent experiment [ntotal =10], 

using GraphPad Prism. P-values less than 0.05 were considered significant. 

 

2.4. Results and Discussion 

2.4.1. Conjugation of CpG and gp100 Peptide to E2 Yields Intact Nanoparticles 

 CpG and gp100 peptides were successfully conjugated to the E2 nanoparticle, and 

results are consistent with those previously published for conjugation using an ovalbumin 

peptide epitope [Figure 2.2.A].17 The gp-E2 nanoparticle displayed a broad band on SDS-

PAGE in the molecular weight range of 30-35 kDa, consistent with multiple gp100 peptides 

(with linker) that add 1592 Da to the E2 monomer (which is 28105 Da).  These comparable 

results between different peptides demonstrate the ability to apply the same conjugation 

strategy. CpG attached to the internal E2 cysteine at site 381 yielded two distinct bands, 

one at 28 kDa (28105 Da for unconjugated E2 monomer and 28288 for E2 monomer with 

linker) and one at 35 kDa (34879 Da for E2 with CpG), which were confirmed with mass 

spectrometry.  Our previous study quantified this covalent encapsulation to be 22 ± 3 CpG 

per E2 nanoparticle (CpG-E2).17 CpG molecules are released from E2 under acidic 

endolysosomal conditions, and the CpG-E2 particle facilitated enhanced DC uptake and 

activation, compared to free CpG.17 
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Simultaneous attachment of both CpG (internally) and gp100 peptide (externally) to 

the E2 monomers was also confirmed.   Two distinct broad bands in the molecular weight 

ranges of 30-35 kDa (gp-E2) and 35-40 kDa (CpG-gp-E2) were observed [last lane of Figure 

2.2.A]. DLS measurements of the gp-E2 and CpG-gp-E2 nanoparticles measured a 

hydrodynamic diameter of 31.6 ± 1.3 nm and 30.2 ± 0.7 nm, respectively, consistent with 

short peptides attached on the surface of an intact E2 core [Figure 2.2.B].  Furthermore, 

particle sizes show a lack of large aggregates and are within the reported optimal range for 

viral-based vaccines.6 These nanoparticle diameters are also consistent with sizes observed 

for our conjugation with other peptides and guest molecules,17,20–22 further demonstrating 

the versatility of the E2 platform for attachment of various molecules (e.g., epitopes). TEM 

analysis further confirmed intact non-aggregated CpG-gp-E2 nanoparticles [Figure 2.2.C] 

that are within the reported optimal range for viral-based vaccines.6 
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Figure 2.2. Physicochemical Characterization of Functionalized Nanoparticles. A) 

Functionalization of the E2 nanoparticle (E2; 28105 Da monomer) with the CKVPRNQDWL 

peptide (gp-E2) shows a broad band in the 30e35 kDa range, supporting heterogeneous 

conjugation of the gp100 peptide to the external E2 lysines. Simultaneous conjugation of 

gp100 peptide and CpG (lane CpG-gp-E2) shows two distinct broad signals in the 30e35 

kDa and 35e40 kDa range. B) Representative DLS data reveal nanoparticle sizes within the 

optimal reported vaccine size range. C)Transmission electron micrograph of CpG-gp-E2 

stained with 2% uranyl acetate confirms monodisperse, intact nanoparticles. Scale bar is 

100 nm. 

 

 

2.4.2. A single Immunization with CpG-gp-E2 Increases Specific IFN-γ Secretion and In Vitro 

Lytic Activity 

 

 Immunization with CpG-gp-E2 nanoparticles resulted in increased frequencies of 

gp100-specific IFN-γ secretion  as compare  to other form lations of the pepti e vaccine 

components [Figure 2.3]. We observed large increases in the number of gp100 peptide-

specific spots in the IFN-γ EL  pot analysis of  LN cells [ ig re 2.3.A] and splenocytes 

[Figure 2.3.B] from mice that received a single immunization with the CpG-gp-E2 viral-

mimicking antigen formulation compared to all other formulations (either free or E2- 

bound peptide), with the exception of gp100 + CpG-E2 in the dLNs. In fact, frequencies of 

specific IFN-γ   e to CpG-gpE2 were 30-fold and 120-fold higher in spleen and dLNs, 

respectively, relative to numbers from free gp100 with free CpG. Additionally, the lack of 



33 
 

spots observed for cells pulsed with the SIINFEKL ovalbumin epitope confirmed that the 

immune response was specific to gp100, rather than non-specific activation. We observed 

spot frequencies among total cells that were comparable to previously reported 

nanoparticle formulations delivering the gp100 epitope.23 However, when compared to this 

previous report, we observed the expansion of gp100-specific IFN-γ follo ing only a single 

injection, rather than multiple immunizations. Our IFN-g ELISpot frequencies are also 

similar to previous reports using nanoparticle formulations for melanoma-specific TAAs 

(other than gp100) and which also demonstrated strong anti-tumor activity.24,25 

Interestingly, the gp100 + CpG-E2 nanoparticle formulation exhibited similar spot 

frequencies to CpG-gp-E2 within the dLN, implying that packaging CpG within the E2 

nanoparticle enhanced local APC activation and antigen presentation and CD8+ T cell 

definitively test this possibility are not warranted at this stage of development of the E2 

platform. 
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Figure 2.3. IFN-γ Responses after CpG-gp-E2 Immunization. Immunization with the 
CpG-gp-E2 nanoparticle increased the gp100-specific CTL response. Cells were isolated 
from the A) draining lymph nodes and B) spleens of mice immunized with different 
formulations (5 μg gp100 peptide and 5 μg CpG; unbound or bound to E2) and were 
cultured ex vivo in the presence of KVPRNQDWL peptide (gp100) or irrelevant SIINFEKL 
peptide (OVA) and analyzed for IFN-γ-secreting cells by ELISpot. The lower panels show 
representative wells from the immunization groups for negative control irrelevant peptide 
(OVA) and tumor antigen peptide (gp100). Data is presented as average ± S.E.M. spots per 
million cells from at least 3 independent experiments. Statistical significance was 
determined by ANOVA followed by Dunnett's test, comparing all means to CpG-gp-E2 (*p < 
0.05; **p < 0.01).  
 

 

 Also, CpG-containing E2 nanoparticles co-delivering surface-bound gp100 epitopes 

induce increased TAA-specific lysis of syngeneic tumor cells [Figure 2.4]. Splenocytes from 

CpG-gp-E2-immunized animals had greater lytic activity toward the gp100+ metastatic 

melanoma B16-F10 cell line, relative to other formulations. This CpG-gp-E2 formulation 

gave statistically significant increased lysis of the B16-F10 melanoma cells at a 50:1 

effector-to-target ratio over the gp100 + CpG-E2 control formulation. Pairwise 

comparisons of the gp100 + CpG-E2 control formulation with all the remaining 

formulations did not exhibit any statistical differences. Lysis of the gp100-expressing B16 
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cell line is an important observation, as this particular melanoma is known to exhibit low 

immunogenicity.26 Similarly, while immunogenicity may be low for the gp100 TAA, it is an 

effective immunotherapeutic target antigen in humans, and therefore an attractive vaccine 

target. 

 
Figure 2.4. Lysis Activity of CpG-gp-E2. Splenocytes from mice receiving a single 

immunization of the CpG-gp-E2 (50 μg) nanoparticle formulation exhibited enhanced lytic 

ability toward B16-F10 melanoma cells (measured by release of lactate dehydrogenase). 

Data is presented as average ± S.E.M. % lysis of at least 3 independent experiments. 

Statistical significance was determined by ANOVA followed by Dunnett's test, comparing all 

means to CpGgp-E2 (*p < 0.05). 

 

2.4.3. CpG-gp-E2 Immunization Delays Tumor Growth  

 Based on the in vitro and ex vivo data described above, we examined the therapeutic 

effects of the CpG-gp-E2 nanoparticle immunization in mice challenged with B16-F10 

melanoma tumor cells. Our data shows that double immunization with the CpG-gp-E2 

nanoparticle formulation significantly delayed tumor growth onset (15.0 ± 3.0 days), 

compared to PBS-treated mice (9.4 ± 0.9 days; p < 0.05). Tumor growth kinetic profiles 

further demonstrate slower tumor progression in mice immunized with CpG-gp-E2 [Figure 

2.5.A], which exhibited a median survival time of 18 days [Figure 2.5.B], significantly 

greater than the PBS-treated median survival time of 13 days (p < 0.002). Our observed 
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B16-F10 tumor growth kinetics following prophylactic immunization with CpG-gp-E2 are 

similar to those reported for PLGA and heat shock protein nanoparticle immunotherapy 

studies delivering gp100 antigen/epitopes.24,27 However, one major difference in our 

vaccination regimen, compared to these previous studies, is our schedule of a prime 

immunization followed by a single booster, in contrast to the two boosters administered in 

these previous reports.24,27 In fact, a prime plus single booster of the heat shock protein did 

not demonstrate the same protective capacity compared to our single booster regimen of 

CpG-gp-E2, further demonstrating the advantage of our approach to deliver antigen and 

immune activator simultaneously in a viral-mimicking format.27 Our anti-tumor 

observations support the concept that the increased antigen specific IFN-γ [Figure 2.1] and 

induction of antigen specific in vitro lytic activity [Figure 2.2] following CpG-gp-E2 

immunization translates to a significant in vivo anti-tumor activity toward a self-antigen 

expressed by an aggressive, poorly immunogenic, syngeneic tumor.26,28 gp100 is a self-

antigen; therefore our results indicate that we have broken central tolerance to this 

antigen. These important results render the E2 nanoparticle an attractive viral-mimicking 

platform for further development and optimization to deliver tumor antigens and adjuvant. 
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Figure 2.5. Anti-tumor Responses from CpG-gp-E2. Immunization with the CpG-gp-E2 

nanoparticle delayed B16-F10 tumor growth and increased animal survival time. Data is 

representative of a duplicate set of independent experiments. Mice (n = 5 per group) were 

immunized subcutaneously with CpG-gp-E  (   μg per in ection; eq ivalent to   μg each of 

gp100 peptide and CpG ODN) or PBS at Days 28 and 14, followed by tumor challenge at Day 

0. A) Immunization with CpG-gp-E2 exhibited a delayed tumor growth, compared to PBS-

treated control. Each line represents the tumor growth of a single animal. B) Immunization 

with CpG-gp-E2 significantly prolonged animal survival, compared to PBS-treated controls 

(p < 0.002, log-rank test). 

 

 

 

2.5. Conclusion 

 We have simultaneously packaged CpG within the interior of the E2 nanoparticle 

and displayed multiple copies of an MHC I-restricted epitope from the melanocyte 

differentiation antigen gp100. Immunization of mice with CpG-gp-E2 nanoparticles 

followed by challenge with the B16- F10 melanoma tumor line resulted in a significant 

delay in tumor growth and prolonged life, compared to PBS-treated controls, confirming 

the anti-tumor capabilities generated with the viral-mimicking E2 formulation. We have 

achieved the ability to overcome tolerance to a self TAA, without the need for using live or 

attenuated pathogens. Altogether, this work supports the hypothesis that simultaneous 
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delivery of antigen and immune activator in a virus-mimicking format can enhance cell-

mediated anti-tumor antigen responses and, importantly, demonstrates the therapeutic 

potential of the virus-mimicking E2 nanoparticle as a biomaterial-based vaccine platform 

for delivering tumor associated antigens. 
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3.1. Abstract 

 Nanoparticles have attracted considerable interest as cancer vaccine delivery 

vehicles for inducing sufficient CD8+ T cell-mediated immune responses to overcome the 

low  immunogenicity of the tumor microenvironment. Our studies described here are the 

first to examine the effects of clinically-tested human cancer-testis (CT) peptide epitopes 

within a synthetic nanoparticle. Specifically, we focused on two significant clinical CT 

targets, the HLA-A2 restricted epitopes of NY-ESO-1 and MAGE-A3, using a viral-mimetic 

packaging strategy. Our data shows that simultaneous delivery of a NY-ESO-1 epitope 

(SLLMWITQV) and CpG using the E2 subunit assembly of pyruvate dehydrogenase (E2 

nanoparticle), resulted in a 25-fold increase in specific IFN-γ secretion in HL -A2 

transgenic mice. This translated to a 15-fold increase in lytic activity toward target cancer 

cells expressing the antigen. Immunization with a MAGE-A3 epitope (FLWGPRALV) 

delivered with CpG in E2 nanoparticles yielded an increase in specific IFN-γ secretion 

and cell lysis by 6-fold and 9-fold, respectively. Furthermore, combined delivery of NY-ESO-

1 and MAGE-A3 antigens in E2 nanoparticles yielded an additive effect that increased lytic 

activity towards cells bearing NY-ESO-1+ and MAGE-A3+. Our investigations demonstrate 

that formulation of CT antigens within a nanoparticle can significantly enhance antigen-

specific cell-mediated responses, and the combination of the two antigens in a vaccine can 

preserve the increased individual responses that are observed for each antigen alone. 

3.2.  Introduction 

 oosting a patient’s imm ne system  y imm notherapy represents a promising 

approach in cancer treatment,1 and cancer vaccines in particular enable the recognition of 

tumor-associated antigens for targeted destruction.2  Although these cancer vaccines have 

https://www.sciencedirect.com/topics/chemical-engineering/nanoparticles
https://www.sciencedirect.com/topics/engineering/delivery-vehicle
https://www.sciencedirect.com/topics/engineering/delivery-vehicle
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cd8
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cellular-immunity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/immunogenicity
https://www.sciencedirect.com/topics/engineering/microenvironments
https://www.sciencedirect.com/topics/materials-science/peptide
https://www.sciencedirect.com/topics/engineering/dehydrogenases
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transgenic-mouse
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cancer-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cancer-cell
https://www.sciencedirect.com/topics/materials-science/antigen
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytolysis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antigen-specificity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antigen-specificity
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been shown to elicit CD8 T cell immune responses, the typical response levels generated 

are usually clinically insufficient to overcome the low immunogenicity and 

immunosuppressive microenvironment of tumors.3,4 For example, in a review of clinical 

studies, an overall objective response rate (50% tumor size reduction) of only 2.6% was 

observed with peptide vaccines derived from gp100, MART-1, TRP-2, cancer testis NY-ESO-

1, MAGE-A12, or HER2 antigens (alone or in combination with adjuvant); these results 

suggest the need for development of more effective strategies and therapies.1   

In Chapter 2, we demonstrated higher cell-mediated immune responses to gp100 

antigen, while delivered with E2. While the gp100 antigen is an overexpressed 

differentiation antigen, we evaluated the CT class of antigen in this chapter. Vaccination 

with overexpressed antigens (e.g., gp100) is usually in association with high risk of 

autoimmunity and inflammatory reactions. However, expression of cancer-testis is 

restricted in testes, an immune-privileged site; therefore the risk of autoimmune reactions 

in normal tissues is decreased.  

Given the wide range of tumors that express CT antigens, their relatively high 

expression level in cancer, their restricted expression, and their potential for vaccine 

improvement, the CT class of antigens is an important and significant clinical target. In this 

study, we examined the feasibility of using the E2 nanoparticle to induce cell-mediated 

immune responses against NY-ESO-1 and MAGE-A3 in a mouse model that is transgenic for 

the human major histocompatibility complex, HLA-A2. While our prior work examined 

gp100, an antigen that has mouse and human analogues, this current study focuses on 

antigens that are specifically expressed in humans. 
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 The application of nanotechnology has shown an exceptional promise towards 

improvement of cancer diagnosis and treatment in recent years.5–7 Antigen uptake by 

dendritic cells (DCs) depends on the antigen properties such as geometry,8 surface charge,9 

and importantly, size.10,11 Some nanoparticles have the advantage of being in the optimal 

size for DCs uptake and passive transport to the lymphatic system, with prior research 

demonstrating that particles between approximately 20-45 nm are taken up more 

effectively by the DCs residing in the lymph-nodes.8,12,13 Therefore, delivery of vaccine 

components with these nanoparticles may facilitate and increase DC interaction, resulting 

in a more effective immune responses.14-15 

 One nanoparticle with favorable DC uptake properties is the E2 nanoparticle.15–17 E2 

is a 25-nm non-viral protein nanoparticle derived from the pyruvate dehydrogenase 

complex of Bacillus stearothermophilus.18 It is composed of 60 identical monomer subunits 

that self assemble into a highly thermostable dodecahedral caged structure with a hollow 

12-nm cavity,19 and it can be engineered at the internal, external, and inter-subunit 

interfaces to change the properties and functionality of the nanoparticle.20–23 Our research 

group has also previously demonstrated that the viral-mimetic, simultaneous delivery of 

adjuvant (internally packaged) and MHC-I restricted antigens (bound on the surface) via E2 

nanoparticles resulted in an increase in DCs activation and antigen cross-presentation.16 

This was associated with a significant increase in antigen-specific IFN-γ secretion  t mor 

cell lysis, delayed B16-F10 tumor growth, and increased survival time in C57BL/6 mice.15   

The target epitopes in this current study are HLA-A2 restricted peptide sequences 

from New York esophageal squamous cell carcinoma-1 (NY-ESO-1) and melanoma antigen 

family A, 3 (MAGE-A3).24 While other tumor-associated antigens (TAAs) are often 
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expressed at low levels in healthy tissue, expression of CTs is restricted only to cancer cells 

and the immune-privileged cells in the testis. Furthermore, CT antigens exist in a high 

proportion of different human tumors such as melanoma, bladder, lung, prostate, and 

breast cancers.25,26 In particular, NY-ESO-1 is expressed in 82% of neuroblastomas and 

46% melanomas27 while MAGE-A3 is also expressed in 76% of melanoma cancers.28 A 

phase II clinical trial of NY-ESO-1/ISCOMATRIX vaccine which was recently completed in 

June 2017 (NCT00518206, ClinicalTrials.gov) resulted in 4% partial response (based on a 

standard of 30% reduction in tumor size), 48% stable disease, and 48% progressive 

disease; this result highlights the generation of response to NY-ESO-1, but also the need 

and potential for development of alternative strategies that will yield more effective 

therapies. 

 In this study, we examined the feasibility of using the E2 nanoparticle to induce cell-

mediated immune responses against NY-ESO-1 and MAGE-A3 in a mouse model that is 

transgenic for the human major histocompatibility complex, HLA-A2. We also investigated 

the extent of cell-mediated and cytolytic responses by simultaneous delivery of NY-ESO-1- 

and MAGE-A3-containing nanoparticles. Tumor escape after single-epitope vaccination is 

common since cancers often lose expression of the targeted antigen to evade the immune 

system.29 Immunization with combined antigens can possibly decrease the risk of tumor 

escape resulting from antigen loss.30,31 Furthermore, increasing the number of different 

antigen targets in a vaccine can induce a broader range of T cell responses simultaneously, 

which could be effective in a higher number of patients. Because there is a lack of immune-

competent murine tumor models expressing these CT antigens to examine in vivo anti-

tumor efficacy in the most physiologically relevant way possible, we examined lytic ability 
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ex vivo using human cancer cell lines expressing both NY-ESO-1 and MAGE-A3. To our 

knowledge, our study is the first to test the efficacy of cell-mediated responses to clinically-

relevant CT peptide epitopes formulated as a nanoparticle, and it examines these human 

epitopes in nanoparticles both individually and in combination. 

 

3.3.  Methods 

3.3.1.  Materials 

 Reagents were purchased from Fisher Scientific unless otherwise noted. Complete 

RPMI used in this study for splenocytes was compromised of RPMI 1640 (Mediatech) with 

10% heat-inactivate      (Hyclone)  1mM so i m pyr vate (Hyclone)  1   μg/ml of 

streptomycin (Hyclone), 0.1 mM nonessential amino acids (Lonza), 2 mM L-glutamine 

(Lonza), and 100 units/ml penicillin. Cancer cell lines used in this study were cultured in 

DMEM media (Sigma) supplemented with 10% heat-inactivated FBS (Hyclone).   

 

3.3.2. Peptides and CpG 

 CpG 1826, a bacterial DNA ligand for TLR9, was purchased from Invivogen, and 5' 

benzaldehyde-modified CpG 1826 with a phosphorothioated backbone was synthesized by 

Trilink. The NY-ESO-1 and MAGE-A3 peptide epitopes were synthesized by Genscript or 

Genemed Synthesis (Table 3.1). Peptides were synthesized both with and without an N-

terminal cysteine; the functionalized thiol on the cysteine-modified peptides was used for 

conjugation to E2, whereas peptides with no cysteine were used as controls. In this study, 

the abbreviation (e.g., NYESO, MAGE) refers to the peptide, while the names NY-ESO-1 and 

MAGE-A3 refer to the whole protein. 
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Table 3.1. List of Peptide Epitopes Sequences and their Respective Abreviations in this 

Study. Conventional single-letter abbreviations for amino acids (aa) are used in the peptide 

epitope sequence. 
Abbreviation Antigen source Sequence Serotype Reference 

NYESO NY-ESO-1 C-SLLMWITQV (aa 157-165) HLA-A2 32, 33 

NYESO(p2) NY-ESO-1 C-ILTIRLTAA (aa 132-140) HLA-A2 34 

MAGE MAGE-A3 C-FLWGPRALV (aa 271-279) HLA-A2 35, 36 

MAGE(p2) MAGE-A3 C-KVAELVHFL (aa 112-120) HLA-A2 36 

 

3.3.3. E2 Purification and Characterization 

 In this study, we used the D381C mutant of the E2 nanoparticle, which has an 

aspartic acid-to-cysteine mutation at position 381 in the internal hollow cavity of the 

nanoparticle. The cysteine of D381C can be used for site-directed conjugation, and this 

nanoparticle is abbreviated as "E2" in this study.  Expression, purification, and 

characterization of E2 (D381C mutant) were performed as previously described.19 In 

summary, E. coli strain BL21 (DE3) containing E2 gene was cultured in Luria-Bertani 

medium containing 100 µg/ml ampicillin. Expression was induced by adding 1mM of IPTG 

when the culture reached the optical density of 0.7-0.9 measured at 600 nm. Cells were 

harvested and stored at -80oC. Cells were lysed using French pressure cell (Thermo 

Scientific), and insoluble fraction was removed by centrifugation. Soluble part was heated 

at 70oC for 20 min. Denatured native E.coli protein aggregates were removed by 

centrifugation. The recovered supernatant was loaded to a HiPrep Q Sepharose anion 

exchange column followed by a Superose 6 size exclusion column.19 Purity and the 
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molecular weight of purified E2 were confirmed with SDS-PAGE and electrospray 

ionization mass spectrometry. Dynamic light scattering and transmission electron 

microscopy were used to check the size, assembly, and monodispersity of the particles. As 

previously described, lipopolysaccharide was removed using Triton X-114 (Sigma) 

extraction, and endotoxin levels were evaluated using an LAL ToxinSensor kit 

(Genscript).16 

 

3.3.4. CpG and peptides Conjugation  

CpG 1826 modified with a 5'-benzaldehyde was attached to the TCEP-reduced 

cysteines in the internal cavity of E2 nanoparticles using a N-β-maleimidopropionic acid 

hydrazide (BMPH) linker. The average number of CpG molecules conjugated to the 

internal cavity of E2 nanoparticle was estimated with intensity analysis in ImageJ software, 

using standardized concentrations.16 Peptides with N-terminal cysteines were conjugated 

to the native lysines on the surface of the E2 nanoparticle by mixing the nanoparticle with a 

sulfo-SMCC linker in the presence of a 10-fold excess of TCEP-reduced peptides (relative to 

E2 monomer), and incubating overnight at 4°C. HPLC was used for peptide quantification 

as previously described,15 and details are in Supplementary Materials. 

 

3.3.5. Zeta Potential Measurements  

 To measure zeta potential, the diffusion barrier method with monomodal analysis 

were used because they are compatible with the amounts and physiological ionic strengths 

of our samples. Malvern capillary cells were filled with buffer (50 mM potassium phosphate 

at pH 7.4 with 100 mM NaCl), and 150 µl of nanoparticles (at 1.3 mg/ml) were gently 
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injected to the bottom of the buffer-filled capillary cells.  Zeta potential was measured with 

a Malvern Zetasizer (Nano ZS).  

  

3.3.6. Mice  

 Transgenic mice expressing the human HLA-A2 gene were obtained from Jackson 

Laboratory. 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. Briefly, 6-8 week old female HLA-A2 transgenic C57BL/6 mice were immunized 

subcutaneously at the base of the tail at Day 0. A priming immunization was followed by a 

 ooster after 14  ays   n ections  ere 1   μl an  containe  specific amo nts of pepti e, E2, 

and CpG, based on the formulations tested. Seven days after the last immunization, mice 

were sacrificed and spleens were isolated.  

 

3.3.7. IFN-γ ELISpot 

 For IFN-γ EL  pot   e  se  the Rea y-Set-Go kit (eBioscience). Single-cell 

suspensions in RPMI were prepared from the spleens isolated from immunized mice, and 

added at 5 x 105 and 106 cells/well to PVDF ELISpot plates that were pre-coated with an 

anti-mouse IFN-γ anti o y  Cells  ere inc  ate   ith either 1  μg/ml of the relevant 

peptide or an irrelevant peptide (SIINFEKL) for 24 hrs at 37°C. Unstimulated cells in RPMI 

were plated and served as a negative control. Positive control wells contained 2% PHA-M 

(Gibco). IFN-γ spots  ere developed following the manufacturer's protocol. Plates were 

scanned and quantified using an ELISpot reader (Cellular Technology) and immunospot 

analysis software (Immunospot Analysis Pack).  
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3.3.8. Cell Lines  

 A375, a human malignant melanoma cell line, and MCF-7, a human breast cancer cell 

line, were purchased from ATCC. A375 was cultured in DMEM supplemented with 10% 

FBS, and MCF-7 was cultured in DMEM supplemented with 10% FBS and 0.01 mg/ml 

human recombinant insulin. Cells were incubated at 37oC, under 5% CO2, and were 

passaged 2-3 times a week.  

 

3.3.9.   Cell Lysis Assay 

 Single cell suspensions prepared from splenocytes isolated from immunized mice 

were cultured in RPMI at 5 x 106 cell/ml and incubated overnight at 37°C. On day 1, 10 

μg/ml of target peptide was added to the cells, incubated for 24 hrs at 37°C, and washed 

twice with PBS to remove the unbound peptide. On day 3, culture was supplemented with 

0.4 ng/ml of IL-2. Peptide stimulated splenocytes were collected on day 5 to perform the 

cytotoxicity assay. LDH release was measured with a calorimetric assay, CytoTox 96 

(Promega), to examine the specific lysis of target cancer cell lines expressing NY-ESO-1 and 

MAGE-A3 antigens. A375 expresses both NY-ESO-137 and MAGE-A3,38 while MCF7 has low 

expression of these antigens.39,40 Splenocytes were counted with a hemocytometer, co-

cultured with the target cancer cell lines at effector-to-target ratios of 100:1, 50:1, and 25:1, 

and evaluated for LDH release following the manufacturer's protocol. Data is reported as 

"% Lysis", calculated as 

       
                        

                   
      

where "experimental LDH release" is the LDH release from cancer cells co-cultured with 

splenocytes minus the sum of LDH release from the cancer cells and the splenocytes 
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cultured separately. "Maximum LDH release" is from lysed cancer cells using the kit's lysis 

buffer minus background LDH release from cancer cells. 

 

3.3.10. Statistical Analysis 

 Statistical analysis was carried out using GraphPad Prism. Data are presented as 

mean ± stan ar  error of the mean (  E M ) of at least three in epen ent experiments (n ≥ 

3). Statistical analysis was determined by a two-way ANOVA over all groups followed by a 

Tukey's multiple comparison test, unless otherwise noted. P-values less than 0.05 were 

considered significant. 

 

3.4. Results and Discussion 

3.4.1. Conjugation of CpG and Cancer-Testis Peptides to E2 Nanoparticle Yielded Intact 

Nanoparticles  

 

 Both CpG and peptides were successfully conjugated to the E2 nanoparticle, and the 

results are consistent with those previously described for conjugation of other epitopes to 

the E2 nanoparticle.15,16 The CpG-conjugated nanoparticle (CpG-E2) displayed two distinct 

bands on SDS-PAGE [Figure 3.1.A]; the lower band at ~28 kDa is the  ncon  gate  E  

monomer an  coinci es  ith  8118 ± 1  Da meas re   y mass spectrometry  an  the  an  

at    35 kDa is indicative of the conjugation of one CpG molecule attached to one 28-kDa E2 

monomer. By analyzing band intensities, we estimate a conjugation ratio of 21 ± 4 CpG 

molecules encapsulated per (60-mer) protein particle, similar to prior studies.16   

 Simultaneous conjugation of CpG to the internal cavity and peptides to external 

surface of E2 resulted in two distinct broad bands [Figure 3.1.A]. The broad band between 
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30-35 kDa shows the heterogeneous conjugation of peptides (from Table 3.1) to the surface 

of E2 monomers (peptide-E2), and the band between 35-40 kDa confirms the simultaneous 

conjugation of peptide and CpG to the E2 monomers (CpG-peptide-E2). We quantified the 

number of peptides conjugated to the E2 nanoparticle with HPLC,15 and found that on 

average, 140 ± 16 NYESO or 155 ± 21 MAGE peptides were attached on each protein 

nanoparticle. Conjugation of CpG and peptides to the E2 nanoparticle resulted in a 1:1 mass 

ratio. This 1:1 mass ratio of CpG and peptide has been used in other studies to induce CD8 

T cell responses.41,42  

 Dynamic light scattering revealed a hydrodynamic diameter of 28.4 ± 0.7, 30 ± 1.3, 

and 30 ± 0.9 nm for E2, CpG-NYESO-E2, and CpG-MAGE-E2 respectively [Figure 3.1.B]. DLS 

data confirmed that particles remained unaggregated and within the optimal reported size 

for lymphatic drainage (20-45 nm),5,12,13 even after conjugation. This data verifies that 

attachment of short peptides (9 amino acid length) on the surface of the nanoparticle does 

not result in a dramatic change in size. TEM analysis further confirmed intact, non-

aggregated CpG-NYESO-E2 [Figure 3.1.C] and CpG-MAGE-E2 [Figure 3.1.D] nanoparticles. 

The zeta potential of E2, CpG-NYESO-E2, and CpG-MAGE-E2 nanoparticles were -11.7 ± 1 

mV, -12.8 ± 1 mV, and -11.1 ± 1.8 mV, respectively. This data confirmed that conjugation of 

NYESO or MAGE peptides on the surface and CpG inside of the nanoparticles did not change 

the overall surface charge compared to the E2 nanoparticle itself. 
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Figure 3.1. Characterization of Functionalized Nanoparticles. A) SDS-PAGE shows 

successful conjugation of CpG and peptides (NYESO, MAGE) to E2 nanoparticles. B) DLS 

reveals nanoparticle sizes of about 30 nm, before and after conjugation. C) TEM of CpG-

NYESO-E2 nanoparticles. D) TEM of CpG-MAGE-E2 nanoparticles. Scale bars are 100 nm. 

 

3.4.2. Immunization with CpG-NYESO-E2 Nanoparticles Yielded Increased Antigen-Specific 

IFN-γ Secretion  

 

 Different vaccine formulations of NY-ESO-1 antigen peptide, CpG, and E2 were 

investigated, and ELISpot results are presented in Figure 3.2. Immunization with the CpG-

NYESO-E2 nanoparticle significantly increased the NY-ESO-1 epitope-specific IFN-γ 

secretion by 25-fold, compared to immunization with unbound CpG and NYESO, at an 

equivalent amount of antigen and adjuvant [Figure 3.2.B,C]. In contrast, we observed 

negligible IFN-γ response  y the cells p lse   ith an irrelevant SIINFEKL peptide [Figure 

3.2.C], confirming that the immune response generated from immunization was specific to 

the NYESO epitope. Splenocytes isolated from mice immunized with bare E2 nanoparticle 

also lacked significant amounts of NYESO-specific IFN-γ secretion [ ig re 3.2.C], confirming 

that higher IFN-γ secretion res lting from CpG-NYESO-E2 immunization was not a result of 

non-specific immune responses to the E2 delivery platform itself. 
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 We previously observed higher DC activation towards CpG-E2 nanoparticles and 

also an elevated antigen cross-presentation when a model ovalbumin peptide and CpG 

were delivered within an E2 nanoparticle, relative to unbound antigen and adjuvant.16 This 

suggests that our observed increase in IFN-γ secretion in this experiment res lts from 

higher DCs activation and more efficient cross-presentation of the NYESO epitope. This 

mechanism of improving T cell immunity by increasing DC uptake and activation is 

supported by Dhodapkar et al., who observed higher antigen-specific CD8 T cell responses 

with a vaccine that targeted NY-ESO-1 antigen to the DEC205 receptor of DCs.43 The high 

IFN-γ secretion specific to N E   epitope (aa 1 7-165) in our study is consistent with 

ELISpot/IFN-γ  ata previo sly reporte  on a N -ESO-1 protein with ISCOMATRIX 

vaccine44 and a lentiviral vector encoding the NY-ESO-1 gene. 45 However, in contrast to 

those cases, our vaccine formulation contains only a single NY-ESO-1 epitope rather than 

the whole protein or gene, respectively, used in the previous studies.   

We also observed higher peptide-specific IFN-γ secretion for the gro p receiving 

imm ni ations of    μg CpG-NYESO-E2 compare  to    μg CpG-NYESO-E2 [Figure 3.2.C; 

groups e, f]. This demonstrates dose dependency of the generated cell-mediated immune 

response to the N E   epitope  Ho ever  imm ni ation  ith 1   μg of CpG-NYESO-E2 did 

not increase the IFN-γ secretion compare  to    μg  an  in fact sho e  a significant 

decreased across the cohort of mice [see Appendix B]. This could be due to increased levels 

of suppressive T cells,46 T cell exhaustion,47 or high antigen doses leading to increase 

tolerance.48 

In addition to the NY-ESO-1 peptide epitope examined in Figure 3.2 (NYESO), we 

examined another epitope [NYESO(p2)] (see Table 3.1) that had been previously reported 
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to yield a relatively low lysis of NYESO(p2)-pulsed T2 cells when incubated with T 

lymphocytes isolated from a patient.34 In contrast to that study, however, our data showed 

that immunization with nanoparticle formulations of the NYESO(p2) epitope [CpG-

NYESO(p2)-E2] did not result in any significant increase in the IFN-γ secretion [see 

Appendix B]. To our knowledge, there have been no additional reports regarding the 

immunogenicity of this peptide. One explanation for this apparent discrepancy is that the in 

vitro data using T2 cells34 may not recapitulate what happens in vivo. 
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Figure 3.2. ELISpot Analysis of Splenocytes from Immunization with NY-ESO-1 

Formulations. A) Vaccine components per dose of different formulation groups (a-f).  B) 

Representative ELISpot data from splenocytes of immunized group, pulsed with irrelevant 

peptide (SIINFEKL) or relevant epitope peptide (NYESO).  C) Summary of averaged ELISpot 

data, which evaluated antigen-specific IFN-γ secretion  HLA-A2 mice were immunized with 

different formulations (a-f), and splenocytes were pulsed ex vivo in the presence of relevant 

peptide (NYESO) or irrelevant peptide (SIINFEKL) and analyzed for specific IFN-γ 

secretion. Higher NY-ESO-1 epitope-specific IFN-γ secretion was observed for the group 

that received CpG-NYESO-E2. Data is presented as average ± S.E.M. of at least 3 

in epen ent experiments (n ≥  )   tatistical significance  as  etermine   y t o-way 

ANOVA followed by a Tukey's test (***p < 0.001; ****p < 0.0001).    

 

 

3.4.3. Higher Lysis Activity toward NY-ESO-1+ Cancer Cells Was Observed for the Group 

Immunized with CpG-NYESO-E2 Nanoparticles  

 

 Lytic capacity of splenocytes isolated from immunized mice was tested on a human 

melanoma cell line expressing NY-ESO-1 (A375)49-50 and on a human breast cancer cell line 

negative for NY-ESO-1 expression (MCF-7)39, both positive for HLA-A2.39,49 The increase in 
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antigen-specific IFN-γ levels that res lte  from CpG-NYESO-E2 immunization [Figure 3.2] 

translated to a 15-fold increase in the lysis activity towards A375, compared to unbound 

peptide and CpG [Figure 3.3.A]. In contrast, no significant lysis was observed for the control 

cell line, MCF-7 [Figure 3.3.A]. This data supports the specificity of the immune response 

for the NY-ESO-1 antigen. 

 Our data also confirms that lysis activity towards the target cancer cell line is dose-

dependent; higher activity toward A375 can be achieved by increasing the effector-to-

target ratio  [Figure 3.3.B], where the effector cells are the splenocytes isolated from the 

immunized mice and the target cells are the cancer cells. Our lysis data is comparable to 

those previously reported on the NY-ESO-1/ISCOMATRIX vaccine by which the entire NY-

ESO-1 protein was delivered.44 Remarkably, we observed almost the same extent of lysis by 

delivering a single NY-ESO-1 epitope rather than the whole antigen with multiple epitopes, 

albeit toward a different target cell line.   

 Splenocytes isolated from mice immunized with bare E2 nanoparticles or 

antigen/CpG alone did not increase specific lysis [Figure 3.3.A]; this confirms that the 

significant increase in lysis resulting from the CpG-NYESO-E2 immunization is due to the 

complete nanoparticle-adjuvant-antigen delivery system, and not the effect of E2 or antigen 

alone. The E2 data is consistent with prior work by Perham and De Berardinis, which 

previously demonstrated a negligible lysis activity towards the mouse lymphoma RMA-S 

cell line by splenocytes isolated from mice immunized with bare E2 nanoparticle.51 Taken 

together, our data show that conjugation of the NY-ESO-1 epitope and CpG adjuvant to the 

nanoparticle is an effective delivery strategy for increasing INF-γ response  an  it res lts in 

a functional lysis activity that is specific towards the NY-ESO-1 epitope.   
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Figure 3.3. Results of Cell Lysis Assays Using Splenocytes from Immunization with 

NY-ESO-1 Formulations. A) Summary of average lysis data at 100:1 effector:target ratio. 

HLA-A2 mice were immunized with different formulations (a-f; see Fig. 2A for schematic), 

and splenocytes were pulsed ex vivo in the presence of NYESO peptide. Splenocytes isolated 

from mice immunized with CpG-NYESO-E2 nanoparticles enhanced lysis activity toward 

A375, relative to free peptide and CpG. B) Cell lysis results at different effector:target 

ratios. HLA-A2 mice were immunized with different formulations (a-f; see Fig. 2A for 

schematic), and splenocytes were pulsed ex vivo in the presence of NYESO peptide. Lytic 

ability toward A375 cell line resulted from CpG-NYESO-E2 nanoparticles immunization is 

dose dependent. Data is presented as average ± S.E.M. of at least 3 independent 

experiments. Statistical significance was determined by two-way ANOVA followed by a 

Tukey's test (***p < 0.001; ****p <0.0001). 

 

 

3.4.4. Immunization with CpG-MAGE-E2 Nanoparticles Yielded Increased Antigen-Specific 

IFN-γ Secretion 

 

 Peptide epitopes for MAGE-A3 were conjugated to the E2 nanoparticle bearing the 

CpG adjuvant. The ELISpot results of immunizations with the different MAGE formulations 

are presented in Figure 3.4. Vaccination with the CpG-MAGE-E2 nanoparticles increased 

the number of IFN-γ spots  relative to free CpG and MAGE [Figure 3.4.B]. We also observed 

a dose-dependent response, where significantly higher IFN-γ secretion  as o taine  for 

mice imm ni e   ith the    μg  ose compare  to the    μg  ose   imilar to CpG-NYESO-

E2, CpG-MAGE-E2 increased the specific IFN-γ secretion compare  to the free pepti e/CpG 
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control group, but to a lower extent (6-fold for MAGE vs. 25-fold for NYESO for the 

compara le    μg  ose)  High   N-γ secretion to this M GE epitope  as also observed in a 

previous study, where HLA-A2 mice were immunized with DNA vaccine encoding 5 

epitopes, followed by a booster of peptide epitopes in solution plus a hepatitis B virus core 

containing a T helper peptide.35 In contrast to the previous study, however, we obtained 

high IFN-γ secretion to the MAGE epitope without a need for T helper peptides or a 

separate DNA vaccine. 

The second MAGE-A3 epitope in this study, MAGE(p2), did not affect the splenocyte 

IFN-γ secretion  hen con  gate  to E2-CpG compared to unbound peptide and CpG [see 

Appendix B]. The apparent discrepancy between our study compared to a previous 

investigation52 could be due to the different experimental conditions.  In the prior study, 

much higher doses of peptide MAGE(p )  as  se  (    μg total) compare  to o rs (1  μg 

total)  together  ith an a  itional 1   μg of hepatitis   vir s core containing a T helper 

epitope.52  
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Figure 3.4. ELISpot Analysis of Splenocytes from Immunization with MAGE-A3 

Formulations. A) Vaccine components per dose of different formulation groups (a-e). B) 

Summary of averaged ELISpot data, which evaluated antigen-specific IFN-γ secretion  HLA-

A2 mice were immunized with different formulations (a-e), and splenocytes were pulsed ex 

vivo in the presence of relevant peptide (MAGE) or irrelevant peptide (SIINFEKL) and 

analyzed for specific IFN-γ secretion  Higher M GE-A3 epitope-specific IFN-γ secretion  as 

observed for the group that received CpG-MAGE-E2. Data is presented as average ± S.E.M. 

of   in epen ent experiments (n ≥  )   tatistical significance  as  etermine   y t o-way 

ANOVA followed by a Tukey's test (**p < 0.01; ***p < 0.001).  

 

 

3.4.5. Higher Lysis Activity toward MAGE-A3+ Cancer Cells Was Observed for the Group 

Immunized with CpG-MAGE-E2 Nanoparticles. 

 

 MAGE-specific lytic activity of splenocytes isolated from immunized mice was tested 

using A375 and MCF-7, which are positive38,53 and negative40 for MAGE-A3, respectively, 

and results are presented in Figure 3.5. Splenocytes isolated from mice immunized with 

CpG-MAGE-E2 nanoparticles significantly enhanced the lytic activity toward A375 by 9-fold 

at a 100:1 effector-to-target ratio [Figure 3.5.A], compared to free peptide and CpG. As 

expected, lytic activity observed for the mice immunized with CpG-MAGE-E2 is specific to 
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the cell line expressing MAGE, where no significant lysis was observed for the control cell 

line MCF-7. As with the results for the NY-ESO-1 antigen on our nanoparticle, our data 

confirms dose dependency of lysis activity toward target cell line [Figure 3.5.B]. Our data is 

also consistent with results previously reporting that the MAGE-specific CD8 T cells 

generated from immunization of MAGE epitope within bacteriophage are capable of 

recognizing and lysis of the MAGE-A3+ cell line.54 This data, together with the data 

generated for NYESO epitope, confirms that the E2 nanoparticle can be used as an effective 

platform to simultaneously deliver clinically-tested CT antigens and CpG, resulting in an 

increase in the cellular-mediated immune responses generated to the target epitope. 
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Figure 3.5.  Results of Cell Lysis Assays Using Splenocytes from Immunization with MAGE-

A3 Formulations. A) Summary of average lysis data at 100:1 effector:target ratio. HLA-A2 

mice were immunized with different formulations (a-e; see Fig. 4A for schematic), and 

splenocytes were pulsed ex vivo in the presence of MAGE. Splenocytes isolated from mice 

immunized with CpG-MAGE-E2 nanoparticles enhanced lysis activity toward A375, relative 

to free peptide and CpG. B) Cell lysis results at different effector:target ratios. HLA-A2 mice 

were immunized with different formulations (a-e; see Fig. 4A for schematic), and 

splenocytes were pulsed ex vivo in the presence of MAGE peptide. Lytic ability toward A375 

cell line resulted from CpG-MAGE-E2 nanoparticles immunization is dose dependent. Data 

is presented as average ± S.E.M. of at least 3 independent experiments. Statistical 

significance was determined by two-way ANOVA followed by a Tukey's test (***p < 0.001, 

****p < 0.0001). 

 

  

3.4.6. Co-Immunization with Nanoparticles Bearing both NYESO and MAGE Epitopes Yielded 

an Additive IFN-γ Effect and Increased the Lysis Activity 

 

 Prior studies have demonstrated that targeting a tumor through multiple antigen 

sources can decrease the possibility of tumor escape. For example, Banchereau et al. 

demonstrated clinical benefit for patients who received vaccines composed of four 

different melanoma antigens if at least two out of four antigen peptides were immunogenic 

in patients, rather than one peptide alone.55-56 Similar observations have been made for 
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renal cell cancer.57 Therefore, we investigated the effects of simultaneous immunization 

with CpG-NYESO-E2 and CpG-MAGE-E2 nanoparticles.   

We observed that immunization with the CpG-NYESO-E2 and CpG-MAGE-E2 

nanoparticles together (   μg each     μg total per  ose) significantly increase  the N E   

and MAGE epitope-specific IFN-γ secretion  compare  to imm ni ation  ith sim ltaneo s 

vaccination of unbound CpG, NYESO, and MAGE peptides [Figure 3.6.B]. As expected, we 

observed negligible IFN-γ for the cells pulsed with an irrelevant SIINFEKL peptide [Figure 

3.6.B], confirming the specificity of immune response generated from immunization.  

We also obtained the same levels of IFN-γ secretion to the individual NYESO and 

MAGE epitopes when CpG-NYESO-E2 and CpG-MAGE-E2 nanoparticles were co-

administered, relative to each nanoparticle formulation separately [Figure 3.6.B]; this 

shows that the specific IFN-γ responses to individual epitopes were preserved after co-

immunization. The result is an additive effect to IFN-γ secretion, with the total IFN-γ 

frequencies of group f (sum of NYESO- and MAGE-specific IFN-γ) being approximately 

equal to the sum of individual NYESO-specific IFN-γ (group b) and MAGE-specific IFN-γ 

(group d). Furthermore, this additive effect to IFN-γ secretion from the simultaneous 

immunization is entirely antigen-specific and is not due to the adjuvant effect of CpG-E2 

nanoparticle, since the addition of CpG-E2 alone did not further promote the specific IFN-γ 

secretion (compare formulations a to b, and c to d; Figure 3.6.B).  

Consistent with the ELISpot data, splenocytes isolated from mice simultaneously 

immunized with CpG-NYESO-E2 and CpG-MAGE-E  nanoparticles (   μg each     μg total 

per dose) significantly enhanced the lytic activity toward A375 [Figure 3.6.C], in a dose 

dependent manner [Figure 3.6.D], relative to unbound CpG, NYESO, and MAGE epitopes. As 
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expected, the lytic activity was specific to A375, with no  lysis observed for the control cell 

line MCF-7 [Figure 3.6.C]. Furthermore, an elevated and additive lysis activity was 

observed for the mice that were co-immunized with CpG-NYESO-E2 and CpG-MAGE-E2 

formulations compared to each formulation separately [Figure 3.6.C].   

However, co-immunization with higher doses of CpG-NYESO-E2 and CpG-MAGE-E2 

nanoparticles (   μg each  1   μg total per  ose) did not amplify the specific-IFN-γ 

secretion [see Appendix B] or lysis activity [see Appendix B], relative to each formulation 

separately; in fact, both IFN-γ and lysis effects were lower than the effects of each 

individual antigen-nanoparticle alone. This observation could be due to T cell exhaustion47 

or peptide competition on the MHC of the antigen presenting cells (e.g., DCs) or on the T 

cell receptors.58,59 This  ata  together  ith o r  ata for the 1   μg CpG-NYESO-E2 results 

[see Appendix B], shows that for our current immunization schedule, the optimal dose for 

maximal imm nogenic response is    μg total nanoparticle (either    μg for one antigen  or 

   μg for two antigens). 

Overall, our results show that co-delivery of a multi-epitope nanoparticle vaccine 

can elicit higher cell-mediated immune responses than single-epitope formulations. 

Although dosing multiple (unconjugated) peptides in solution has shown to increase 

immune responses in the clinic,39-41 and others have investigated other classes of antigen 

combinations,60,61 our study is the first investigation, to our knowledge, that has examined 

the efficacy of administering multiple cancer-testis epitopes peptides within the context of 

nanoparticles. Our data show that (1) co-immunization of our E2 nanoparticle vaccines can 

preserve the individual cell-mediated effects against cancer-testis antigens and (2) that 

these IFN-γ and lytic effects are additive.  
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On the other hand, some groups have shown vaccination with cytotoxic T-cell 

epitopes can be more successful in combination with helper epitopes.62 However, other 

evidence has shown that the CD8 T cell response in melanoma patients can actually be 

reduced after co-immunization with T helper epitopes.62,63 Using T helper epitopes in our 

vaccines could be another important approach towards increasing efficacy, which will be 

examined in a future study.  
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Figure 3.6. Cell-Mediated Immune Responses Using Splenocytes from Co-

Immunization with NY-ESO-1 and MAGE-A3 Formulations. A) Vaccine components per 

dose of different formulation groups (a-f). B) Summary of averaged ELISpot data, which 

evaluated antigen-specific IFN-γ secretion  HLA-A2 mice were immunized with different 

formulations (a-f). Splenocytes of immunized mice were pulsed ex vivo in the presence of 

relevant peptide (NYESO or MAGE) or irrelevant peptide (SIINFEKL) and analyzed for 

specific IFN-γ secretion  Data is presente  as average ±   E M  of at least   in epen ent 

experiments. Statistical significance was determined by two-way ANOVA followed by a 

Bonferroni's test (**p < 0.01; ***p < 0.001). C) Summary of average lysis activity at 100:1 

effector: target ratio. Mice received immunizations with different formulations (a-f), and 

splenocytes were incubated with target cells (A375 or MCF-7). Co-immunization with CpG-

NYESO-E2 and CpG-MAGE-E2 nanoparticles significantly enhanced the lytic activity toward 

HLA-A2+ and MAGE-A3+ cell line (A375), relative to immunization with one antigen. D) Cell 

lysis results at different effector:target ratios. Data show dose-dependent cell lysis for both 

individual and combined antigens when bound to E2 and CpG, relative to unconjugated 

peptides and CpG. Data is presented as average ± S.E.M. of at least 3 independent 

experiments. Statistical significance was determined by two-way ANOVA followed by a 

Tukey's test (**p < 0.01; ***p < 0.001). 
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3.5. Conclusion 

 In this study, we have investigated the effects of incorporating clinically-relevant 

human CT antigens into a nanoparticle platform that had been previously shown to 

increase cancer vaccine efficacy. We examined whether higher cell-mediated immune 

responses can be achieved by simultaneously packaging of CT antigens and CpG adjuvant to 

the E2 nanoparticle. In a HLA-A2 transgenic mouse model, we found that immunization 

with nanoparticle formulations containing CpG and CT antigens resulted in a significantly 

higher specific IFN-γ frequencies compared to unbound antigen and CpG. Further, we 

observed an elevated lysis activity towards a target cancer cell line (A375). Additionally, 

simultaneous delivery of CpG-NYESO-E2 and CpG-MAGE-E2 nanoparticles preserved the 

effects of the individual antigen-nanoparticles, and resulted in an additive IFN-γ secretion 

and lysis activity relative to each separate nanoparticle formulation. Altogether, this work 

shows the advantages of using the E2 nanoparticle as an effective vaccine platform to 

deliver cancer-testis antigens for higher cell-mediated activation. 
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4.1. Abstract 
 
 Obstruction of inhibitory effects of immune checkpoint molecules is a promising 

approach in cancer treatment. However, treatments with checkpoint inhibitors are still not 

effective in a significant portion of patients. Cancer treatments are often most effective 

when performed in combination with one another. Vaccination is a promising approach to 

increase immune checkpoint inhibitors efficacy, due to their individual mechanism of 

action. We have been exploring the non-viral E2 protein nanoparticle as a platform for 

cancer vaccine delivery. Simultaneous delivery of melanoma gp100 antigen and CpG 

adjuvant within E2 nanoparticle (CpG-gp-E2) resulted in an improved survival of tumor-

bearing animals, enhanced IFN-γ secretion  an  increase  T cell population, compared to 

the     control gro p    rthermore  in an aggressive  1 - 1  t mor mo el      % of the 

mice treate   ith com ination of anti- D-1  ith CpG-gp-E  nanoparticle remaine  t mor-

free  compare   ith  % an    5% survival for CpG-gp-E2 and anti-PD-1 treatment groups 

alone, respectively. These results show that combination of protein-based cancer vaccines 

with anti-PD-1 can significantly increase the immune checkpoint inhibitor efficacy. 

 
4.2. Introduction 

 One of the promising approaches in cancer immunotherapy is the obstruction of 

inhibitory effects of immune checkpoint molecules1,2 which exist to support self tolerance 

and protect individuals against autoimmunity diseases.3,4 Despite all promises, however, 

treatments with checkpoint inhibitors are still not responsive in a significant portion of 

patients; only     % of patients have long-term s rvival   ith the longest reporte  s rvival 

of   10 years.5,6 Also, many aggressive cancer types do not respond to these immune 

checkpoint therapies.7,8 Treatment with immune checkpoint inhibitors only release the 
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general T cell suppression (release the brake on existing T cells), without boosting the 

specific T cell responses towards tumors. Therefore, poor outcomes of  checkpoint 

inhibitors may signify the absence of a strong specific anti-tumor T cell response in the 

tumor microenvironment (TME). Thus, the efficacy could possibly be improved in the 

presence of higher anti-tumor T cell responses. In Chapters 2 and 3, we demonstrated the 

ability of antigen-E2 delivery system in inducing strong specific anti-tumor responses. 

Therefore, combination of immune checkpoint inhibitors with antigen-E2 delivery system 

could increase the checkpoint inhibitor efficacy. In this chapter, we investigated whether a 

prolonged animal survival can be achieved if immune checkpoint inhibitor treatment is 

administered in combination with our nanoparticle vaccine.  

 Antigen-specific T cell responses, which are needed to overcome the low 

immunogenicity of cancer cells, are controlled by the balance between co-stimulatory and 

co-inhibitory signals.9,10 Generation of CD8 T cell response  is a complex multi-step process. 

The first step is recognition of the tumor antigen in the context of human leukocyte antigen 

(HLA) molecules by T cell receptors (TCR).11 After antigen recognition by TCR, T cells are 

only activated if CD28, a stimulatory molecule expressed on T cells, binds to the ligands 

CD80 and CD86 on APCs.9,10 Following T cell activation, inhibitory checkpoint molecules 

such as program death 1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4) are 

expressed on the surface of activated T cells. Interaction between these molecules and their 

ligands lead to T cell inactivation.12–14 Therefore, blockade of PD-1, CTLA-4 and/or their 

ligands can release the T cell deactivation and improve the anti-tumor responses.14–16  

 Nivolumab and ipilimumab, two FDA-approved immune checkpoint inhibitor 

antibodies, demonstrated clinical efficacy in different advanced malignancies.17,18 Ho ever  
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 espite all promises   only    20% of patients benefit from a long-term survival of about 3 

years post treatment.5,6 Therefore, it is hypothesized that combination approaches with 

immune checkpoint inhibitors are needed to improve the efficacy. Treatment with immune 

checkpoint inhibitors only release the general T cell suppression, without boosting the 

specific T cell responses towards tumors.  On the other hand, cancer vaccines aim to prime 

the immune system to recognize specific tumor antigens which results in an expansion of 

specific CD8 T cell responses.19,20 Therefore, combination of cancer vaccines (to increase T 

cell responses) with checkpoint inhibitors (to release the T cell deactivation) could 

improve the efficacy of immune checkpoint inhibitors.21,22  

 Although conventional cancer vaccines (peptide and protein-based vaccines) usually 

fail to efficiently trigger immune responses  against cancer cells;23 the delivery of these 

peptides and proteins  as components within nanoparticles has shown promising 

improvements in vaccine efficacy.24 Specially, protein nanoparticles have attracted 

incredible interest because of their highly organized structures and symmetry, ability to be 

specifically functionalized, and ideal size for vaccine delivery.25 Therefore, combination of 

immune checkpoint inhibitors with cancer vaccines in the context of protein nanoparticles 

can possibly improve checkpoint inhibitor efficacy. Combination of PD-1 inhibitor with 

dendritic cell (DC) vaccine,26 multipeptide vaccine,27 and DNA vaccine28 have been studied; 

in all cases higher animal survival rate was observed for combination treatment compared 

to immune checkpoint therapy alone. This synergistic effect could be a result of an increase 

in T cell response (due to the vaccine) and a decrease in the T cell inhibition (due to 

checkpoint inhibitor) simultaneously.  
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  In Chapter 2, our research group demonstrated that the simultaneous delivery of 

CpG (adjuvant) and gp100 (melanoma MHC-I restricted antigen) within E2 nanoparticles 

resulted in enhanced antigen-specific IFN-γ secretion, and prolonged survival time 

in C57BL/6 mice.29 Also in Chapter 3, our data confirmed that in a HLA-A2 transgenic 

mouse model, significantly higher IFN-γ secretion an  cell lysis activity can  e achieve  

when HLA-A2 restricted human cancer-testis antigens and CpG were coupled to the E2 

nanoparticle.30 

 In this chapter, we investigated the therapeutic effect of CpG-gp-E2 immunization 

rather than the preventive effect evaluated in the previous study (Chapter 2).29 We tested 

different schedule/regimen of nanoparticle immunization in order to find an effective one 

in inducing anti-tumor responses. T cell proliferation, and PD-1 and CTLA-4 expressions on 

T cells were also examined. We also evaluated the therapeutic effects of combination 

therapy of antigen-E2 delivery vaccine with anti-PD-1 antibody in a B16-F10 melanoma 

model in C57BL/6 mice. To our knowledge, our study is the first one to test the 

combination of a protein-based nanoparticle vaccine and immune checkpoint inhibitors. 

 

4.3. Methods  

4.3.1. Materials 

 Reagents were purchased from Fisher Scientific and antibodies were from Life 

Technologies unless otherwise noted. Complete RPMI used in this study for splenocytes 

was compromised of RPMI 1640 (Mediatech) with 10% heat-inactivated FBS (Hyclone), 

1mM sodium pyr vate (Hyclone)  1   μg/ml of streptomycin (Hyclone)    1 mM 

nonessential amino acids (Lonza), 2 mM L-glutamine (Lonza), and 100 units/ml penicillin.  
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4.3.2. Cell Line 

 B16-F10, a murine melanoma cell line, was purchased from ATCC. B16-F10 was 

cultured in DMEM supplemented with 10% FBS, as suggested by the manufacturer. Cells 

were incubated at 37oC, under 5% CO2, and were passaged 2-3 times a week [cells were 

passaged if they were > 90% confluent]. 1.5 ml of 0.5% trypsin (370C) was added to B16-

F10 cells (T-25 flask). Cells (+trypsin) were placed at 37oC inc  ator  ntil cells  ere 

 etache  [   5 min]. Then, cells were checked under microscope. The side of the flask was 

tapped to disperse any cell lumps. Seven mls of fresh warm media (DMEM + 10% FBS) was 

added to dilute the trypsin. Cells were spun down for 5 min at 300 × g. The supernatant 

was discarded and cells were resuspended in fresh media. Cells were stained in trypan blue 

and cells were counted using hemocytometer. B16-F10 [4 times diluted] were placed in a 

new T-   flask   nly cells  ith passage # ≤ 1   ere  se  for the experiments   

 
4.3.3. E2 Purification and Characterization 

 Expression, purification, and characterization of the D381C protein nanoparticle 

(abbreviated as E2 in this study) were performed as previously described.31 In summary, E. 

coli strain BL21(DE3) containing E2 gene was cultured in Luria-Bertani medium containing 

100 µg/ml ampicillin. Expression was induced by adding 1mM of IPTG when the culture 

reached the optical density of 0.6-0.9 measured at 600 nm. Cells were harvested and stored 

at -80oC. Cells were lysed using French pressure cell (Thermo Scientific), and the insoluble 

fraction was removed by centrifugation. Soluble part was heated at 70oC for 20 min. 

Denatured native E.coli protein aggregates were removed by centrifugation at 90,000 × g 

for 1 hr. The recovered supernatant was loaded to a HiPrep Q Sepharose anion exchange 



80 
 

column followed by a Superose 6 size exclusion column.31 Purity of the E2 nanoparticle was 

confirmed with SDS-PAGE. Dynamic light scattering was used to check the size, and 

assembly of the particles.  

 As previously described, lipopolysaccharide was removed using Triton X-114 

(Sigma) extraction, and endotoxin levels were evaluated using an LAL ToxinSensor kit 

(Genscript).32 Briefly, Triton X-114 (Sigma) was added to the E2 nanoparticle at 1% [v/v] 

ratio, incubated at 4°C for 5 min, vortexed, and incubated at 37°C for 5 min. The mixture 

was then centrifuged at 18,000 × g and 37°C for 30 seconds. E2-containing aqueous portion 

 as transferre  to a ne  microcentrif ge t  e  This process  as repeate  ≥ 8 times  Triton 

was removed with detergent removal spin columns (Pierce). LPS levels were below 5 

EU/mg of E2 protein nanoparticle (LAL ToxinSensor gel clot assay, Genscript).  

 
4.3.4. CpG and Antigen Epitope Conjugation  

 5' benzaldehyde-mo ifie  CpG 18   [ ’-tccatgacgttcctgacgtt- ’]  ith a 

phosphorothioated backbone was synthesized by Trilink. The gp10025-33 antigen epitope, 

CKVPRNQDWL, a CTL-restricted epitope from human gp100,33 was synthesized by 

Genemed Synthesis. CpG and antigen epitope conjugation and characterization were 

performed as previously described.29,30 Briefly, CpG 1826 modified with a 5'-benzaldehyde 

was attached to the cysteines in the internal cavity of E2 nanoparticles using a N-β-

maleimidopropionic acid hydrazide (BMPH) linker. TCEP-reduced peptides with N-

terminal cysteines were conjugated to the lysines on the surface of the E2 nanoparticle by 

incubating the nanoparticle with a sulfo-SMCC linker.  
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4.3.5. Zeta Potential Measurements  

 To measure zeta potential, the diffusion barrier method with monomodal analysis 

were used because of its compatibility with physiological ionic strengths of our protein 

nanoparticle. Malvern capillary cells were filled with buffer (50 mM potassium phosphate 

at pH 7.4 with 100 mM NaCl), and 150 µl of nanoparticles (at 1.3 mg/ml) were gently 

injected to the bottom of the cells.  Zeta potential was measured with a Malvern Zetasizer 

(Nano ZS). 

 

4.3.6. Mice 

  emale C 7 L/  mice (   6 weeks) were obtained from Jackson Laboratory. 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.  

 

4.3.7. Tumor Challenge for Different Immunization Schedule, Section 4.4.2. 

 105 of B16-F10 melanoma cells (in 1   μl DMEM  no    ) were subcutaneously 

inoculated in the right flank of female C57BL/6 mice, and tumor size was measured daily 

with a caliper. Tumor volume was calculated as (0.5 × shortest diameter2 × longest 

diameter). All mice were sacrificed on day 14, if they were not already sacrificed due to 

tumor size. 

 

4.3.8. Tumor Challenge for Combination & Re-Challenge Study, for Section 4.4.5. 

 104 of B16- 1  melanoma cells [in 1   μl DMEM  no    ]  ere s  c taneo sly 

inoculated in the right flank of female C57BL/6 mice, and tumor size was measured daily  
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with a caliper. Mice were sacrificed when tumor reached 1.5 cm in diameter. 

 

4.3.9. Nanoparticle Immunization 

 All immunizations with CpG-gp-E2 nanoparticle was done subcutaneously at the 

base of the tail. Different immunization schedule/regimen were tested in this study which 

is discussed in more detail in the Result and Discussion section. Briefly, mice were assigned 

into three different immunization schedule groups [see Figure 4.2.A]. Group II received a 

single immunization of 50 μg CpG-gp-E2 in 120 μl of PBS. Groups III and IV received a 

prime immunization of 50 μg of CpG-gp-E2 in 120 μl of PBS, followed by a booster [50 μg 

CpG-gp-E2] on days 7 and 10, respectively. Mice in control group [group I, Figure 4.2.A] 

received two injections of 120 μl PBS. 

 

4.3.10. PD-1 Inhibitor Injection 

 Anti-PD-1 antibody [Bio X Cell, clone RPM1-14] was administered by intraperitoneal 

(IP) injection. Mice received 5 injections of 100 μg anti-PD1 (in 200 μl PBS) every 3 days 

starting at day 9. However, 4 mice (2 mice from anti PD-1 and 2 from combined group) 

received only 3 injections of anti-PD-1 because they had to be sacrificed due to their tumor 

size.  

 

4.3.11. IFN-γ ELISpot 

 For IFN-γ EL  pot   e  se  the Rea y-Set-Go kit (eBioscience). Single-cell 

suspensions in RPMI were prepared from isolated spleens, and added at 106 cells/well to 
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PVDF ELISpot plates that were pre-coated with an anti-mouse IFN-γ anti o y  Cell  ere 

inc  ate   ith either 1  μg/ml of the relevant pepti e or an irrelevant pepti e (   N EKL) 

for 24 hrs at 37°C. Unstimulated cells in RPMI were plated and served as a negative control. 

Positive control wells contained 2% PHA-M (Gibco). IFN-γ spots  ere  evelope  follo ing 

the manufacturer's protocol. Plates were scanned and quantified using an ELISpot reader 

(Cellular Technology) and immunospot analysis software (Immunospot Analysis Pack).  

 

4.3.12. Flow Cytometry Staining 

 Single-cell suspension from tumors and spleens isolated from mice were prepared 

to check for various cell types and cell surface markers. RBCs were depleted with ACK 

lysing buffer. Cells were washed 2 times in PBS and counted with a hemocytometer. Cells 

were stained with primary antibodies or appropriate isotype controls in PBS + 1% BSA 

(FACS buffer) for 30 min on ice, followed by 2 washes with FACS buffer. Data was analyzed 

by NovoCyte Flow Cytometer for CD3, CD4, CD8, FoxP3, PD-1, MHC-I, CTLA-4, and PD-L1. 

For gp100 cells were stained with primary antibody in FACS buffer for 30 min on ice, 

followed by 2 washes with FACS buffer. Cells then were incubated with secondary antibody  

in FACS buffer for 30 min, followed by 2 washes (FACS buffer). For analysis, a typical 

forward-side scatter gate was set to exclude dead cells and aggregates.  

 

4.3.13. Statistical Analysis 

 Data are presented as mean ± standard deviation for particle characterization of at 

least 3 independent experiments, using Microsoft Excel. Data for different nanoparticle 

immunizations regimen are presented as mean ±  error of the mean (S.E.M.) of 2 
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independent experiments (ntotal=7), using GraphPad Prism. Statistical significance was 

determined by one-way ANOVA using post-hoc Tukey's test.  Statistical analysis of survival 

curves in the combination study was determined by Log-rank (Mantel-Cox) of 3 

independent experiments (ntotal =15), using GraphPad Prism. Statistical analysis of survival 

curve in re-challenge study was determined by Log-rank (Mantel-Cox) of 3 independent 

experiments (ntotal =7), using GraphPad Prism. Data for tumor cell surface marker 

expressions (e.g., MHC-I) presented as mean ± S.E.M. of 2 independent experiments 

(ntotal=4), using GraphPad Prism; statistical significance was determined by one-way 

ANOVA using post-hoc Tukey's test.  P-values less than 0.05 were considered significant. 

 
4.4. Results and Discussion  

4.4.1. Conjugation of CpG and gp100 to E2 Nanoparticles 

  Both CpG and gp10025-33 were successfully conjugated to E2 nanoparticle. These 

results are consistent with those previously described.29,30 As previously reported, the 

lower band on CpG-E2 at ~28 kDa is the unconjugated E2 monomer (~28 kDa)  an  the 

 an  at    35 kDa suggests the conjugation of one CpG molecule (~7 kDa) to E2 monomer 

[Figure 4.1.A]. Simultaneous conjugation of CpG and gp100 to E2 nanoparticle resulted in 

two broad bands [Figure 4.1.A]. The band between 35-40 kDa confirms the simultaneous 

conjugation of gp100 and CpG to the E2 monomers (CpG-gp-E2). Also, dynamic light 

scattering revealed a hydrodynamic diameter of 27.8 ± 0.6, 27.6 ± 0.9, and 29.0 ± 0.9 nm for 

E2, CpG-E2, and CpG-gp-E2 respectively [Figure 4.1.B], which is within the optimal 

reported size for lymphatic drainage of 20-45 nm.34–36 The zeta potential of E2, CpG-E2, and 

CpG-gp-E2 nanoparticles were -12.4 ± 1 mV, -11.3 ± 0.5, and -11.7 ± 1 mV, respectively, 

confirming that conjugation of  gp100 peptide and CpG to E2 nanoparticles did not change 
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the overall surface charge compared to the E2 nanoparticle itself. TEM image [Figure 4.1.C] 

confirms that the size and structure of nanoparticles remain intact after conjugation. 

 

Figure 4.1. Characterization of Functionalized Nanoparticles. A) SDS-PAGE shows 
successful conjugation of CpG and gp100 to E2 nanoparticles. B) DLS reveals nanoparticle 
sizes of approximately 30 nm. C) TEM image confirms intact nanoparticles after 
conjugation. 
 
 
4.4.2. A Booster of CpG-gp-E2 Nanoparticle Seven Days After the Prime Immunization 
Resulted in the Highest IFN-γ Secretion and the Slowest Tumor Growth 
 
 Antigen load is crucial for establishing a long-lived and protective T cell responses.37 

Therefore, optimal vaccination regimen is required to increase the anti-tumor responses. 

Therefore, we tested different schedule of CpG-gp-E2 nanoparticle immunization [Figure 

4.2.A] to discover the most effective regimen in inducing anti-tumor responses against B16-

F10 melanoma, in a C57BL/6 mouse model. Our data revealed that group III [Figure 4.2.A] 

that received a booster injection seven days after the prime immunization resulted in the 

highest antigen-specific IFN-γ secretion [Figure 4.2.B] and enhanced anti-tumor responses 

[Figure 4.2.C]. 

 C57BL/6 mice were inoculated with 105 of B16-F10 cells. Different vaccine 

schedule/regimen of CpG-gp-E2 [Figure 4.2.A] were investigated and ELISpot results and 

tumor size data are presented in Figures 4.2.B and 4.2.C, respectively. All mice were 
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sacrificed on day 14 and spleens and tumors (if existed) were isolated to check for various 

cell types and cell surface markers using flow analysis (sections 4.4.3. & 4.4.4.).  

  ingle imm ni ation  ith    μg of CpG-gp-E2 [group II, Figure 4.2.A] resulted in 

negligible amount of IFN-γ secretion [Figure 4.2.B]. IFN-γ is a cytokine that is secreted 

predominantly by activated CD8 T cells. Therefore, measuring IFN-γ secretion could be an 

indirect way for checking the presence of CD8 T cell responses, a response that is needed to 

conquer the tumor cells. We previously reported high frequencies of gp100-specific IFN-γ 

secretion after a single immunization of CpG-gp-E2 nanoparticle.29 However, in the 

previous work the IFN-γ secretion  as eval ate  seven  ays after imm ni ation compare  

to day 14 investigated in this study. Lack of IFN-γ secretion in splenocytes 14 days after 

immunization could be explained by migration of antigen-specific cytotoxic T cells to the 

target site; T cell migration generally happens within the first week of cell-mediated 

immunity.38 One possible explanation, other than T cell migration, could be the induction of 

FoxP3+ CD4 T cells which can cause T cell suppression.39,40 However, we did not detect an 

increase in FoxP3+ CD4 T cell percentage [Figure 4.2.D].  Therefore, lack of IFN-γ response 

is not likely due to induction of FoxP3-expressing CD4 T cells. 

  rime imm ni ation of    μg of CpG-gp-E2 nanoparticle on day 0 followed by a 

booster on day seven [group III, Figure 4.2.A] showed the highest IFN-γ secretion [Figure 

4.2.B] and an enhanced anti-tumor responses [Figure 4.2.C] compared to other groups, 

suggesting the presence of a higher cytotoxic CD8 T cell responses.  Higher IFN-γ secretion 

and also a slower tumor growth observed in group III compared to group II with a single 

CpG-gp-E2 administration suggest that booster immunization is needed for inducing a 

stronger therapeutic response. Also, negligible levels of IFN-γ o serve  for the splenocytes 
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pulsed with an irrelevant SIINFEKL peptide [Figure 4.2.B] confirms that the response 

generated from immunization was antigen-specific and it was not due to a non-specific 

immune responses to the E2 delivery platform itself. IFN-γ secretion and anti-tumor 

responses that we observed for group III are comparable to a study previously reported 

which delivered the gp100 epitope within a heat-shock protein nanoparticle formulation 

delivery system.41 Our data are also similar to previous studies of delivering different 

melanoma-specific TAAs, using polymeric nanoparticle platforms.42,43 

 Booster immunization 10 days after the prime immunization [group IV, Figure 

4.2.A] resulted in a significantly lower amount of IFN-γ secretion compared to group III,     

(p < 0.0001) [Figure 4.2.B]. The significant difference that was observed in IFN-γ levels 

secreted from splenocytes of groups III and IV [Figure 4.2.B] could be due to kinetics of T 

cell activation. IFN-γ analysis  sing EL  pot in our study was performed on day 14 which is 

four days after the booster immunization in group IV. Lack of INF-γ secretion in gro p  V 

[Figure 4.2.B] suggests that after immunization, T cells require more than four days to be 

activated and secrete IFN-γ cytokine. On the other hand, high levels of IFN-γ that was 

detected seven days after booster immunization in group III [Figure 4.2.B] implies that T 

cells are activated by day seven after immunization. Therefore, this data suggests that T cell 

activation possibly happens somewhere between four to seven days after booster 

immunization. Our data is similar to a study previously reported the peak of T cell 

activation on day 5 following antigen administration in a PLGA nanoparticle.44 
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Figure 4.2. ELISpot Analysis of Splenocytes and Tumor Size Data on Day 14. A) 
Schematic of different nanoparticle immunization regimen/schedule [groups II-IV]. B) 
Summary of averaged ELISpot data, which evaluated antigen-specific IFN-γ secretion  
C57BL/6 mice were immunized with different regimen [groups II-IV], and splenocytes 
were pulsed ex vivo in the presence of relevant peptide [gp100] or irrelevant peptide 
[SIINFEKL] and analyzed for specific IFN-γ secretion  Higher gp1   epitope-specific IFN-γ 
secretion was observed for group II [ntotal=7]. C) Tumor size on day 14. Double 
immunization with CpG-gp-E2 (group III) significantly decreased the tumor growth 
compared to other groups [ntotal=7]. D) CD4+FoxP3+ cell percentage in splenocytes. 
Immunization with CpG-gp-E2 nanoparticle did not increase the Treg  percentage. 
CD4+FoxP3+ cell percentage was only examined for 3 mice [ntotal=3] per each group [*p < 
0.05; ****p < 0.0001].    
 
 
4.4.3. Double Immunization with CpG-gp-E2 Nanoparticle Increased the CD8 T Cell Count in 
Spleen 
 
 Tumor infiltrating lymphocytes, mainly cytotoxic CD8 T cells, are responsible for 

killing the cancer cells and destroying the tumor.45,46 It has been reported in some cases 

that higher CD8 T cell responses can be achieved in the presence of activated CD4 T cells.47 
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Therefore, in this experiment we examined if immunization with CpG-gp-E2 nanoparticle 

could increase the T cell proliferation in spleens isolated from mice. It is well accepted that 

anti-tumor T cell activation and proliferation are initiated within secondary lymphoid 

tissues such as spleen. Therefore, we first examined the T cell proliferation in spleen. 

 Our data confirmed that T cells are proliferated in the splenocytes isolated from the  

mice that received double immunization of CpG-gp-E2 nanoparticle, groups III and IV. 

Spleens isolated from mice immunized with CpG-gp-E2 nanoparticle and specifically 

spleens isolated from group III were larger in size compared to PBS control group [Figure 

4.3.A]. This increase in size could be an indication of lymphocytes proliferation. 

Nanoparticle-mediated delivery of CpG was also previously shown by others to increase 

spleen size.48  

 Examination of spleens isolated from group III and IV revealed proliferation in both 

CD8 [Figure 4.3.E] and CD4 T cells [Figure 4.3.F], although the overall percentage of these 

cell types have not changed significantly [Figure 4.3.C, 4.3.D]. Representative flow data are 

presented in Figure 4.3.B. Higher T cell proliferation observed in splenocytes isolated from 

groups III and IV (double immunization) compared to group II (single immunization) 

supports the need of a booster immunization for inducing a greater T cell proliferation 

[Figure 4.3.E, 4.3.F]. We observed approximately twice as many CD8 T cells in spleens 

isolated from group III compared to PBS control group, (p <0.0001) [Figure 4.3.E]. Also, 

CD8 T cell count in splenocytes isolated from group IV is significantly higher than CD8 T 

cell count of splenocytes in PBS group, (p < 0.001) [Figure 4.3.E].    

 Furthermore, higher CD4 counts [Figure 4.3.F], with no increase in percentage of 

FoxP3+ [Figure 4.2.D], was observed in splenocytes of group III compared to the PBS 
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control group. Since the gp100 epitope that we used in our system is an MHC-I restricted 

(CD8) epitope it was somewhat surprising to observe an increase in CD4 T cell frequencies. 

However, this increase could be a result of homeostatic expansion of CD4 or activation of 

autoreactive CD4 T cells.49 One other possible explanation could be the presence of a CD4-

restricted epitope (T-helper epitope) in the E2 nanoparticle itself. However, further 

investigations are needed to discover the possibility of the presence of any T-helper 

epitope within the E2 nanoparticle.  
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Figure 4.3. T Cell Population in Splenocytes. A) A representative of spleens isolated 
from different groups. Spleen isolated from group III is considerably larger in size 
compared to other groups. B) A representative data of flow cytometry. C) No differences 
have been observed in CD8 T cell percentage between groups. D) No differences have been 
observed in CD4 T cell percentage between groups.  E) Significantly higher CD8 T cell count 
was observed for groups with double CpG-gp-E2 nanoparticle immunization [groups III & 
IV]. F) Significantly higher CD4 T cell count was observed for groups with double CpG-gp-
E2 nanoparticle immunization [groups III & IV]. C57BL/6 mice inoculated with B16-F10 
received different nanoparticle immunizations [groups II-IV]. Splenocytes were isolated 
and stained for T cell subsets and analyzed with flow cytometer. Higher CD8 and CD4 T cell 
counts were observed for groups that received double immunizations of CpG-gp-E2, groups 
III & IV, [ntotal = 7], *p < 0.05; **p < 0.01; ***p < 0.001.    
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4.4.4. Double Immunization with CpG-gp-E2 Increased Percentage of Tumor Infiltrating T cell 
in the Tumor Mass/Microenvironment 
 
 Tumor microenvironments (TME) contain immune cells such as T cells. Since tumor 

infiltrating cytotoxic CD8 T cells  are usually a major component of anti-tumor responses,45 

we evaluated the percentage of CD8 T cells in the tumor mass. Others reported that high 

anti-tumor responses observed in breast, glioblastoma, and cervical cancers were in 

association with elevated levels of cytotoxic CD8+ T cells in the TME.50 

 Immunization with CpG-gp-E2 nanoparticles (groups II-IV) significantly increased 

CD8 T cell percentage in tumor microenvironment, with group III showing the most 

significant increase, (p < 0.01) [Figure 4.4.A]. Vaccination with CpG-gp-E2 (group III) 

res lte  in    10 fold increase in CD8 T cell percentage compared to the PBS control group 

[Figure 4.4.A]. Also, single and double vaccinations (groups II & IV) res lte  in    5 fold 

increase compared to the PBS control group [Figure 4.4.A]. Because tumors were only 

detected in 2 mice in group III,  we have fewer tumor data points for this group compared 

to other groups [Figure 4.4.C, 4.4.E]. Data of group III demonstrating higher IFN-γ 

responses [Figure 4.2.B], enhanced splenocyte CD8 T cell count [Figure 4.3.E], elevated CD8 

T cell percentage in TME [Figure 4.4.A], and slower tumor growth [Figure 4.2.C] suggest 

that the CD8 T cells elicited from immunization are possibly responsible for the observed 

anti-tumor responses.   
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Figure 4.4. CD8 T Cell Percentage in Tumor Mass. A) Higher CD8 T cell percentage in 
TME was observed for the groups that were immunized with CpG-gp-E2 nanoparticle 
[groups II-IV]. B) PD-1 expression on splenocytes CD8 T cells. C) High PD-1 expression 
levels was observed on TILs, CD8 T cells. D) CTLA-4 expression on splenocytes CD8 T cells. 
E) High CTLA-4 expression levels was observed on TILs, CD8 T cells.  C57BL/6 mice that 
were challenged with B16-F10 received  different regimen of CpG-gp-E2 immunization. 
Tumor was isolated and checked for CD8 T cell responses. Higher CD8 T cell percentage 
was observed for groups that received double immunizations of CpG-gp-E2. Higher levels 
of PD-1 and CTLA-4 expressions were observed on TILs compared to CD8 T cells of 
splenocytes,*p < 0.05; **p < 0.01.   
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 To evaluate the potential for immune checkpoint inhibitor treatment in combination 

with CpG-gp-E2 vaccine (section 3.5), we first assessed PD-1 and CTLA-4 expression on 

CD8 T cells.  Tumor-infiltrating CD8 T cells highly expressed PD-1 and CTLA-4 in all groups 

[Figure 4.4.C, 4.4.E], whereas the expression of these molecules was significantly lower on 

CD8 T cells within the spleen [Figure 4.4.B, 4.4.D].  

 Naïve CD8 T cells scan the secondary lymph organs (e.g., spleen) in search of their 

cognate antigen epitope. T cells are activated only if the TCR recognize their unique  

antigen epitope.51 Therefore, after CpG-gp-E2 nanoparticle immunization, and in early 

stages of T cell activation within spleen, T cells are activated if their TCR binds to the gp100 

epitope-MHC-I complex. However, T cells remain naive, with no PD-1 or CTLA-4 

expression, if their TCRs cannot recognize the gp100 epitope. Therefore, it is not surprising 

that after CpG-gp-E2 nanoparticle immunization only a small percentage of T cells in 

spleen, with TCR specific for gp100, are activated and express PD-1 and/or CTLA-4 [Figure 

4.4.B, 4.4.D]. However, high PD-1 and CTLA-4 expression levels on tumor-infiltrating 

lymphocytes (TILs) [Figure 4.4.C, 4.4.E] indicates the presence of activated T cells in the 

TME. High expression of PD-1 and CTLA-4 on TILs has been also observed previously by 

others.52,53 

 Our data implied that double immunization with CpG-gp-E2 nanoparticle (group III, 

Figure 4.2.A) would be the most effective in inducing CD8 T cell, specific IFN-γ, and 

antitumor responses compared to other groups studied in this work. Therefore, we 

hypothesized that immunization with CpG-gp-E2, using group III immunization regimen, in 

combination with checkpoint inhibitor treatment would increase the efficacy compared to 

each treatment separately. However, our initial combination study of CpG-gp-E2 
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nanoparticle with anti-CTLA-4 did not result in any animal survival improvements, 

compared to each treatment separately (see Appendix B). This poor outcome could 

possibly be improved by optimizing the experimental design. Our data indicates a relatively 

higher PD-1 expression than CTLA-4 on TILs [Figure 4.4.C, 4.4.E]. Therefore, blocking PD-1 

should be more promising than blocking the CTLA-4. Furthermore, it has been reported 

that PD-1 blockade treatment has a lower incidence rate of immune-adverse events 

compared to CTLA-4.16,54 Also, human clinical trials blockade of the PD1-PDL1 interaction 

is more effective than blockade of the CTLA4 pathway. Therefore, we decided to explore 

the effects of combination study of CpG-gp-E2 with anti-PD-1 instead of optimizing our 

experimental design with anti-CTLA-4.  

 
4.4.5. Combination of CpG-gp-E2 Nanoparticle Vaccine with Anti-PD1 Antibody Significantly 
Increased Animal Survival 
  
 As our hypothesis predicted, administration of CpG-gp-E2 nanoparticle in 

combination with anti-PD-1 therapy significantly increased survival of tumor-bearing mice, 

compared to each treatment separately. C57BL/6 mice were inoculated with 104 of B16-

F10 cells. Mice were randomly assigned into four different groups: anti-PD-1, CpG-gp-E2, 

combination of both, and PBS as a control [Figure 4.5.A]. Our data showed that 

immunization with CpG-gp-E2 nanoparticle alone significantly increased animal survival 

(median survival of 36 days), compared to PBS-injected mice (median survival of 26 days; p 

< 0.001) [Figure 4.5.B].  This data has demonstrated the CpG-gp-E2 nanoparticle ability in 

inducing anti-tumor responses, which is consistent with our prior data [Chapter 2].55 

Treatment with anti-PD1 antibody alone also prolonged survival time (median survival of 

31 days), compared to PBS group (median survival of 26 days, P < 0.01), but not as effective 
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as combination treatment [Figure 4.5.B]. Our data is consistent with prior mouse studies 

demonstrating the ability of anti-PD-1 antibody (alone) in inducing partial anti-tumor 

responses,26,27,56 and with clinical results showing a fraction of survival about 20%. 5,6 

 Interestingly, the group that received combination treatment of CpG-gp-E2 particle 

and anti-PD-1 showed the most significant survival compared to CpG-gp-E2 alone                

(P < 0.001) or anti-PD1 (p < 0.001)[Fig. 5]. All animals in CpG-gp-E2 group were sacrificed 

by day 53 (0% survival).  lso  all animals in anti- D-1 gro p  ere sacri ice   y  ay 4   

except one mo se that staye  t mor free (  5% survival). However, approximately 50% of 

mice that received combination treatment stayed tumor-free until end of the experiment 

(day 60) [Figure  4.5.B].  

 The significant increase in animal survival of the combined group confirms the 

advantages of combinatory treatment compared to each treatment alone. in Current clinical 

therapies using anti-PD-1 antibodies do not result in long-term remission for the majority 

of patients.5 Our data indicates that the low therapeutic outcome of PD-1 inhibitor 

treatment can possibly be improved if the treatment is administered in combination with 

E2 antigen-delivery nanoparticle.   r  ata is similar to a st  y previo sly reporte  a 

higher s rvival (   30% tumor-free mice) for animals that received dendritic cell vaccination 

and anti-PD-1 in combination, compared to each treatment separately. 26 Enhanced anti-

tumor responses was also observed when anti-PD-1 antibody was administered in 

combination with multi-peptide vaccine.27  
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Figure 4.5.  Survival Curve of Animals in Combination Study. A) Schematic of anti-PD-1 

and CpG-gp-E2 administration regimen in different groups [V = vaccine; α  = anti-PD-1]. B) 

Combination of CpG-gp-E2 nanoparticle immunization and anti-PD-1 treatment increased 

survival time compared to each immunization/treatment separately.  C57BL/6 mice were 

inoculated with B16-F10 cells followed by treatment groups of control [PBS], checkpoint 

inhibitor alone [anti-PD-1], nanoparticle alone [CpG-gp-E2], and combination of anti-PD-1 

with CpG-gp-E2 [combined] [ntotal = 15], **p< 0.01; ***p < 0.001; ****p < 0.0001.    
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 One of the features expected by administration of a cancer vaccine is the induction 

of memory cells that can be expanded on recall and protect individuals against recurring 

cancer.57 Therefore, generating memory responses after cancer treatment should be an 

ultimate goal of cancer vaccines. To investigate whether memory cells were generated after 

our combination treatment, we re-challenged the tumor-free mice from the combined 

group with 104 of B16-F10 cells. Mice did not receive any further nanoparticle 

immunization or anti-PD1 therapy; and naive (unimmunized) mice were used as control 

for this study. A significant increase was observed in survival time of re-challenged mice 

from the combined group compared to naive control group (p < 0.01) [Figure 4.6]. The 

significant increase in the survival time of re-challenged mice suggests that memory 

responses can be elicited after combination treatment of the nanoparticle with anti-PD-1 

antibody. Induction of memory cells and tumor protection upon re-challenge was also 

previously shown by others, after administration of CpG and ovalbumin-conjugated 

nanoparticles.58 Also, accumulation of memory T Cells was observed following combination 

therapy of multi-peptide cancer vaccine and anti-PD-1 antibody.27 
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Figure 4.6. Survival Curve of Mice from the Combined Group after Tumor Re-

Inoculation. Tumor free mice from combination study were re-inoculated with B16-F10 

with no further immunizations. Combination of CpG-gp-E2 nanoparticle immunization and 

anti-PD-1 treatment increased the survival time upon tumor re-challenge (ntotal = 7), **p < 

0.01.  

 

 Furthermore, at the end of the combination experiment, tumors were examined for 

MHC-I, gp100, and PD-L1 expression (4 mice were chosen randomly from each group to be 

tested). It has been known that tumor cells can escape immune responses by MHC-I 

downregulation, antigen mutation or downregualtion and/or PD-L1 upregulation.59 Our 

data indicates a low MHC-I expression in tumor cells isolated from PBS, CpG-gp-E2, anti-

PD-1, and combined groups [Figure 4.7.A]. Low expression of MHC-I in such a low 

immunogenic tumor model, B16-F10, is not surprising, as other studies have also detected 

low expression of MHC-I on B16 melanoma cells.60,61  

 Interestingly, immunization with CpG-gp-E2 nanoparticles alone or in combination 

with anti-PD-1, significantly dropped the levels of MHC-I expression compared to the PBS 

control group [Figure 4.7.A]. MHC-I expression is a critical step in the induction of tumor 

rejection.62,63 Lower MHC-I expression in CpG-gp-E2 and combined groups implies that 

tumor cells eventually downregulated the levels of MHC-I expression to evade the 

higher/stronger specific CD8 T cell responses in the TME. Furthermore, we did not detect 
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any gp100-antigen downregulation in any of the groups [Figure 4.7.B], suggesting that 

tumor escape is likely not due to changes in antigen expression levels on the tumor cells. 

 Combination treatment of anti-PD-1 with CpG-gp-E2 nanoparticle resulted in PD-L1 

downregulation [Figure 4.7.C]. This suggests that cancer cells downregulated PD-L1 to 

possibly attenuate the anti-PD-1 therapy and produce resistance to the drug. Our data is 

similar to a study previously reported PD-L1 promoter methylation and subsequently PD-

L1 down-regulation in non-small cell lung cancer (NSCLC) in the mouse model.64 It was also 

reported that adaptive resistance to PD-1 treatment was associated with upregulation of 

alternative immune checkpoints such as T-cell immunoglobulin mucin-3 (TIM-3), and not 

PD-L1 upregulation.65 
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Figure 4.7. Expression of MHC-I, gp100, and PD-L1 on Tumor Cells. A) MHC-I 
expression level was significantly decreased on tumor cells isolated from CpG-gp-E2 and 
combined groups compared to the PBS group. B) gp-100 expression levels remained 
almost the same within the groups. C) PD-L1 expression was downregulated in the 
combined group compared to the PBS control group (n = 4), *p < 0.05, **p < 0.01. 
 
 
 
4.5. Conclusions  
 
 In this study, we have investigated the effects of combination of our protein 

nanoparticle-antigen platform with anti-PD-1 antibody. We examined different 

nanoparticle administration regimens in order to find the most effective schedule in 

mounting cell-mediated anti-tumor immune responses. We found that a booster seven days 

after prime immunization with E2-antigen delivery formulations resulted in an increase in 

specific IFN-γ frequencies, elevated CD8 T cell counts in both spleen and tumor 

microenvironment, and a slower tumor growth. Further, we observed a significantly higher 
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animal survival time when anti-PD-1 antibody treatment was combined with CpG-gp-E2 

nanoparticle (   50% remission), compared to each therapy/vaccine separately   ith 

only   5% remission for anti-PD-1 treatment separately. Additionally, we found that tumor 

escape could be due to MHC-I downregulation on the tumor cells. Altogether, this work 

shows the advantage of combination of anti-PD-1 therapy with E2-antigen delivery system 

as an effective way to significantly increase the efficacy of the immune checkpoint inhibitor 

treatment. Combination therapy of anti-PD1 with protein-based nanoparticle vaccines 

could be promising for enhancing cancer treatment efficacies.  
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CHAPTER 5 

 

DISPLAY OF CPG DNA on E2 NANOPARTICLES FOR DENDRITIC CELL 

TARGETING 
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5.1. Abstract 

 Efficient delivery of antigens to antigen presenting cells (APCs) is of paramount 

concern in vaccine design. Here, we investigated the feasibility of targeting dendritic cells 

by conjugating a CpG DNA oligonucleotide to an E2 protein nanoparticle surface (CpG-PEG-

E2). Uptake of CpG-PEG-E2 significantly increased    4-fold for APCs in vitro and 

approximately 2-fold for dendritic cells in vivo, relative to bare nanoparticle. Compared to 

E2-alone or E2 functionalized solely with polyethylene glycol (PEG), the CpG-PEG-E2 

accumulated within draining lymph nodes and demonstrated prolonged retention up to at 

least 48 hr, parameters which are critical for vaccine design 

 

5.2. Introduction 

Immunotherapy has emerged as a revolutionary approach in cancer treatment.1 

Cancer immunotherapies engage one’s o n imm ne system for targete  t mor 

destruction, eradication of metastases, and production of immunological memory.2 Cancer 

vaccines have long been a strategy to elicit anti-tumor immunity. However, finding an 

optimal delivery method has been facing so many challenges. 3 

The ability to supply sufficient amounts of antigen and immune-modulating 

compounds to lymphatics,4 and more specifically delivery to professional antigen 

presenting cells (APCs), such as dendritic cells (DCs), is critical in designing a cancer 

vaccine.5 DCs are responsible for orchestration of the adaptive anti-tumor responses.6  

Engineered biomaterials represent technologies that may help to overcome antigen 

delivery problems.7 It has been shown that nanoparticles naturally access lymphatics 

following immunization and interact with DCs and other APCs.8 Interaction of 
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nanoparticles with DCs may be enhanced by displaying DC-specific antibodies.9–11 While 

antibodies are tremendously specific to their target, they can be difficult to produce and 

would likely significantly alter the physical size and properties of the nanoparticle vaccine 

platform.9 Therefore, a simple-to-employ DC-specific targeting moiety would be preferred 

for biomaterial design. We already demonstrated the capability of E2 nanoparticle in 

inducing an antigen-specific immune response (chapters 2-4). In this chapter we 

investigated whether E2 uptake by DCs could be improved by introducing a DC-targeting 

moiety to the nanoparticle. 

Recently, the Toll-like receptor (TLR) 9 agonist CpG (single-stranded nonmethylated 

oligodeoxynucleotides containing CG motifs) was revealed as a possible ligand for DEC-

205, an endocytic receptor expressed mainly by DCs and other APCs.12 The finding that DCs 

may possess receptors to detect CpG-containing single stranded DNA (ssDNA) presents the 

opportunity to utilize a naturally occurring TLR ligand that may also serve as an APC-

targeting molecule for vaccine delivery.   

Our group has been developing the self-assembling (60-mer) E2 caged protein 

nanoparticle for biomedical applications, including cancer immunotherapy.13–15 We have 

shown that E2 possesses the capability to simultaneously deliver tumor antigens and CpG 

to DCs for enhanced activation of antigen-specific CD8+ T cells, yielding enhanced anti-

tumor activity and increased survival time of tumor-bearing mice.14   

 Protein nanoparticles (e.g., E2, virus-like particles [VLPs]) exhibit unique 

advantages over other nanoparticles for immunotherapy.16,17 Some advantages include 

ideal size and optimal geometry for interaction with APCs in situ.16,17   Though E2 has been 

successfully applied in a murine model,14 demonstrating strong potential in cancer 
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immunotherapy development  the in vivo fate of this platform has not been elucidated.  In 

this study, our goals were to examine the biodistribution of the E2 nanoparticle vaccine 

platform, and in particular to investigate whether CpG display on E2 could increase affinity 

for DCs in secondary lymphoid organs. The studies in this chapter were done in 

collaboration with Dr. Nicholas Molino. 

 

5.3. Methods 

5.3.1. Materials 

 All buffer reagents were purchased from Fisher Scientific, unless otherwise noted.  

The oligodeoxynucleotide Toll-like receptor 9 ligand CpG 1826 ( ’-tccatgacgttcctgacgtt- ’) 

(CpG) and non-CpG 1982 (5'-tccaggacttctctcaggtt) were synthesized with a 

phosphorothioated backbone and thiol linker by TriLink Biotechnologies.  The methoxy-

PEG-N-hydroxysuccinimide (mPEG-NHS; molecular weight 2000 Da) and maleimide-PEG-

NHS (mal-PEG-NHS; molecular weight 2000 Da) were purchased from Nanocs.  Alexa Fluor 

488 C5-maleimide was from Life Technologies. Fluorescently-tagged monoclonal 

antibodies CD11c (clone N418), CD3 (clone 145-2C11), B220 (clone RA3-6B2), F4/80 

(clone BM8), DEC-205 (clone 205yekta), and rat  gG a κ (clone e R a  isotype control) 

were purchased from eBioscience.  All cell culture media, unless otherwise noted, was 

comprised of RPMI 1640 (Mediatech) supplemented with 10% heat-inactivated fetal 

bovine serum (Gibco), 1 mM sodium pyruvate (Hyclone), 2 mM L-glutamine (Lonza), 100 

 nits/ml penicillin (Hyclone)  1   μg/ml streptomycin (Hyclone)     μM  -

mercaptoethanol (Fisher), and 0.1 mM non-essential amino acids (Lonza) (complete RPMI 

media). 
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5.3.2. Animals and Cell Lines 

 All experiments were performed under approved protocol by the IACUC at the 

University of California, Irvine.  Animals were housed and maintained by the ULAR.  For 

generation of bone marrow-derived dendritic cells and for in vivo biodistribution assays, 

wild-type C57B/L6 female mice aged 6-12 weeks were used (Jackson Laboratories).   

The NIH 3T3 mouse fibroblast cell line was purchased from ATCC and maintained in 

DMEM + 10% FBS.  B3Z, a CD8+ T cell hybridoma, was kindly provided by Prof. Nilabh 

Shastri (University of California, Berkeley). CH12, a B cell lymphoma line was kindly 

provided by Prof. Paolo Casali (University of Texas Health Science Center at San Antonio).   

Murine bone marrow-derived macrophages were kindly provided by Prof. Wendy Liu 

(University of California, Irvine).  

 

5.3.3. E2 Preparation  

 The D381C E2 protein (E2) was prepared as previously described.13  D381C is an E2 

mutant with a non-native cysteine introduced to the internal cavity of the nanoparticle for 

site-directed functionalization.  Briefly, proteins were expressed in E. coli, cells were lysed, 

and soluble cell lysates were applied to a HiPrep Q Sepharose anion exchange column (GE 

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

purification.  The purified proteins were analyzed by dynamic light scattering (Zetasizer 

Nano ZS, Malvern) for size measurements.  Electrospray ionization mass spectrometry and 

SDS-PAGE were performed for molecular weight and purity confirmation.  Final protein 

preparations were stored in 50 mM potassium phosphate at pH 7.4 with 100 mM NaCl 
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(phosphate buffer).  Lipopolysaccharide (LPS) was removed, and endotoxin levels were 

checked as described previously. 15 

 

5.3.4. Zeta potential measurements 

 Zeta potential measurements were conducted with a Malvern Zetasizer (Nano ZS) 

using a diffusion barrier method.  This method can measure the zeta potential of low 

volume samples in physiological ionic strengths, a condition which is needed due to 

aggregation of our nanoparticles at low salt conditions.  Malvern capillary cells were filled 

 ith    mM potassi m phosphate at pH 7 4  ith 1   mM NaCl  an  1   μl of nanoparticles 

(at ~1.3 mg/ml) were gently injected to the bottom of the buffer-filled capillary cells.  Since 

E2 samples are of relatively high conductivity/ionic strength, the monomodal analysis 

mode within the Malvern software was used. 

 
5.3.5. Bone Marrow-Derived Dendritic Cells (BMDCs) 

 Murine bone marrow-derived dendritic cells (BMDCs) were prepared,15(see 

Appendix A) and involved plating of 2 million red blood cell-depleted bone marrow cells in 

10 mL of complete RPMI containing 20 ng/mL murine GM-CSF for 8 days. 

 
5.3.6. Internal Conjugation with Alexa Fluor 488 Fluorescent Marker and External 
Conjugation of Poly(ethylene glycol) and CpG 
 
 The thiol-reactive Alexa Fluor 488 C5-maleimide (Thermo Fisher) was added to a 

solution of E2 (D381C mutant) in phosphate buffer at a 3-fold molar excess to E2 monomer. 

Unreacted dye was removed by the 40 kDa molecular weight cutoff Zeba Spin Desalting 

Columns (Thermo Fisher). 
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 The mPEG-NHS or mal-PEG-NHS linkers were conjugated to the external lysines on 

E2 by incubating at a 25-fold molar excess of PEG to E2 monomer for 2 hr at room 

temperature, with excess linker removed by the Zeba Spin desalting column.  To the mal-

PEG-NHS-functionalized E2 nanoparticle, TCEP-reduced CpG-SH or (non-CpG)-SH was 

added at a 10-fold molar excess to E2 monomer and incubated for 2 hr at room 

temperature followed by an overnight incubation at 4°C, and the reaction was quenched 

with L-cysteine (Fisher) at a 20-fold excess to E2 monomer.  Unreacted CpG-SH and L-

cysteine were removed by the Zeba Spin desalting columns.  All nanoparticles [E2], 

PEGylated E2 [mPEG-E2], and E2 with CpG and non-CpG ligands on surface [CpG-PEG-E2] 

and [(non-CpG)-PEG-E2], respectively were characterized by BCA (to measure 

concentration), SDS-PAGE, zeta potential, and DLS (to measure particle size) as previously 

described. In order to determine the number of conjugated CpG molecules per E2 

nanoparticle, relative band intensities on SDS-PAGE were evaluated using the NIH ImageJ 

software as previously described;15 Conjugation was measured by band intensity analysis 

with the NIH ImageJ software normalized to protein concentration measured with the BCA 

assay (Pierce). Endotoxin levels of final conjugated nanoparticles were checked to confirm 

acceptable limits as previously discussed.15 

 
5.3.7. In Vitro Uptake Assays 

 Cells were prepared at 1 million cells/mL in complete RPMI for BMDCs, BMDMs, 

CH12 B cells, and B3Z T cells or DMEM + 10% FBS for NIH 3T3 cells. E2, mPEG-E2, CpG-

PEG-E2, or (non-CpG)-PEG-E2 was added to the cells at either 5 µg/mL or 1 µg/mL for 1 hr 

at 37°C.  Cells were harvested and prepared in PBS + 1% BSA (Fisher) and 0.02% sodium 

azide (FACS buffer) for flow cytometry analysis on the BD Accuri C6 flow cytometer.  Mean 
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fluorescence intensity (MFI) is reported as relative to cells only (background fluorescence) 

and represents the mean ± standard deviation of at least 3 experiments.  For discrimination 

of surface bound versus internalized fluorescent particles, cells were incubated with 0.5% 

trypsin for 30 min at 37°C to remove surface-bound proteins.  

 
5.3.8. Biodistribution and In Vivo Cell Interaction 

 E2, mPEG-E2, and CpG-PEG-E2 protein nanoparticles (50 µg in PBS) were 

administered subcutaneously in the left hock region of 6-12 week old female C57BL/6 

wild-type mice, which has a well-described unilateral drainage pattern.18  Following 6 hr or 

48 hr, secondary lymphoid tissues were isolated from euthanized animals and passed 

through a 70 µM cell strainer with 1 mL PBS.  Cells from the draining lymph nodes were 

prepared for flow cytometry analysis in FACS buffer and labeled with fluorescently-tagged 

monoclonal antibodies.   

 
5.3.9. Statistical Analysis 

 Statistical analyses were carried out using Microsoft Excel and GraphPad Prism.  

Data is reported as mean ± standard deviation for particle characterization and DEC-205 

expression, and mean ± standard error of the mean (S.E.M.) for all else, of at least three 

independent experiments unless otherwise noted.  For in vitro assays, each datum is the 

result of duplicate measurements (unless otherwise noted).  Statistical significance was 

determined by one-way ANOVA using post-hoc Tukey's test (comparing all means) for in 

vitro and in vivo cellular uptake assays, to determine differences between the nanoparticle 

formulations, and t-test for in vivo biodistribution experiments (pairwise comparison of 

experimental groups to background fluorescent control). 
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5.4. Results and Discussion 

5.4.1. CpG Conjugation and Characterization  

E2 nanoparticles were conjugated with green fluorescent dye through non-native 

internal cavity cysteines (E2 mutant D381C, herein simply abbreviated "E2"), in order to 

facilitate tracking.13  or ligan   isplay   e con  gate   ’ thiol-terminated CpG 1826 or non-

CpG ssDNA oligodeoxynucleotide 1982 to solvent-exposed lysines on the E2 nanoparticle 

surface via a bifunctional amine- and thiol-reactive poly(ethylene glycol) (PEG; average 

molecular weight 2000 Da) linker.  CpG 1826 is known to activate DCs, while non-CpG 1982 

has served as a negative control for such prior studies.19–22 These nanoparticles are 

abbreviated CpG-PEG-E2 and (non-CpG)-PEG-E2, respectively. Methoxy-terminated amine-

reactive PEG conjugated to the surface-accessible lysines on E2 served as a control devoid 

of DNA (mPEG-E2; average PEG molecular weight of 2000 Da) (See Methods in Supporting 

Information).  We have previously shown that surface-bound 2000 Da PEG can inhibit 

cellular interaction with E2 and may serve as a flexible linker to facilitate ligand/receptor 

interaction on cells23,24  PEG linkers larger than 2000 Da have been shown to increase 

nanoparticle size and polydispersity.10 

We characterized our functionalized E2 to ensure that external conjugation of CpG 

did not significantly alter E2 size or cause aggregation [Figure 5.1.A]. SDS-PAGE of 

functionalized E2 nanoparticles revealed protein between ~30-40 kDa for mPEG-E2, 

consistent with heterogeneous attachment of one or more 2000 ± 200 Da PEGs per E2 

subunit [Figure 5.1.A].  For the CpG-PEG-E2 and (non-CpG)-PEG-E2 samples, bands were 

observed at ~28 kDa (consistent with E2, no conjugation), ~30-32 kDa (E2 + PEG, no 

attached CpG), and ~35 kDa (E2 + PEG + CpG), supporting a 60-mer particle with varying 

file:///C:/Users/Media/Desktop/Defense/Chapter%203-%20DNA%20display/Chaptr%203%20-%20biodistribution.docx-%201-25-19.doc%23_ENREF_11


117 
 

degrees of conjugation. Bands at ~60 kDa and above are artifacts that are consistently 

observed when conjugating the bifunctional PEG linker with E2, and this control is shown 

in the lane of malPEG-E2 [Figure 5.1.A]. Unreacted maleimides were quenched with L-

cysteine.  We estimated a conjugation ratio of 16 ± 5 CpG/E2 nanoparticle within the range 

achieved for a synthetic nanoparticle system, when adjusting for the difference in particle 

diameter.25 In order to determine the number of conjugated CpG molecules per E2 

nanoparticle, relative band intensities on SDS-PAGE were evaluated using the NIH ImageJ 

software as previously described.15  Depending on the conformation of the PEG (i.e. brush 

or mushroom), the polymer may not be fully extended and the maleimide may not be easily 

accessible to react with the thiol-terminated CpG.26  

Dynamic light scattering (DLS) revealed no significant changes in average particle 

sizes [Figure 5.1.B], demonstrating that conjugation of PEG and ssDNA to E2 did not cause 

large increases in particle size or aggregation. Zeta potential measurements showed 

modest shifts in nanoparticle surface charge, relative to -12 ± 1 mV for bare E2 [Figure 

5.1.C].  Furthermore, the measured increase in negative surface charge of ssDNA-

containing E2, relative to the more neutral PEGylated E2, is consistent with surface 

conjugation of DNA. 
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Figure 5.1. SDS-PAGE, Hydrodynamic Diameter Size, and Surface Charge 

Characterization of Nanoparticles. A) SDS-PAGE. The lane for mPEG-E2 indicates 

heterogeneous numbers of PEG polymers attached to E2 subunits.  CpG-PEG-E2 and (non-

CpG)-PEG-E2 nanoparticles comprise of individual subunits with no attachment of PEG or 

CpG/(non-CpG), attachment of PEG, and attachment of both PEG and CpG/(non-CpG).  

Bands >60 kDa are indicative of the attachment of bi-functional PEG linker (see lane 

"malPEG-E2").  This observation for PEGylated protein is consistent with other studies and 

has been hypothesized to be due to the complex interaction between PEG chains and SDS 

micelles.27 B) Representative size distribution for E2, mPEG-E2, CpG-PEG-E2, and (non-

CpG)-PEG-E2 nanoparticles. C) Average size and measured zeta potential of nanoparticles. 

 

5.4.2. In Vitro Uptake of E2 Nanoparticles 

 We examined the in vitro association of the fluorescently-labeled nanoparticles (E2, 

PEGylated E2 (mPEG-E2), CpG conjugated to E2 (CpG-PEG-E2), and non-CpG ssDNA 

conjugated to E2 (non-CpG)-PEG-E2) with different representative cell types, including 

bone marrow-derived DCs (BMDCs), bone marrow-derived macrophages (BMDMs), B cells 

(CH12), T cells (B3Z), and fibroblasts (NIH 3T3). As expected, PEGylation (mPEG-E2) 

decreased uptake of E2 by all cell types tested in vitro, relative to non-functionalized E2 

[Figure 5.2]; this decrease is consistent with observations from our previously published 

reports and with PEGylation of other VLPs.28 CpG-PEG-E2 exhibited increased association 
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with APCs relative to non-functionalized E2 (~4-fold increase by BMDCs and BMDMs [p < 

0. 001], and to a lesser extent by B cells), but not with T cells or fibroblasts.  

  
Figure 5.2. E2 Uptake by APCs. BMDCs and BMDMs show increased association with CpG-
PEG-E2 and (non-CpG)-PEG-E2 nanoparticles in vitro, compared to their interactions with 
E2 and mPEG-E2.  Cellular association was measured by mean fluorescence intensity (MFI) 
of cells incubated with 5 µg/mL E2 nanoparticle for 1 hr at 37°C.  Data is reported as 
average ± S.E.M., relative to cellular background fluorescence (PBS), of 3 independent 
experiments.  Statistical significance was determined with one-way ANOVA using a post-
hoc T key’s test (*** p < 0.001). 
 
  

 Trypsinization (to remove surface bound proteins) revealed that the majority of 

CpG-PEG-E2 nanoparticles were internalized by BMDCs and BMDMs, but not by B cells 

[Figure 5.3]. We also observed enhanced BMDC and BMDM uptake of E2 conjugated with 

non-CpG-containing ssDNA [Figure 5.2], which was an unexpected result; however, this 

may not be too unusual given that certain cell receptors, such as DEC-205, have also shown 

affinity for both CpG and DNA sequences without CpG.12  
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Figure 5.3. E2 Uptake by APCs after Trpsinization. The majority of E2 is internalized 

within BMDCs and BMDMs, but not B cells.  Cells were incubated with 5 µg/mL of the CpG-

PEG-E2 nanoparticle and subsequently treated with 0.5% trypsin to remove surface bound 

proteins. The percentage of fluorescence remaining following treatment with trypsin is 

shown. Data is reported as average S.E.M. of 3 independent experiments, and statistical 

significance  as  etermine   ith a one  ay  N V  follo e   y a post hoc T key’s test  

(*p < 0.05).  Significance for CH12 B cells was compared to both BMDCs and BMDMs.  

 

While we expected increased CpG-PEG-E2 uptake by DEC-205+ BMDC (DEC-205 

expression in Figure 5.4), which we did observe [Figure 5.2] it was also notable that there 

was increased binding [Figure 5.2] to DEC-205- BMDMs [Figure 5.4].  It does make sense, 

however, that APCs likely possess multiple external sensing mechanisms for ssDNA, such as 

scavenger receptors,29 although isolating and identifying each receptor involved is beyond 

the scope of the current study.  

* 

N.S. 
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Figure 5.4. DEC-205 Expression of BMDCs and BMDMs. Representative samples of 

BMDCs and BMDMs were labeled with fluorescently-tagged DEC-205 antibody and 

analyzed by flow cytometry for DEC-205 expression. A)  Representative data quantifying 

DEC-205 expression by flow cytometry. The events to the right of the red bar are 

considered positive for DEC-205 expression. B. Average percent of cells residing within the 

gate for DEC-205 expression for the different cell types examined in vitro. Data are 

presented as average percent ± standard deviation for at least three independent 

experiments. 

 

 5.4.3. In Vivo Uptake of E2 Nanoparticle 

We then investigated whether the observed in vitro targeting effect mediated by 

display of ssDNA was evident in vivo in areas of high APC-activity (i.e., lymph nodes) by 

measuring fluorescence (MFI) of cells from individual organs. Six hours following 

subcutaneous administration (SC) in mice, the E2 nanoparticle was predominantly 

detected at the injection site, within the lymph nodes (LNs) ipsilateral to injection site. 

[Figure 5.5].  Further inspection revealed the E2 nanoparticle was found in 5 out of 7 LNs 

tested (injection site ipsilateral popliteal, inguinal, axillary, iliac, and renal, but not 

ipsilateral cervical or mesenteric; Figure 5.5).  Due to the similarity between cellular uptake 
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data for CpG-PEG-E2 and (non-CpG)-PEG-E2 nanoparticles in vitro, only the former ssDNA-

containing nanoparticle was examined in vivo. PEGylation (mPEG-E2) and CpG display 

(CpG-PEG-E2) on E2 exhibited a few notable changes in their in vivo fate, in that CpG-PEG-

E2 was the only nanoparticle not detectable in the spleen [Figure 5.5]. Remarkably, 48 

hours following administration, CpG-PEG-E2 nanoparticle was still evident in the ipsilateral 

dLNs [Figure 5.5], whereas E2 and mPEG-E2 were largely undetectable.  

These observations indicated that a PEGylated surface alone allows the E2 

nanoparticle to disperse further throughout the lymphatic and circulatory system, in 

agreement with the accepted properties of PEGylation in drug delivery systems,30 including 

VLPs.28,31 Display of CpG on the distal end of a PEG-linker (CpG-PEG-E2) resulted in 

retention of the E2 nanoparticle within proximal areas that contain DC populations, an 

attractive quality for vaccine design and success.32,33 While CpG-PEG-E2 was not detected 

in the spleen, the draining LNs (dLNs) have been shown to play the more critical role in 

acute anti-viral and anti-cancer responses.34  
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Figure 5.5. E2 In vivo Biodistribution. Distribution of nanoparticles in the lymph nodes 

ipsilateral to injection site, mesenteric lymph node, and spleen following injection, after (A) 

6 hours and (B) 48 hours.  E2, mPEG-E2, and CpG-PEG-E2 nanoparticles were administered 

subcutaneously. Mean fluorescence (MFI) was measured by flow cytometry of cells from 

relevant tissues, and background is tissue MFI from PBS-injected mice.  Data is presented 

as average ± S.E.M. of 3 independent experiments. 

 

To determine whether accumulation and retention of CpG-PEG-E2 nanoparticles 

within the dLNs was due to increased affinity for cells expressing DEC-205, we more 

closely examined fluorescence of DEC-205+ dLN cells (i.e., popliteal, inguinal, axillary, iliac, 

and renal LNs ipsilateral to injection site).  However, consistent with our in vitro data, we 

observed no significant difference between the average fluorescence of DEC-205+ cells 

from mice injected with CpG-PEG-E2, compared to E2 or mPEG-E2, after either 6 or 48 

hours [Figure 5.6.A, 5.6.B].  
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Figure 5.6.  Nanoparticle Accumulation and Uptake by Cells in Draining Lymph 

Nodes. The MFI of DEC-205+ cells in draining lymph nodes was determined A) 6 hr or B) 

48 hr following subcutaneous administration of nanoparticles. E2 shows no significant 

preference for association with DEC-205+ cells in vivo following surface functionalization 

with PEG or CpG.  Data is reported as average ± S.E.M. of 3 independent experiments.  C)  

Extent of nanoparticle association/uptake was measured by MFI of fluorescent-positive 

draining lymph node cells using flow cytometry 6 hr following subcutaneous 

administration.  CD11c, B220, and F4/80 markers generally indicate dendritic cells, B cells, 

and macrophages/Langerhans DCs, respectively.  Data is reported as average ± S.E.M. of 3 

independent experiments.  Statistical significance within a group was determined using a 

one- ay  N V  follo e   y a post hoc T key’s test  comparing all means (* p <     )  

 
Interestingly, however, the overall CD11c+ population (primarily DCs) from the 

dLNs of the CpG-PEG-E2 group showed a significant two-fold increased fluorescence 

compared to groups injected with E2 or mPEG-E2 nanoparticles [Figure 5.6.C]. This 

indicates increased broad DC association/uptake of CpG-PEG-E2, critically important for 

cell-mediated vaccine success,6 and in good agreement with our in vitro observations 

[Figure 5.2].  We also observed a modest increase in CpG-PEG-E2 fluorescence of F4/80+ 

cells, compared to groups given E2 or mPEG-E2 [Figure 5.6.C]. Altogether, our in vivo data 

suggests that decoration of the E2 nanoparticle with CpG oligonucelotides enhances 

physical association and/or uptake by DCs and macrophages within the dLNs following SC 

injection. 
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5.5. Conclusion  

 Here, we have demonstrated that surface display of CpG-containing ssDNA 

oligonucleotides significantly increased APC-specific uptake of the E2 nanoparticle.  In vitro 

ssDNA decoration induced large increases in cellular uptake of E2 by DCs, macrophages, 

and B cells.  In vivo, the CpG-PEG-E2 nanoparticle showed a significant increase in cellular 

association with DCs within the dLNs, compared to the other nanoparticles tested.  These 

increased interactions in the presence of surface-bound ssDNA oligos, including CpG, 

appear to operate through multiple mechanisms. Further, CpG-PEG-E2 also demonstrated 

increased LN retention over 48 hr, and less presence in blood draining organs, compared to 

the E2 and mPEG-E2 nanoparticles. Overall, these results demonstrate that decoration of 

protein-based nanoparticles with CpG can increase lymph node retention and uptake by 

APCs, factors that are beneficial in vaccine design.   
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6.1. Assembly on E2 Nanoparticle Scaffold Enhances Cell-Mediated Immune 

Responses Toward Cancer Antigens 

 

6.1.1. Conclusion 

  In this work, we have demonstrated that prophylactic immunization with CpG-gp-

E2 nanoparticles increased anti-tumor responses to gp100-expressing B16-F10 murine 

melanoma cells. Further, in a HLA-A2 transgenic mouse model, we found that 

immunization with nanoparticle formulations containing CpG and CT antigens resulted in a 

significantly higher specific IFN-γ release compare  to form lations  ith  n o n  antigen 

and CpG. Also, we observed an elevated lysis activity towards human cancer cell line, A375, 

that expresses the target antigen. Additionally, simultaneous delivery of CpG-NYESO-E2 

and CpG-MAGE-E2 nanoparticles preserved the effects of the individual antigen 

nanoparticles, and resulted in an additive IFN-γ secretion an  lysis activity relative to each 

separate nanoparticle formulation. Altogether, this work shows the advantages of using the 

E2 nanoparticle as an effective vaccine platform to deliver cancer-testis antigens for higher 

cell-mediated activation. 

 

6.1.2. Future Directions 

  We have shown the ability of the E2 nanoparticle in inducing effective anti-tumor 

responses toward TAAs. However, we have not determined the optimal nanoparticle 

design formulation. It would be interesting to evaluate the alternative types of adjuvants 

and different concentrations of both antigens and adjuvants in inducing anti-tumor 

responses. We have used the maximum loading capacity resulting from incubating excess 

CpG and peptide epitopes in the conjugation step.1 Optimal antigen load is crucial for 
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establishing a long-lived and protective T cell responses.2 Excessive antigen exposure may 

lead to T cell exhaustion and some of our data point to this possibility.3,4 Therefore, 

different concentrations of antigen and CpG should be systematically tested.  

  Further, alternative TLR-activators (i.e. Poly-IC, ssRNA) should be explored to 

understand how alternative TLRs influence the immune system activation. Potential of 

combining multiple adjuvant for synergistic effects should be also examined; it was shown 

that dual TLRs can yield higher immune activation.5 TLR9 (receptor for CpG) expression is 

limited in human cells, compared to the mice.6 Therefore, it will be important to evaluate 

alternative adjuvant (i.e. dsRNA, Poly-IC) than CpG. Other potential intracellular receptors 

targets include TLR-3, TLR-7, and TLR-8.7,8 The ligands for TLR-7 and TLR-8 are small RNA 

and DNA sequences.8 Double-stranded RNA such as poly-IC is also known for TLR-3.8 

  Once we have discovered the optimal design/formulation of the nanoparticle it 

would be interesting to examine whether alternate routes of nanoparticle administration 

(IV, IM, IP) are more effective than SC; our in vivo immunizations have been administered 

by the SC route. Different routes of immunization could change the vaccine efficacy. 

  While the ability to mount an anti-tumor response against B16-F10 melanoma in 

C57BL/6 mice is remarkable, the vaccine efficacy should be evaluated in an alternative 

tumor models to prove that the significant effects can be recapitulated. T cell depletion 

studies should also be performed to study the contribution of CD8 and CD4 T cells in the 

observed anti-tumor responses and confirm the role of CD8 T cells.9 It will also be 

interesting to examine whether the immune response generated from antigen-E2 delivery 

system can be effective against metastases, where cancer therapies face their major 

challenges. 
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  In this work we showed that higher cell lysis against human cancer cell line was 

achieved after antigen-E2 delivery, in a HLA-A2 mice.  However, because of the absence of a 

murine homologue for human HLA-A2-restricted CT antigens, we could not test these 

human antigens in a preclinical tumor model in vivo.  Therefore, it would be important to 

examine whether the antigen-E2 nanoparticle vaccines are capable of activating human 

immune cells in vitro. The ability of the antigen-E2 delivery system (CpG-NYESO-E2 or 

CpG-MAGE-E2) in human DCs activation, and in human T cells activation and proliferation 

should be tested. 

  Finally, it would also be important to identify the physical stability of the E2 vaccine 

platform. Vaccines should ideally display long term stability, where they can be stored and 

delivered to areas that may not hold resources for long term storage conditions. 

 

6.2. E2 Vaccine in Combination with Immune Checkpoint Inhibitors 

6.2.1. Conclusion 

 In this work, we confirmed that double immunization with CpG-gp-E2 resulted in an 

increase in specific IFN-γ frequencies, elevated CD8 T cell counts, and a slower tumor 

growth. In this work, we tested the E2 vaccine in a therapeutic system rather than 

protective responses examined in Chapter 2. Further, we observed a significantly higher 

animal survival when anti- D-1 anti o y treatment  as com ine   ith CpG-gp-E  

nanoparticle (   50% remission), compared to each therapy/vaccine separately (e.g., 

only   5% survival of tumor-free mice in anti-PD-1 group). Additionally, we found evidence 

that tumor escape could be due to MHC-I downregulation on the tumor cells. Altogether, 
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This work shows that the E2 nanoparticle can successfully be used in combination with 

anti-PD-1 to improve checkpoint inhibitor treatment efficacy.   

 

6.2.2. Future Directions 

 While the combination treatment was shown to be effective, the mechanism in 

unclear. Therefore, it is important to evaluate the contribution of different cell types that 

were involved in the observed anti-tumor responses. Tumor masses should be collected 

and checked by histology and/or flow cytometery for various cell types such as CD8, CD4, 

and NK cells. Also, T cell depletion investigations should be performed to study the 

involvement of CD8 and CD4 T cells in the observed anti-tumor responses.9 It will also be 

interesting to observe whether the immune response can be effective against metastases, 

where conventional cancer treatments face their largest challenges. 

 Because anti-PD-1 acts by releasing the suppression of T cell activation without 

priming the specific responses towards tumors, non-specific immune-related adverse 

events after this treatment are not surprising.10 Immune-related events are correlated with 

changes in routine blood counts; fluctuations in routine blood count could be a sign of 

immune-related adverse events.11 Therefore, a complete blood count including total white 

blood cell count, relative neutrophil, monocyte, and lymphocyte should be performed. 

 We hypothesized that memory T cells were responsible for prolonging the animal 

survival after tumor-challenge and preliminary evidence also supports this (Chapter 4). 

Therefore, it would be interesting to check for existence of T memory cells after 

combination therapy. Five-six weeks after the last immunization, single cells isolated from 



134 
 

lymph nodes, spleen, and blood sample should be pulsed with the cognate antigen. CD8 and 

CD4 T cells should be checked for memory cell markers such as CD44 and CD45RO.12 

 Ideally, a cancer treatment approach should be applicable to a wide variety of 

disease types. It would be important to evaluate the effects of combination therapy in a 

different tumor model (such as CT26 colon cancer), to assess if the data can be 

recapitulated. Dosing schedules of anti-PD-1 antibody administration should be optimized 

for a more effective therapy. It would be important to discover the kinetics of PD-1 

expression and T cell infiltration into TME; this understanding could be helpful in designing 

the most optimized schedule for vaccine and immune checkpoint inhibitor administration.   

 Also, alternative immune checkpoint inhibitors other than anti-PD-1 (e.g., LAG-3, 

TIM-3)13,14 could be tested to discover the most effective one in our system. It was shown 

by others that therapy with dual immune checkpoint inhibitors yield higher anti-tumor 

responses.15 Therefore, it will be interesting to evaluate the effects of simultaneous therapy 

of 2 immune checkpoint inhibitor in combination with antigen-E2 delivery system, 

however, due to the likelihood of side effects, immune-adverse events should be monitored.   

 

6.3. E2 Nanoparticle Uptake and DC Targeting 

6.3.1. Conclusion 

 Our E2 nanoparticle in vitro demonstrated the ability for efficient uptake by DCs. We 

showed that conjugation of CpG and (non)-CpG motifs on the E2 surface greatly enhanced 

DC uptake in vitro. The E2 nanoparticle is within the optimal size for lymphatic drainage,16 

our studies showed that E2 drains primarily to the lymph nodes (LN) after subcutaneous 
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injection. Also, surface display of the CpG DNA resulted in nanoparticle accumulation in the 

LN ; with an enhanced LN retention time, compared to the E2 nanoparticles alone. 

 

6.3.2. Future Directions 

 It would be interesting to explore other potential aptamers, such as DC-targeting 

peptides.17 Also, different linkers could be used for aptamer conjugation. Linkers may affect 

the density of aptamers conjugated to the E2 nanoparticle and also alter the cell uptake 

kinetics.18,19 While PEG-2000 (molecular weight of 2000 Da) was used for this study, 

different PEG linker with varying molecular weights should be tested to measure 

differences in kinetics.  

 It would be also interesting to determine after how long the nanoparticles are 

cleared from the body. Therefore, in vivo distribution could be investigated via live-

imaging, and further examination for various cell types and uptake could be performed 

through flow cytometry. Since, CpG DNA is also a ligand for TLR-9, we would expect that DC 

are activated after taking up CpG-PEG-E2 nanoparticles. Therefore, DC activation should 

also be checked in future experiments. 
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Appendix A.1 DNA and Protein Sequences  

E2 amino acid and DNA sequence 

Full native pyruvate dehydrogenase E2 sequence from Geobacillus 
stearothermophilus (This is where the numbering is based on, for our different 
mutants) 
1  MAFEFKLPDI GEGIHEGEIV KWFVKPGDEV NEDDVLCEVQ NDKAVVEIPS PVKGKVLEIL VPEGTVATVG QTLITLDAPG  

81 YENMTFKGQE QEEAKKEEKT ETVSKEEKVD AVAPNAPAAE AEAGPNRRVI AMPSVRKYAR EKGVDIRLVQ GTGKNGRVLK  

161  EDIDAFLAGG AKPAPAAAEE KAAPAAAKPA TTEGEFPETR EKMSGIRRAI AKAMVHSKHT APHVTLMDEA DVTKLVAHRK  

241  KFKAIAAEKG IKLTFLPYVV KALVSALREY PVLNTSIDDE TEEIIQKHYY NIGIAADTDR GLLVPVIKHA DRKPIFALAQ  

321  EINELAEKAR DGKLTPGEMK GASCTITNIG SAGGQWFTPV INHPEVAILG IGRIAEKPIV RDGEIVAAPM LALSLSFDHR  

401  MIDGATAQKA LNHIKRLLSD PELLLMEA  

 

 

Our E2-WT DNA sequence in pET-11a plasmid 
1    ATGCTGTCTG TTCCTGGTCC CGCTGCTGCA GAGGAAAAGG CTGCTCCAGC GGCTGCGAAA CCGGCTACTA CTGAAGGTGA  

81   ATTCCCTGAA ACCCGTGAAA AAATGTCTGG TATCCGTCGT GCAATCGCGA AAGCCATGGT TCACTCTAAA CACACCGCGC  

161  CACACGTTAC CCTGATGGAT GAAGCAGACG TTACCAAACT GGTTGCGCAC CGTAAAAAAT TCAAGGCGAT TGCGGCGGAA  

241 AAAGGTATCA AACTGACCTT CCTGCCGTAC GTTGTTAAAG CTCTGGTTTC GGCTCTGCGT GAATACCCGG TTCTGAACAC  

321  CTCTATTGAC GACGAGACCG AAGAAATCAT CCAGAAACAC TACTACAACA TCGGTATCGC TGCGGACACT GATCGTGGTC  

401  TGCTGGTTCC TGTGATTAAA CACGCGGACC GTAAACCGAT CTTCGCGCTC GCTCAGGAAA TCAACGAACT GGCTGAGAAA  

481  GCTCGTGACG GTAAACTGAC TCCTGGTGAA ATGAAAGGCG CGTCTTGCAC TATTACCAAC ATCGGCTCTG CAGGTGGTCA  

561  GTGGTTCACC CCAGTTATCA ACCACCCGGA AGTTGCGATC CTGGGTATTG GTCGTATAGC CGAAAAGCCG ATCGTTCGTG  

641  ACGGTGAAAT CGTTGCTGCT CCGATGCTGG CCCTGTCTCT GTCTTTCGAT CATCGTATGA TTGATGGCGC GACCGCACAG  

721  AAAGCCCTGA ACCACATCAA ACGTCTGCTG TCCGACCCGG AACTGCTGCT GATGGAAGCT taa  

 

 
Our E2-WT protein sequence (numbering for our mutants for example D381C  is 
based on the full native pyruvate dehydrogenase E2 sequence; see above).  
  
1  MLSVPGPAAA EEKAAPAAAK PATTEGEFPE TREKMSGIRR AIAKAMVHSK HTAPHVTLMD EADVTKLVAH RKKFKAIAAE  

81  KGIKLTFLPY VVKALVSALR EYPVLNTSID DETEEIIQKH YYNIGIAADT DRGLLVPVIK HADRKPIFAL AQEINELAEK  

161  ARDGKLTPGE MKGASCTITN IGSAGGQWFT PVINHPEVAI LGIGRIAEKP IVRDGEIVAA PMLALSLSFD HRMIDGATAQ  

241  KALNHIKRLL SDPELLLMEA 
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A.2. Detailed Protocols and Additional Methods 
 
A.2.1.  Bone Marrow-Derived Dendritic Cell Preparation  

1. Beginning with euthanized mouse 

2. Spray animal with generous amount of 70% ethanol 

3. Make sure surgical tools are all sterile 

4. Cut away the tissue from the hind legs of the animal 

5. For a good video on this, go to: 

http://www.jove.com/video/769/culture-of-myeloiddendritic-cells-from-bone-marrow 

precursors 

6. Make sure you remove enough skin and tissue to expose the hip joint 

7.  t’s common for  lee ing to occ r here, if you sever the femoral artery 

8. Remove the hind legs from the animal by cutting at the hip joint 

9. Be very careful not to break the femur 

10. Continue to remove tissue until the bones are exposed 

 a. Remove the feet 

 b. Separate the femur and tibia at the knee joint 

11. You can use all four leg bones, just the femur, or just the tibias, depending on how many 

cells you need 

 a. All four bones 30-40 million cells 

 b. 2X Femurs 20-30 million cells 

 c. 2X Tibias 5-10 million cells 

12. Rinse bones in 70% ethanol for about a minute  

13. Rinse the bones in a small amount of ice cold PBS  

14. Set the bones in ice cold PBS on ice. 

15. Using straight scissors, cut both epiphyses from the bone and place back in ice cold PBS 

until next step 

16. Prepare ~ 7 ml of ice cold PBS in a petri dish and fill a 3 ml syringe with ice cold PBS 

17. 27 gauge needle on end of syringe 

18. Insert the needle into one end of the bone and flush out the marrow with PBS into the 7 

mls of PBS in the petri dish 

 a. The bone will go from brownish to bright white as the marrow is flushed to the 
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 dish 

 b. Flush with more PBS as necessary to get all of the marrow out 

19. Using a 10 ml serological pipette, pipette the marrow/PBS solution up and down for 

several minutes, until the marrow is broken up into a more homogeneous solution (single 

cell suspension) 

20. Insert a 70 µm mesh tissue strainer to a 50 ml conical tube and apply the 10 mls of 

marrow to the mesh 

 a. If there are red clumps on the mesh, you can break that up with the tip of the 

 pipettes. 

21. Rinse the petri dish with 10 ml of fresh ice cold PBS, and apply that to the strainer 

22. Centrifuge the marrow cells at 300 x g for 5 minutes 

23. Decant the supernatant, break up the pellet, and add 3 mls of ACK lysing buffer 

for 2 minutes at room temperature 

 a. After 2 minutes, quench with 10-20 mls of ice cold PBS 

24. Centrifuge at 300 x g for 5 minutes 

25. Decant, break up pellet, and add 10-20 mls of PBS 

 a. You should notice that the pellet is now white, instead of red 

 b. Take 100 µl for cell counting 

26. Centrifuge at 300 x g for 5 minutes 

27. Resuspend the cells at 2 million cells/ml in pre-warmed BMDC media 

28. Add 1 ml of cell suspension to a sterile bacteriological non-treated petri dish (2 million 

cells total) 

29. Bring the volume in the dish up to 10 ml with pre-warmed media 

30. Supplement the media with 20 ng/ml of mouse recombinant GM-CSF (day 0) 

31. On Day 3, add 10 ml of fresh pre-warmed DC media (now 20 ml total) 

 a. Supplement with 10 ng/ml GM-CSF (i.e. 20 µl of 10 µg/ml stock) 

32. On Day 6, remove 10 ml from each culture (50% of the media), centrifuge at 300 x g for 

5 min, and resuspend the non-adherent cells in 10 ml of prewarmed DC media 

 a. Supplement with 10 ng/ml fresh GM-CSF (i.e. 20 µl of 10 µg/ml stock) 

33. Add the non-adherent cells in fresh media back to the culture dishes 

34. On Day 8, you should notice that the cells have proliferated  
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 a. Harvest the cells by gently pipetting the media against the plate with a 10 ml 

serological pipette 

35. Centrifuge at 300 x g for 5 min 

36. Plate the immature BMDCs in whatever plate or at whatever concentration is 

appropriate for your experiment 

 

 

A.2.2. Splenocyte Cell Preparation 

1. Pre-warm Full RPMI (10% FBS, 1% antibiotic/antimycotic) at 37oC. 

Make 1000X ME by adding 3.7 ul of BME to 1 ml of RPMI. 

2. Add 50 ul of 1000X BME into 50 mL of Full RPMI to make Complete RPMI. 

3. Sacrifice mouse and extract spleen and/or lymph nodes, place in 1 mL Complete RPMI. 

4. (empty) through strainer. 

5. Spin for 5 min on setting, then aspirate media. 

6. Gently resuspend in 1 mL ACK, then add 4 mL slowly. Incubate for 4 minutes MAX. 

Quench reaction with 25 mL RPMI. (skip step to step 7 if working with lymph nodes) 

7. Spin for 5 min on setting 4. Aspirate media. 

8. Resuspend in 10 mL RPMI. 

9. Count cells. 90 µL Trypan blue + 10 µL cells. Stain for 2 minutes. Count cells, calculate 

the average of 2 quadrants and divide by dilution factor to obtain number of million 

cells/mL. 

10. Dilute cells to desired concentration with Complete RPMI 

 

 

A.2.3. PEGylation of E2 Surface Amines 

1. Determine concentration of the E2 protein with BCA,  

 a. Molecular weight of D381C monomer: 28105 Da 

2. React the NHS-PEG2000-maleimide with the E2 protein at 30 molar excess of NHS to the 

E2 monomer: 

 a. For example for 1 mg/ml E2  ~ 1 mg/ml  1 / 28105 = ~ 36 µM (with respect 



143 
 

 to E2 monomer)     μM *    = 1 mM 

 b. PEG stock at 10 mM (maleimide-PEG2000-NSH) or 100 mM (mPEG2000-NHS) in 

 DMSO 

3. Add PEG to E2, mix, and keep at room temperature for 1-2 hour 

4. Apply the reaction to a 40 kDa cutoff Zeba spin desalting column 

 a. From Pierce – follo  the man fact rer’s instr ctions 

5. Options for reacting with free maleimide group: 

 a. Add L-cysteine at ~ 20-fold molar excess to E2 monomer 

 b. Add cysteine containing peptide at 5-10 molar excess to E2 monomer 

6. React thiol containing compound with maleimide for 2 hr at room temperature 

7. Remove excess unreacted cysteine or peptide with desalting column 

8. Measure protein concentration with BCA 

 

 

A.2.4. CH12 and B3Z Cell Maintenance 

 CH12 B cells should be maintained at the density between 50,000 – 200,000 

cells/ml (absolutely not over 300,000 cells/ml at any time or 700,000 cells/mL for B3Z) in 

5 ml of RPMI plus FBS, antibiotics and -mercaptoethanol in a T-50 culture flask. It is 

important to split almost every day due to the 8 hour-doubling time of this cell line. 

 

For maintenance: 

1. Transfer cells into a 15 mL conical Falcon tube. 

2. Spin for 4 minutes on setting 3 in a clinical centrifuge. Meanwhile, wash the T-50 culture. 

flask with 6 mL of PBS or use a new flask, and set up the hemocytometer. 

3. Wash cell pellet with 2 mL of PBS, aspirate. Resuspend cells in 2 mL of fresh full medium. 

4. Count cells and split cells to 50,000 cells/mL in 5 ml. 
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Appendix B. Additional Results 

 

B.1. Tumor Challenge after Single Immunization of CpG-gp-E2. (Relevant to section 2.4.3) 

 Single immunization with the CpG-gp-E2 nanoparticle did not delay the B16-F10 

tumor growth or animal survival time. A) Mice (n = 5 per group) were immunized 

subcutaneously with CpG-gp-E2 (50 μg per in ection; eq ivalent to   μg each of gp1   

peptide and CpG ODN) at  ay −14  follo e   y t mor challenge at Day    B) Single 

immunization with CpG-gp-E2 did not delay the tumor growth, compared to PBS-treated 

control. Each line represents the tumor growth of a single animal. C) Immunization with 

CpG-gp-E2 did not prolong the animal survival, compared to PBS-treated controls. Single 

immunization is not sufficient enough to yield an effective anti-tumor responses.  
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B.2. Double Immunization with CpG-NYESO-E2, 100 μg Each Injection. (Relevant to section 
3.4.2) 
 

HLA-   mice  ere imm ni e   ith 1   μg CpG-NYESO-E2 per dose (instead of 50 

μg per dose discussed in section 3.4.2). Splenocytes of immunized mice were pulsed ex vivo 

in the presence of relevant peptide (NYESO) or irrelevant peptide (SIINFEKL) and analyzed 

for specific IFN-γ secretion, checked with ELISpot. No significant increase in specific IFN-γ 

 as o serve  for mice receiving 1   μg CpG-NYESO-E2 immunization (per injection) 

compare  to     control gro p (p ˃       n=4)   mm ni ation  ith 1   μg of CpG-NYESO-

E2 did not increase the IFN-γ secretion compare  to    μg, and in fact showed a significant 

decreased across the cohort of mice. This could be due to increased levels of suppressive T 

cells, T cell exhaustion, or high antigen doses leading to increase tolerance.  
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B.3. SDS-PAGE and ELISpot Data from CpG-NYESO(p2)-E2 and CpG-MAGE(p2)-E2 

Nanoparticles. (Relevant to sections 3.4.2 & 3.4.4).  

 A) SDS-PAGE. Peptides were successfully conjugated to the E2 nanoparticle. B) 

  mmary of average  EL  pot  ata from mice imm ni e   ith    μg CpG-NYESO(p2)-E2 

or CpG-NYESO-E2. C)   mmary of average  EL  pot  ata from mice imm ni e   ith    μg 

CpG-MAGE(p2)-E2 or CpG-MAGE-E2. HLA-A2 mice were immunized, and splenocytes of 

immunized mice were pulsed ex vivo in the presence of relevant peptide or irrelevant 

peptide (SIINFEKL) and analyzed for specific IFN-γ secretion   No significant increase in 

specific IFN-γ secretion  as o serve  for mice receiving CpG-NYESO(p2)-E2 or CpG-

MAGE(p2)-E2 compare  to     control gro p (p ˃       n ≥  )  Our data showed that 

immunization with nanoparticle formulations of the NYESO(p2) epitope (C-ILTIRLTAA) 

[CpG-NYESO(p2)-E2] and MAGE(p2) epitope (C-KVAELVHF) [CpG-MAGE(p2)-E2] did not 

result in any significant increase in the IFN-γ secretion. This could be due to their low in 

vivo immunogenicity.  
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B.4. ELISpot Data Using Splenocytes from Co-Immunization with CpG-NYESO-E2 and CpG-

MAGE-E2 Nanoparticles (50 μg each, 100 μg total per dose). (Relevant to section 3.4.6.) 

 

 HLA-A2 mice were immunized with different formulations (a-d). Splenocytes of 

immunized mice were pulsed ex vivo in the presence of relevant peptide (NYESO or MAGE) 

or irrelevant peptide (SIINFEKL) and analyzed for specific IFN-γ secretion  Lo er   N-γ 

secretion was observed for NYESO epitope when mice were immunized simultaneously 

with CpG-NYESO-E2 and CpG-MAGE-E2 (   μg each  1   μg total per  ose) compare  to 

CpG-NYESO-E  alone (   μg per  ose). Co-immunization with higher doses (compared to 

section 3.4.6) of CpG-NYESO-E2 and CpG-MAGE-E2 nanoparticles (   μg each  1   μg total 

per dose) did not amplify the specific-IFN-γ secretion, relative to each formulation 

separately; in fact, both IFN-γ and lysis effects were lower than the effects of each 

individual antigen-nanoparticle alone. This observation could be due to T cell exhaustion or 

peptide competition on the MHC of the antigen presenting cells (e.g., DCs) or on the T cell 

receptors. 
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B.5. Cell Lysis Assay Using Splenocytes from Co-Immunization with 50 μg CpG-NYESO-E2 and 

50 μg CpG-MAGE-E2 Nanoparticles (100 μg total per dose, 2 immunization). (Relevant to 

section 3.4.6.) 

 

 A) Vaccine components of different formulation groups (a-c). B) Summary of 

averaged lysis data. Mice received immunizations with different formulations (a-c); 

splenocytes isolated from mice co-immunized with CpG-NYESO-E2 and CpG-MAGE-E2 

nanoparticles (   μg each  1   μg total per  ose)  i  not increase the lysis activity toward 

A375, relative to each CpG-NYESO-E2 or CpG-MAGE-E  form lation alone at    μg per  ose  

(100:1 effector: target ratio). C) Dose-response lysis ability towards A375 and MCF-7 cell 

lines at different effector: target ratio. Co-immunization with higher doses (compared to 

section 3.4.6) of CpG-NYESO-E2 and CpG-MAGE-E  nanoparticles (   μg each  1   μg total 

per dose) did not amplify the lysis activity, relative to each formulation separately; in fact, 

both IFN-γ and lysis effects were lower than the effects of each individual antigen-

nanoparticle alone. This observation could be due to T cell exhaustion or peptide 

competition on the MHC of the antigen presenting cells (e.g., DCs) or on the T cell receptors. 
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B.6. HPLC Analysis of Peptide and CpG Conjugation to the E2 Nanoparticle 

 Numbers of peptides attached to the E2 nanoparticle was analyzed by HPLC 

(Shimadzu system) with a Zorbax C18 column over a water: acetonitrile gradient at 0.6 

ml/min of total flow. Concentration of pump A (water) dropped from 95% to 5% over 35 

minutes. Peptides and E2 were conjugated using sulfo-SMCC linker. As a negative control, 

peptides and E2 were combined in the presence of water instead of linker. Without 

removing unbound peptides, peptide-conjugated E2 and negative control samples (H2O 

was used instead of the linker) were examined by HPLC. The area difference in peptide 

peak between peptide-conjugated E2 and unbound samples were measured, and was used 

to determine the amount of remaining unconjugated peptide in the solution which was 

quantified with a standard curve of free peptide. 
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B.7. Combination of CpG-gp-E2 with Anti-CTLA4 Did Not Increase the Efficacy Compared to 
Each Treatment Alone  
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B.8. NK Cells Count per Spleen after Immunization with CpG-gp-E2 Nanoparticle. (Relevant to 
section 4.4.3) 
 
 Mice were immunized (groups II-IV). All mice were sacrificed on day 14 and spleens 

were stained for NK cells. Immunization with CpG-gp-E2 nanoparticle did not change the 

NK cell population in spleen, compared to the PBS control group. 
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B.9. Imidazoquinoline Conjugation to the Interior of the E2 Nanoparticle 
 

 
Imidazoquinoline with ester linker 

 
 
 Imidazoquinoline is a ligand of TLR7 and TLR8 which can be used as an adjuvant in 

cancer vaccines. Imidazoquinoline with ester linker was synthesized by Dr. Carl Vogel at 

UCI. We attempted to conjugate the imidazoquinoline molecule from the maleimide end to 

the cysteine of D381C. However imidazoquinoline is a very hydrophobic molecule and it 

had to be dissolved in organic solvent. In contrast, E2 protein nanoparticles denature in 

presence of ˃   % of organic solvent. Solubility of imidazoquinoline was less than 0.06 

mg/ml in 25% of  DMSO, urea, ethanol, guanidine, and NMP which is not high enough to 

perform the conjugation. Therefore, we couldn't find a solvent that keeps both the E2 

nanoparticle and the imidazoquinile happy to perform the conjugation.  

 We also tested Methyl tert-butyl ether (MTBE) solvent. Imidazoquinoline was 

partially dissolve in 25% of MTBE. E2 denatured in 25% of MTBE; we refolded the E2 by 

adding phosphate buffer to overtime until the percentage of MTBE dropped down to less 

than 1%. However, in the refolding process, we lost tremendous amount of the E2 

nanoparticle to the point that we were not able to detect  it anymore. We could not find a 

method to conjugate the imidazoquinoline to the E2 nanoparticle. 

 
  




