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Abstract 
 

Cancer immunotherapy is a novel, attractive approach for cancer treatment. 

Cancer immunotherapy based on vaccines has shown promising results but suffers from 

poor immunogenicity.  This lack of efficacy can be attributed to the inefficient delivery of 

antigens and adjuvants to immune activation sites, resulting in weak cytotoxic T 

lymphocyte (CTL) responses. With profound advances in nanotechnology and 

biomaterials in recent years, researchers have shown the promise of nanoparticles 

designed to co-deliver antigens and adjuvants to antigen-presenting cells (APCs) for 

improving immunogenic responses of cancer vaccines.  

Cancer stem cells (CSC) are a subpopulation of cancer cells that can proliferate 

extensively and drive tumor metastasis and recurrence. Despite intensive research, it 

remains challenging to specifically target and eliminate CSCs. In the first project, I report 

a novel approach to target CSCs by vaccination against aldehyde dehydrogenase 

(ALDH), which is highly up-regulated in CSCs. I have developed synthetic high-density 

lipoprotein (sHDL) nanodiscs co-loaded with ALDH peptide antigen and CpG (a Toll-like 

receptor (TLR)-9 agonist) adjuvant. Nanodisc vaccination combined with αPD-L1 immune 

checkpoint blocker led to significant induction of CTL responses against ALDH, leading 

to inhibition of D5 melanoma and 4T1 breast cancer. Overall, we have shown that 

nanodisc vaccination against ALDH, in combination with αPD-L1 immunotherapy, can 

exert strong anti-tumor efficacy. 



 xiii 

In the second part of my project, we have optimized sHDL nanodiscs that can 

efficiently deliver cancer antigens to lymph nodes and elicit strong anti-tumor T-cell 

responses against colorectal cancer. Overall, we have shown that polyICLC (a potent 

TLR3 agonist) admixed with sHDL can form a powerful adjuvant system 

(sHDL+polyICLC) that can be readily combined with an antigen. sHDL+polyICLC induced 

robust activation of dendritic cells, and sHDL+polyICLC generated strong anti-tumor 

immune responses, exerting strong anti-tumor efficacy in the MC-38 colon cancer model. 

Furthermore, we have shown that non-human primates vaccinated with sHDL+polyICLC 

elicited potent T-cell responses. Overall, these results show that immunotherapy based 

on sHDL+polyICLC can generate potent anti-tumor T-cell responses.  

In the third project, we have developed sHDL-based immunotherapy for inducing 

antigen-specific immune tolerance. Multiple sclerosis (MS) is an autoimmune disease 

caused by autoreactive lymphocytes against axons and myelin sheaths of the central 

nervous system (CNS), leading to axonal loss and demyelination. Current treatments for 

MS are mainly based on immunosuppressive therapies that have unintended side effects 

on global immune responses and cause significant toxicity. To address these issues, we 

have developed synthetic high-density lipoproteins (sHDL) designed for the delivery of 

tolerogenic MS antigens and tested them in a murine model of experimental autoimmune 

encephalomyelitis (EAE), a widely accepted pre-clinical model of MS. sHDL-MOG 

considerably inhibited the symptoms of EAE, whereas treatments with blank sHDL, sHDL-

M30, PBS, or free MOG peptide had no significant impact. Overall, inverse vaccination 

with sHDL carrying tolerogenic peptide antigens is effective against EAE and warrants 
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further research as the basis for immunotherapy against MS and other autoimmune 

diseases. 
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Chapter 1 Introduction 
 

1.1 Cancer Immunotherapy  

Despite recent advances in cancer treatment, cancer remains the second leading 

cause of death worldwide. Treatments, such as surgical resection, chemotherapy, and 

radiation, improve the survival rates of cancer patients. Yet, the world cancer burden and 

death is expected to increase from 18.9 million new cases and 9.6 million deaths in 2018 

to 27.5 million new cases and 17.3 million deaths, respectively, by 2040 [1]. Additionally, 

these treatments have severe side effects that negatively affect the overall health and 

quality of life for cancer patients [2].  

Since its discovery in 1991, immunotherapy has revolutionized cancer treatment 

[3]. Immunotherapy is a treatment strategy that relies on and activates the immune 

system to fight cancer. After recognition of the cancer cells, the immune system either 

triggers a mechanism that can eliminate cancer cells and generate antigen-specific 

immune cells to provide long-lasting immunity or initiates infiltration of immune cells to the 

tumor leading to immune escape of tumor cells and down-modulation of the immune 

system (Figure 1-1)  [4, 5].  

Several mechanisms have been proposed for the immune escape of tumor cells 

[6]. One such mechanism involves the expression of FasL (ligand for Fas receptor) on 

cytotoxic T lymphocytes (CTLs). Fas operates as a death receptor by binding to the ligand 

found on the CTL to induce apoptosis. FasL expression by tumor cells also provides 
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resistance to Fas-induced apoptosis of tumor cells [7]. Another mechanism of cancer cell 

immune escape is through downregulation of the antigen processing machinery, mainly 

diminishing HLA type 1 expression levels in the MHC class I pathway, thus preventing 

antigen presentation [8]. Activation of T cells requires co-stimulatory signals, and the 

absence of these signals leads to T cell anergy and generation of regulatory T cells (Treg). 

The FoxP3 transcription factor present in Treg cells inhibits the activation of effector T 

cells, resulting in diminished immune responses during the immune escape of tumor cells 

[8]. 

In addition to tumor cells, the tumor microenvironment has several immunologic 

checkpoints that play an important role in the attenuation of both innate and adaptive 

anti-tumor immunity. In response to Stat3 or Braf activation, tumors release factors, such 

as IL10, that cause Stat3 signaling in NK cells and granulocytes, resulting in the 

prevention of their tumorigenic activity. Furthermore, activation of Stat3 also converts 

conventional dendritic cells (CDC) to tolerogenic DCs, which in turn induces Tregs and 

T cell anergy [9-11]. Additionally, co-inhibitory B7 family members, such as B7-H1 and 

B7-H4 present in the tumor microenvironment can also downregulate T cell activation 

and/or cytolytic activity [8].  

A recent approach for overcoming immune evasion by tumors involves targeting 

the interaction between programmed death 1 (PD-1) receptor expressed on T cells and 

programmed death 1 ligand (PD-1L) expressed in the tumor microenvironment to block 

the inhibitory signals [12]. Pembrolizumab (anti-PD-1) and nivolumab (anti-PD-1L) are 

promising monoclonal antibodies that are currently investigated as agents for cancer 

immunotherapy. The clinical results of these two monoclonal antibodies demonstrated a 
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decrease in toxicity compared to conventional therapies, an increase in response rate 

(between 17% and 44%), and comparable frequencies of durable responses [13-15]. 

Despite promising results with these checkpoint inhibitors, not all patients respond to 

immunotherapies, and some develop resistance [14, 16]. Therefore, novel, innovative 

options such as cancer vaccination are needed for improving these responses and to 

overcome therapy resistance. 

 

1.2 Cancer vaccines 

Cancer vaccines are a type of immunotherapy that use a vaccine to boost the 

body’s natural immune system to fight and eliminate cancer cells. The immune system 

has two interconnected arms, namely innate and adaptive immune system that can 

protect the human body from bacteria, viruses, and infected cells. Innate immunity 

initiated by the pathogen recognition receptors (PRRs) is the first branch of the immune 

system that protects the host against infectious pathogens [17]. Adaptive immunity is 

triggered after activation of the innate immune responses by antigen-presenting cells 

(APCs), which process pathogens and present their antigenic portions to T cells (effector 

cells) to initiate an antigen-specific response [18]. In addition to bacteria and viruses, 

cancer cells with tumorigenic properties express different antigens that initiate immune 

response [19, 20]. 

APCs, which connect the innate and adaptive immune systems, capture 

pathogens and present antigens to the T and B cells. Dendritic cells (DCs) act as 

professional APCs as they play a major role in the process of pathogen uptake and 

presentation of antigen to T cells. DCs and macrophages use their pathogen recognition 
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receptors to capture proteins in their surroundings and recognize pathogens. Unlike 

macrophages that transfer captured proteins to their lysosomes and degrade them, DCs 

convert pathogens to antigens and deliver said antigens to the local lymph nodes [21, 

22]. In the lymph nodes, the delivered antigens by APC present to T cells and initiate 

antigen-specific T cells responses [23].  

During this antigen presentation process, immunostimulatory molecules, such as 

CD80/86, are required to stimulate antigen-specific T cells. Healthy cells are unable to 

express these immunostimulatory molecules, and thus, the immune system uses cross-

presentation in which APCs take up antigens from the extracellular environment and 

present them on MHC-I. During the proteasome-mediated transfer of cytosolic proteins 

from cells, the proteins inside the cells are cleaved to short amino acid chains or peptides 

[24]. These peptides are either transported into the endoplasmic reticulum (ER) by 

TAP1/2 or they bind to major histocompatibility complex class I (MHC-I) (Figure 1-1) 

[23]. The MHC-I complex expressed on the cell surface then presents the antigenic 

peptides for CTL recognition.  

Although the efficacy of the vaccine depends on various factors, such as the site 

of injection, timing of the first injection, and booster immunizations, the vaccine 

composition is also an essential factor that can affect the strength of the immunity. In 

addition to antigens, vaccines should have strong adjuvants, which trigger immune 

action against that antigen (Figure 1-1) [3]. 
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Figure 1-1. Schematic of mechanisms and components of an effective cancer vaccine 
[25]. 
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1.2.1 Tumor antigens 

Tumor antigens expressed in tumor cells should be absent or expressed at low 

levels in healthy adult tissue. Also, tumor antigen should be broadly categorized based 

on the specificity for certain tumors. Overall, tumor antigens can be categorized as 

tumor-associated or tumor-specific antigens.  

Tumor-associated antigens (TAAs) include antigens that are overexpressed, 

involved in tissue differentiation, or preferentially expressed by cancer cells but not 

normal tissues. Notable examples of overexpressed tumor antigens include human 

epidermal growth factor receptor 2 (HER2, also known as ERBB2), human telomerase 

reverse transcriptase (TERT), and antiapoptotic proteins (such as survivin (also known 

as BIRC5)) [26].  On the other hand, tissue differentiation antigens are encoded genes 

that are only expressed by the specific cell lineages from which a tumor and its 

corresponding normal tissue arise but that are not expressed more widely. Examples of 

tissue differentiation antigens include mammaglobin-A overexpressed in breast cancer 

as well as prostate-specific antigen (PSA).  

However, the use of TAAs in cancer vaccines carries the risk of autoimmunity 

against the corresponding normal tissues and is subject to some degree of central 

tolerance and lack of complete specificity to the tumor [27]. Furthermore, as these 

antigens are also expressed in healthy tissue, natural T cell recognition is often of low 

affinity as a result of the negative selection of high-affinity T cells in the thymus [28]. 

Thus, choosing an appropriate antigen peptide against the cancer cells is one of the 

most important steps in vaccine therapy.  
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Tumor-specific antigens (neoantigens) are another group of antigens that are 

foreign to the body (and therefore not subject to central tolerance) and expressed only 

by cancer cells (and therefore specific to the tumor), which makes them highly suitable 

for use in a cancer vaccine. Accumulating experimental evidence in human cancer 

studies show that vaccines using neoantigens are efficacious in both preventive and 

therapeutic settings for cancer vaccines [29]. However, to determine appropriate, 

immunogenic neoantigens, researchers should sequence the whole genome of primary 

as well as metastatic tumors, which is not feasible for some tumors to date and requires 

tremendous effort and resources [30].  

 

1.2.2 Adjuvants 

It is crucial to select an appropriate adjuvant for cancer vaccines, as adjuvants play 

key roles in generation of an adaptive immune response of sufficient scale, quality, 

breadth, and persistence necessary for efficacy (Figure 1-2). Currently, there are only a 

few adjuvants approved in the USA and Europe for human use. Aluminum salts (alum) 

were approved in the mid-1920s and have been used widely as an adjuvant for producing 

strong Th2 responses [31]. Preclinical studies have shown that after intramuscular and 

intraperitoneal injection of alum, strong immune responses encompassing an influx of 

neutrophils, eosinophils, NK cells, CD11b+ monocytes, and dendritic cells (DCs) were 

observed at the site of injection [32]. This has been attributed due to the fact that alum 

forms a depot at the injection site for slow release of antigens after administration [33].  
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Figure 1-2. Role of Adjuvant in immune activation against tumor cells [34]. 

 

Double-stranded RNA (dsRNA) related to viral infections activates Toll-like 

receptor (TLR) 3 in the endosomal compartment and helps skew Th1 responses, which 

favor the involvement of CTLs [23]. Furthermore, dsRNA molecules, such as synthetic 

polyinosinic:cytidylic acid (Poly I:C), can increase IL-12 and type I interferon (IFN) 

secretion and activate cytosolic receptors, such as retinoic acid-inducible gene-1(RIG-I). 

In addition, Poly I:C can be administered in complex with poly-L-lysine to increase its 

stability. In recent clinical trials, topical administration of the complex against glioblastoma 

showed the safety and efficacy of the adjuvant [35].  

Another interesting adjuvant is monophosphoryl lipid A (MPLA), which is a 

derivative of lipopolysaccharides (LPS) and is a TLR4 agonist [36]. Vaccine studies using 

MPLA have indicated that MPLA induces strong Th1 responses, but when incorporated 

into the particles, it shows more balanced Th1 and Th2 responses [37].  TLR4 has been 

identified for its role in recognition of LPS and activation of adaptive immunity [38]. MPLA 
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is found in FDA-approved vaccines against human papillomavirus (HPV) and hepatitis B 

virus (HBV) [39].  

 Recently, TLR 7/8 agonists have shown potential as vaccine adjuvants. They can 

directly activate APCs and improve both humoral and cellular immune responses, 

particularly the Th1 response. Although ssRNAs are the natural ligands for TLR7 and 

TLR8, the majority of vaccine experiments have been performed with synthetic small 

molecule imidazoquinolines, such as imiquimod and resiquimod as TLR7/8 agonists. 

These agonists show low efficacy as a soluble vaccine, which can be attributed to high 

hydrophobicity that strongly affects their colocalization with the antigen [40]. Therefore, 

researchers are investigating different ways to improve the efficacy of TLR7/8 agonists, 

such as conjugation of TLR7/8 agonists to antigens and nanoparticle formulations. 

Imiquimod (TLR7) has been used as a 5% cream (Aldara® Imiquimod 5% cream; 3M, 

MN, USA) in clinics for external genital warts, superficial basal cell carcinoma, and actinic 

keratosis [23]. Experimental clinical studies have shown that imiquimod administered with 

CpG increased T cell activation and induced antigen-specific central memory phenotype 

CTL responses [41, 42].  

CpG, a TLR9 agonist, is widely used as it can promote antigen cross-presentation 

efficiency and activation of TLR9 in plasmacytoid DCs produces a high level of IFNγ. IFNγ 

expression leads to antibody responses, elevated T cell proliferation, survival and 

memory phenotype, and intense polarization of the T helper cell phenotype to CTL-

supportive Th1. CpG has been tested in various therapeutic cancer vaccines and recent 

clinical trials, where it has shown encouraging results when mixed with another adjuvant 

with an immunogenic peptide from melanoma-specific protein [43, 44].  
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Despite the identification of appropriate antigens and an effective adjuvant 

increasing the efficacy of the cancer vaccine, a remaining challenge is delivering it to the 

site of immune activation [45]. 

 

1.2.3 Nanoparticle cancer vaccine 

To have an effective vaccine, an antigen should be delivered to sites that can 

produce an adequate response, and an adjuvant should be delivered to the same sites 

as the antigen. Significant improvement in inducing immune responses is seen when 

antigen and adjuvant are co-delivered to the location of responses [46], leading in 

enhanced cross-presentation and activation of the immune system. For soluble 

vaccines, the simultaneous delivery of antigens and adjuvants are not guaranteed due 

to differences in pharmacokinetic parameters, permeability, distribution properties, and 

biodistribution of antigen and adjuvants, which significantly affects where and to what 

degree vaccine components are delivered to the host. To address these issues, 

researchers have employed nanoparticles to encapsulate both antigens and adjuvants 

and improve the immunogenic responses of cancer vaccines [47].  

Various nanoparticles have been studied for cancer vaccines. Among a number of 

nanoparticle systems for cancer vaccines, polymeric nanoparticles are one of the most 

widely studied vaccine platforms. In addition to PLGA [48-51], liposomes, micelles, 

dendrimers, inorganic nanoparticles such as gold nanoparticles, iron oxide 

nanoparticles, carbon nanoparticles, and quantum dots are also successfully used as 

carriers for antigens and adjuvants to the desired target sites, such as lymph nodes or 

other intracellular locations, for the activation of the immune response [52-54].  
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 High-density lipoprotein (HDL), known as good cholesterol, is a lipid-based 

nanoparticle involved in the transport and metabolism of cholesterol and triglyceride. 

HDL has anti-inflammatory and anti-oxidation properties and can carry various 

endogenous proteins, vitamins, hormones, and microRNA to different organs [55]. The 

small size of HDL, high tolerability, long blood circulation half-life, and special ability to 

target different recipient cells make HDL a promising nanocarrier for the delivery of 

peptide to APCs. In addition to the properties mentioned above, HDL is degraded in 

endosomal compartments of APCs, resulting in high levels of cross-presentation. 

Therefore, HDL is a promising candidate for cancer vaccine studies. Additionally, HDL 

can load both hydrophobic as well as hydrophilic compounds, allowing for incorporation 

of a wide range of antigens and adjuvants [55]. Previous Phase I clinical trial of synthetic 

high-density lipoprotein (sHDL) nanodiscs for cardiovascular application has indicated 

clinical safety of sHDL [55]. In our previous work, we investigated the preparation of 

sHDL nanodiscs using apolipoprotein A1 (ApoA1)-mimetic peptides (22A) and showed 

that sHDL could successfully load antigen and adjuvant (TLR9 agonist, CpG), co-deliver 

them to lymph nodes, increasing the uptake of antigen to APCs, and trigger the CTL 

response against cancer cells, leading to an effective response against tumors [56]. 

However, the antigen-lipid anchor and in vitro and in vivo stability of the sHDL formulation 

have not been fully optimized. In terms of selecting an effective adjuvant to induce cross-

presentation and strong CTL responses, our sHDL formulation should be optimized for 

a strong adjuvant to achieve potent anti-tumor efficacy.  
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1.3 Cancer stem cells as a target of vaccination 

Cancer stem cells (CSCs) were first reported in myeloid leukemia and then further 

characterized in breast cancer in a seminal study by Al-Hajj, et al., who identified the 

CD44+CD24-/LowLineage− population of cells for their tumor-initiating properties [57, 

58]. Unlike the majority of cancer cells, CSCs, like regular stem cells, exist in a mostly 

inactive state regarding cell cycle activity, making them resistant to standard cytotoxic 

anti-cancer drug treatments designed to kill rapidly dividing cells. As a result, CSCs are 

a key factor in both tumor relapse and chemo-resistance [59, 60].  Thus, it has been 

suggested that targeting and killing CSCs may be crucial to eliminate cancer metastases 

and prevent tumor recurrence. Despite advances in the field of CSC-targeted therapies, 

it remains very challenging to kill CSCs in vivo. New anti-CSC therapeutics should have 

minimal toxicity to healthy stem cells or progenitor cells, while achieving selectivity against 

CSCs and overcoming chemo-resistance of CSC [61]. To address these challenges, 

strategies incorporating selective, cell cycle-independent treatments should be developed 

to increase the efficacy of CSC treatments with minimal toxicity [8-14]. 

In recent years, ALDEFLUOR/ALDH (aldehyde dehydrogenase) expression has 

been identified as a functional biomarker for CSCs. ALDH detoxifies intracellular 

aldehydes through oxidation and thus may play a role in the differentiation of stem cells 

[62-64]. ALDH activity is a crucial biomarker for breast and colon CSCs as well as CSCs 

from more than 20 types of cancer [65-68]. Li, et al. have demonstrated the feasibility of 

immunological targeting of CSCs using ALDHhigh CSC lysate-pulsed dendritic cell (DC) 

vaccines. Therefore, ALDH may serve as a basis for vaccination against CSCs [69]. Ning, 

et al. showed that inoculation of as few as 500 cells of ALDH+ D5 could result in tumor 
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formation, compared to the injection of 50,000 ALDH- cells [70].  Furthermore, cancer 

vaccines made from ALDH+ D5 cells showed a 2- and a 3-fold decrease in the number 

of lung metastases generated by D5 cells, compared with unsorted tumor cells. Also, 

prophylactic vaccination with CSC lysate from SCC7 cell line (murine squamous cell 

cancer) showed a decrease in the growth of tumors in a subcutaneous model. 

Collectively, these studies have indicated that ALDH may serve as a promising antigen 

for immunological targeting of CSCs. In chapter 2, we will discuss nanodisc-based 

vaccination against ALDH for activating the immune system against CSCs. 

 

1.4 Colon cancer: current therapies and challenges 

Among the different types of cancers, colorectal cancer (CRC) is one of the 

deadliest cancers worldwide, accounting for approximately 700,000 deaths per year. 

Patients diagnosed with metastatic CRC cancer have a low 5-year survival rate. 

Although the origin of colon cancer is not well established, research has shown that error-

prone DNA leading to uncontrollable growth is responsible for colon cancer development 

and metastasis [71]. Untreated CRC cancer spreads to the local lymph nodes and 

various tissues, finally establishing metastases in the brain, lungs, and liver [12]. Current 

treatment for CRC includes 1) surgery (such as laparoscopic surgery, colostomy for 

rectal cancer, and radiofrequency ablation (RFA) or cryoablation), 2) radiation therapy 

(such as external-beam radiation therapy, intraoperative radiation therapy, and 

brachytherapy), 3) chemotherapy using capecitabine, fluorouracil, irinotecan, oxaliplatin, 

and trifluridine/tiprail, and 4) targeted therapies, such as angiogenic inhibitors, epidermal 
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growth factor receptor (EGFR) inhibitors, and checkpoint inhibitors (immunotherapy) 

[72]. 

Surgery is the most common treatment for CRC at all stages. In addition to surgical 

resection, some patients may be able to have another type of surgery such as 

laparoscopic surgery, colostomy for rectal cancer, and radiofrequency ablation (RFA) or 

cryoablation [73]. Radiation therapy is another method for cancer therapy that utilizes 

high-energy X-rays to eliminate cancer cells. Radiation therapy is commonly used for 

treating rectal cancer because CRC tumors tend to recur near the initial location [74]. 

External-beam radiation therapy is one of the common types of radiation therapy that 

uses the delivery of X-rays to the cancer location. It is usually administered five days a 

week for several weeks. The delivery of such large and precise radiation doses to a small 

area eliminate all the cancer cells efficiently. For rectal cancer, radiation therapy may be 

used before or after surgery to shrink or kill cancer cells [75]. The main advantages of 

radiation therapy include a lower rate of cancer recurrence and fewer patients who need 

permanent colostomies [75]. Radiation therapy may include some side effects such as 

fatigue, mild skin reactions, upset stomach, loose bowel movements, bloody stools from 

bleeding through the rectum or blockage of the bowel, and sexual problems (the failure 

to have a child) [76, 77]. Chemotherapy, a common treatment against many cancers, is 

used to kill cancer cells by inhibiting the ability of cancer cells to divide. 

Anti-angiogenesis therapy is a targeted therapy that focuses on stopping 

angiogenesis, which is a process of making new blood vessels [78]. Since tumor cells 

need more nutrients than healthy cells to grow and spread, anti-angiogenesis therapy 

targets and blocks blood vessel formation by tumors, thereby starving the tumor cells. 
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Bevacizumab (Avastin), an anti-angiogenesis treatment, in combination with 

chemotherapy, increased the survival rate of patients with advanced colorectal cancer 

[79]. Therefore, in 2004, the FDA approved bevacizumab as the first-line therapy for 

advanced colorectal cancer, and recent research has shown that it is also effective as 

second-line therapy [80]. Regorafenib (Stivarga) is another FDA approved drug for target 

therapy [81]. It was approved in 2012 by the FDA for patients with metastatic colorectal 

cancer who have already been treated with certain types of chemotherapy and other 

targeted therapies [81]. Ziv-aflibercept (Zaltrap) and ramucirumab (Cyramza) are other 

target therapies for CRC, which can be combined with FOLFIRI chemotherapy as a 

second-line action against metastatic colorectal cancer [82]. 

Epidermal growth factor receptor (EGFR) inhibitors block the EGF receptors and 

slow or stop the growth of cancer cells. EGFRs are a member of the ErbB family of 

receptors that play an important role in colorectal cancer, as it is highly expressed in 

CRC. An EGFR inhibitor Cetuximab (Erbitux), is an antibody made from mouse cells. A 

Phase 2 clinical study in 121 patients with colorectal cancer showed a 17% better 

response rate, compared with fluorouracil after weekly treatment with Cetuximab [83].   

  Overall, the currently available therapeutics against CRC are not sufficiently 

effective and cause harsh side effects or low responses. Despite advancement in CRC 

therapy, chemotherapy is still the most commonly used treatment against CRC, which is 

associated with low-level responses and severe side effects, especially toward healthy 

cells. EGFR inhibitors show some successful results because of their high level of 

precision but were only effective in a small portion of CRC patients. Thus, novel 

approaches are needed for the treatment of CRC.   
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  Cancer vaccines, as described above, can activate the immune system to target 

cancer cells. This is a promising immunotherapeutic strategy for cancer, and in chapter 

3, we will discuss how nanodisc-based vaccines can be used to elicit T-cell responses 

against CRC.  

 

1.5 Immune tolerance 

In addition to cancer, vaccines can also be utilized to treat other diseases.  In this next 

section, we will discuss other applications of vaccines to reverse misdirected activation 

or over activation of the immune system, which is classified as an autoimmune disease.  

The primary responsibility of the immune system is to protect the host from a broad 

range of pathogens as well as abnormal or excessive immune reactions that would be 

harmful to the host. Immune tolerance is selective in that the immune system disregards 

molecules native to the host and responds aggressively to remove foreign molecules. A 

breakdown in immune tolerance may lead to tissue and organ damage, resulting in 

autoimmunity (Figure 1-3)  [84].  
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Figure 1-3. Breakdowns in immune tolerance may lead to autoimmunity [84]. 

 

Immune tolerance is classified as central tolerance or peripheral tolerance based 

on the site of origin. If tolerance happens during T and B cell maturation in the thymus or 

bone marrow, it is classified as central tolerance. If it occurs in other tissues and lymph 

nodes, it is known as peripheral tolerance. Central tolerance is the primary way by which 

the immune system discriminates self from non-self-antigens. However, peripheral 

tolerance is critical to protect and prevent the over-reactivity of the immune system in 

various environments [84-86].  

Autoimmune diseases occur when abnormal B cell or T cell recognition of self-

antigens occurs and triggers an immune reaction. This type of unconventional T cell is 

usually eliminated from the immune system by central or peripheral tolerance.  

Autoimmune diseases occur when abnormal B and T cells escape from central or 



 18 

peripheral tolerance [87-89]. On the other hand, regulatory T cells (Tregs) can induce 

immune suppression. Emerging evidence indicates that every adaptive immune response 

involves recruitment and activation of not only effector T and B cells but also Tregs [90]. 

Additionally, the balance between the two populations is critical for the control of quality 

and magnitude of adaptive immune responses as well as establishing or breaching 

tolerance to self- and non-self-antigens (Figure 1-4) [84, 89]. Overall, autoimmune 

diseases, such as multiple sclerosis, psoriasis, rheumatoid arthritis, and type 1 diabetes, 

are the third-ranked cause of human morbidity and mortality in the United States [91]. 

 

 

 

Figure 1-4. Effects of Treg Deficiency in Mice and Humans [85]. 

 

Multiple sclerosis (MS), in particular, is an unpredictable disease, characterized by 

an autoimmune response against the axons and myelin sheath proteins of the central 

nervous system (CNS), resulting in axonal loss and demyelination. It affects one million 

people in the United States and nearly 2.5 million people globally [92, 93]. The majority 
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of MS patients first present with relapsing and remitting neurological symptoms. MS 

diagnosis is confirmed by the presence of multiple inflammatory lesions with 

temporospatial dissemination in the brain, spinal cord, and/or optic nerves [94, 95]. The 

lesions are comprised of inflammatory infiltrates, including myeloid cells, which contribute 

to disease pathogenesis by releasing cytotoxic factors that damage myelin and myelin-

producing oligodendrocytes and induce aberrant immune responses [77, 96]. Research 

on the immune system and CNS lesions of MS patients, as well as studies in murine 

models of MS, have shown that CD4+ T cells (Th) cells polarized to Th1 (IFN-γ-producing) 

and/or Th17 (IL-17-producing) phenotypes are the drivers of CNS autoimmunity [77, 97, 

98].  

Current MS treatments can be categorized into two groups: (1) those that mitigate 

symptoms and (2) those that aim to alter the progression of the disease (disease-

modifying therapies, or DMTs). DMTs aim to reduce circulating immune cells or to prevent 

them from crossing the blood-brain barrier (BBB), thereby decreasing the local 

inflammatory response. There are currently ten DMTs approved for relapsed multiple 

sclerosis [99]. These DMTs can be organized according to their route of administration 

as self-injectable, oral, or intravenously-administered formulations [100]. Most of the MS 

therapies are administered systemically, whether in oral or injectable formulations [101]. 

Hence, a considerable amount of the drug circulating in the bloodstream can interact with 

off-target cells and decrease the dose to the intended target. At the forefront of these 

treatments are TNFa blockers, which sequester TNFa cytokines, a primary inducer of 

inflammation in common autoimmune diseases such as rheumatoid arthritis (RA). TNF  

blockers are becoming the standard of care for patients with autoimmune diseases due 
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to their effectiveness in controlling diseases with lower risk profiles [102]. However, anti-

TNF therapies have limitations as they are ineffective in patients with the refractory 

disease [103]. Thus, the next wave of transformative therapeutics should aspire to provide 

a cure by selectively suppressing autoantigen-specific immune responses without 

sacrificing the immune system's normal function. 

Inverse vaccination is a process defined by antigen-specific tolerogenic 

immunization, which returns the effector T cell/Treg balance resulting in inhibition of 

autoimmune responses. Inverse vaccination can be achieved by prolonged treatment with 

high doses of the specific tolerogenic antigen. The introduction of antigen-specific 

tolerance is considered a promising approach for the treatment of MS and other 

autoimmune disorders. Several myelin proteins, such as myelin basic protein (MBP), 

proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG), have been 

identified as targets of autoreactive T cells in MS as well as in experimental autoimmune 

encephalomyelitis (EAE), a widely investigated murine model of MS [104]. EAE is a 

complex condition in which the interaction between a variety of immunopathological and 

neuropathological mechanisms leads to an approximation of the key pathological features 

of MS: inflammation, demyelination, axonal loss, and gliosis [105]. Active-EAE can be 

induced by immunizing mice with CNS tissue of myelin peptides, such as myelin basic 

protein (MBP), proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG)  

in CFA [106]. 

Oral delivery of myelin-oligodendrocyte glycoprotein 35-55 (MOG35-55) peptide is 

known to reduce disease severity in MOG35-55-induced EAE in C57Bl/6 mice [107]. 

Mechanisms for this treatment include suppression and deletion of autoreactive T cells, 
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induction of tolerogenic DCs, and stimulation of Tregs [108-112]. However, similar 

treatment with soluble peptides for MS carries the risk of an anaphylactic reaction due to 

the repeated delivery of high doses necessary to obtain optimum therapeutic effect in MS. 

Nanoparticle mediated delivery of antigens in tolerogenic dose is one way to overcome 

this problem [91, 113, 114].   

Among the various types of nanoparticles examined by researchers for treatment 

of autoimmune diseases, lipid nanocarriers such as liposomes, solid lipid nanoparticles 

(SLNs), nanostructured lipid carriers (NLCs), and nanoemulsions are considered an ideal 

platform for effective delivery of therapeutics against MS. This type of nanoparticle 

possesses the ability to cross the brain-blood barrier (BBB) by entering the brain capillary 

endothelial cells and reducing peripheral side effects. In addition, lipid nanocarriers with 

appropriate decoration (such as ligand and peptide surface-modification) can efficiently 

interact with cell receptors presented in the BBB and deliver drugs or peptides cross the 

BBB [115].  

 

1.6  Summary 

This introduction provides an overview of the current state of cancer 

immunotherapy, different components of a cancer vaccine, and challenges facing the field 

of cancer vaccines. It has also highlighted autoimmune diseases and mechanisms of 

immune tolerance. In both instances, nanoparticles have been discussed as a promising 

carrier for the delivery of antigens and adjuvants for immune activation and oppositely, 

tolerogenic application. 
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In my dissertation, we have developed sHDL incorporated with a CSC antigen as 

a model antigen for cancer immunotherapy, investigated the role of different adjuvants to 

activate the immune system, and finally, applied the sHDL technology to induce antigen-

specific immune tolerance as a new form of immunotherapy against autoimmune 

diseases.  The overall goal of Chapter 2 and Chapter 3 of my dissertation was to develop 

a clinically translatable and scalable platform for the delivery of antigen and adjuvants to 

APCs for increasing the efficacy of cancer vaccines and reducing off-target side effects. 

To achieve this goal, in Chapter 2, we have developed sHDL nanodiscs co-loaded 

with CSC antigen and adjuvant to generate strong antigen-specific CD8+ T response 

against CSCs. In chapter 3, we have studied the role of adjuvants in the sHDL vaccine 

formulations to further augment anti-tumor T cell immune responses. Finally, in Chapter 

4, we have studied autoimmune disorders as a new application for our sHDL nanodiscs. 

we have evaluated the therapeutic and preventive application of tolerogenic antigen 

delivery by sHDL nanodiscs. we have assessed the sHDL formulation in the murine EAE 

model of MS. In Chapter 5, we have summarized the major findings from my dissertation 

and provided perspectives and directions for future studies.  
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Chapter 2 Combination Immunotherapy Against Cancer Stem Cells Using 

Synthetic High-Density Lipoprotein Nanodiscs 

2.1 Abstract 

Despite recent advances in cancer therapies, cancer is still one of the major causes of 

death worldwide. Standard procedures for cancer treatments include surgical resection 

and chemotherapy, but their limited efficacy leads to tumor relapse and metastasis. 

Cancer stem cells (CSC) are a subpopulation of cancer cells that can proliferate 

extensively and drive tumor metastasis and recurrence. Despite intensive research, it 

remains challenging to specifically target and eliminate CSCs. Aldehyde dehydrogenase 

(ALDH) is one of the markers that have been used extensively for isolating CSCs. Here, 

I report a novel approach to target CSCs by vaccination against ALDH. We have 

developed synthetic high-density lipoprotein nanodiscs co-loaded with ALDH peptide 

antigen and CpG (TLR-9 agonist) adjuvant. Nanodiscs increased antigen trafficking to 

lymph nodes and generated T cell responses against ALDH expressed in CSCs. 

Nanodisc vaccination combined with αPD-L1 immune checkpoint blocker led to significant 

inhibition of tumor growth in murine models of D5 melanoma and 4T1 breast cancer. 

Overall, we have shown that nanodisc vaccination against ALDH in combination with 

αPD-L1 immunotherapy can exert strong anti-tumor efficacy.  
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2.2 Introduction 

Cancer is one of the most significant causes of death worldwide despite decades 

of research [1]. Standard treatments for patients with solid malignancies are surgical 

resection, chemotherapy, and radiation therapy. Each of these can be used as a stand-

alone or complementary treatment, but their efficacy is limited by tumor recurrence and 

metastasis [2, 3]. One possible explanation for tumor recurrence is cancer stem cells 

(CSC), which are a small fraction of cancer cells that self-renews, mediates tumor growth, 

and contributes to tumor metastasis [4]. Unlike the majority of cancer cells, CSCs exist in 

a mostly inactive cell cycle, making them resistant to standard cytotoxic drugs designed 

to target rapidly dividing cells. Thus, CSCs are considered one of the key culprits that 

drive chemo-resistance, leading to tumor relapse and metastasis [2, 3, 5]. Cancer 

immunotherapy based on immune checkpoint blockade (ICB) is now established as one 

of the most promising cancer therapies [6]. However, current ICB therapy only benefits a 

small group of cancer patients, with 10-30% response rates [7, 8]. Recent studies have 

suggested that CSCs may contribute to immune resistance by employing multiple 

mechanisms to evade immune surveillance, including expression of immunosuppressive 

genes and cytokines [9-11]. These challenges highlight the need to develop new 

approaches for selectively targeting and eliminating CSCs. 

Aldehyde dehydrogenase (ALDH) is a promising target detoxifies intracellular 

aldehydes through oxidation expression and has been extensively used as a functional 

biomarker to isolate CSCs from more than 20 cancer types [12-18]. We have previously 

shown that dendritic cells (DCs) pulsed with cell lysate from ALDHhigh CSCs generated 

CSC-specific T cell and humoral immune responses, which were augmented by co-
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administration of αPD-L1 IgG [19-21]. Despite these promising results, this approach is 

limited by the requirement for isolation of a sufficient number of patient-specific CSCs as 

well as the suboptimal clinical efficacy of DC vaccines [22, 23].   

To overcome such limitations, we have developed a nanoparticle vaccine platform 

that can deliver ALDH epitope peptides to antigen-presenting cells (APCs) in the lymph 

nodes and elicit robust T cell responses against ALDH expressed in CSCs. Our approach 

is based on synthetic high-density lipoprotein nanodiscs (ND) composed of apolipoprotein 

A1 mimetic peptide (22A) and phospholipids [24]. In particular, these ND have four key 

attributes for cancer vaccination: (1) 10 nm diameter of ND allows direct access to 

draining lymph nodes (dLNs) after subcutaneous (SC) administration; (2) ND mediates 

co-delivery of antigen and adjuvant to dendritic cells (DCs) in dLNs; (3) ND promotes 

antigen processing and presentation on DCs; and (4) ND is safe, well-characterized, and 

amenable for scalable manufacturing [25].  

In this chapter, we report that ND co-loaded with ALDH and immunostimulatory 

molecules induces robust T cell responses against CSCs. In particular, while ALDH 

constitutes a family of over 30 members, we have previously shown that ALDH1-A1 and 

ALDH1-A3 as the primary isoforms regulating CSC functions [26]. Hence, we focused on 

antigenic sequences predicted to be immunogenic from human ALDH1-A1 and ALDH1-

A3 and have identified ALDH1-A188-96 and ALDH1-A398-106 with sequence homology in 

mice. Using these epitopes (termed as ALDH-A1 and ALDH-A3 peptides), we have 

demonstrated that ND vaccination elicit strong T cell responses against ALDH-A1 and 

ALDH-A3, reduces the frequency of ALDHhigh CSCs from residual tumor masses, and 
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exert potent anti-tumor efficacy in murine models D5 melanoma and 4T1 mammary 

carcinoma (Figure 2-1.).  

 

 

Figure 2-1. Illustration of nanodisc (ND) vaccination against cancer stem cells (CSCs).   

 

2.3 Experimental section 

2.3.1 Materials and reagents 

CA1 and CA3 neoantigen peptides were synthesized by RS Synthesis (Louisville, KY). 

Female C57BL/6 mice aged 6-8 weeks were purchased from Jackson Laboratories (Bar 

Harbor, ME). Antibody against mouse PD-L1 was purchased from BioXCell (West 

Lebanon, NH). 1,2-dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) was purchased 

from NOF America (White Plains, NY). 22A Apolipoprotein-A1 mimetic peptide was 
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synthesized by GenScript (Piscataway,NJ). 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[3-(2-pyridyldithio)propionate] (DOPE-PDP) was purchased 

from Avanti Polar Lipids (Alabaster, AL). Both cholesterol-modified CpG1826 and 

unmodified CpG1826 were synthesized by Integrated DNA Technologies (Coralville, IA). 

Interferon-γ (IFN-γ) ELISPOT kits were purchased from Fisher Scientific (Hampton, NH). 

Cell media was purchased from Invitrogen (Carlsbad, CA). The following antibodies for 

flow cytometry were purchased from BioLegend: anti-mouse CD8a-APC; anti-mouse 

CD45R (B220)-PE/Cy7; rat anti-mouse CD4-Brilliant Violet 605; anti-mouse CD3-FITC; 

rat anti-mouse F4/80-APC-CY7; anti-mouse CD11c-FITC. MHC tetramer kit was 

purchased from MBL international corporation (Woburn, MA). TMR-NHS was purchased 

from Thermo Fisher Scientific (Waltham, MA). 

 

2.3.2 Synthesis and characterization of nanodiscs (ND) carrying ALDH peptides 

Lipid-peptide conjugates were prepared as previously reported [27]. To incorporate ALDH 

peptides into ND, the peptides were modified with a cysteine at the N-terminus. Then, the 

cysteine-terminated peptides were reacted with DOPE-PDP (antigen peptide:DOPE-PDP 

= 2:1, molar ratio) for 4 h on an orbital shaker in dimethylformamide (DMF) (Figure 2-2.). 

The conjugation efficiency of the reaction was calculated based on the reduction in 

absorbance signal associated with DOPE-PDP as measured by HPLC/MS. Nanodiscs 

were prepared as previously reported [24, 27]. To incorporate ALD peptides into ND, lipid-

peptide dissolved in dimethylsulfoxide (DMSO) was added to ND solution, followed by 

incubation at RT for 1 h. After incubation, unincorporated lipid-peptide was separated by 

using ultracentrifuge filtration (MilliporeSigma™ Amicon™ Ultra Centrifugal Filter, 10KD). 
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Incorporation of lipid-peptide into ND was measured by reverse-phase HPLC/MS. In 

some studies, peptides tagged with tetramethylrhodamine (TMR, excitation/emission 

~540/560 nm) were used to prepare ND carrying TMR-tagged peptide. To load CpG into 

ND, a cholesterol-modified CpG 1826 (Cho-CpG, Integrated DNA Technologies) was 

added dropwise to antigen-loaded ND, followed by incubation at RT for 1 h.  The amount 

of CpG loaded into ND was quantified by gel permeation chromatography (GPC) 

equipped with TSKgel G3000SWxl column (7.8 mm ID × 30 cm, Tosoh Bioscience LLC). 

The hydrodynamic size and zeta potential of ND were measured by dynamic light 

scattering (DLS, Zetasizer Nano ZSP). The morphology of ND was investigated by 

transmission electron microscopy (TEM) after 10X dilution with Osmium tetroxide solution 

used as negative staining. All TEM images were obtained by a JEM 1200EX electron 

microscope (JEOL USA) equipped with an AMT XR-60 digital camera (Advanced 

Microscopy Techniques).   

 

2.3.3 Lymph node draining and antigen presentation mediated by nanodiscs 

Animals were cared for following the federal, state, and local guidelines. All work 

conducted on animals was in accordance with and approved by the University Committee 

on Use and Care of Animals (UCUCA) at the University of Michigan, Ann Arbor. For lymph 

node draining studies, female C57BL/6 mice of age 6–8 weeks (Jackson Laboratories) 

were immunized with free ALDH-A1-TMR or (ALDH-A1-TMR) ND containing antigen 

peptide (15.5 nmol per mouse) in 100 µl volume by subcutaneous injection at the tail 

base. At the 24 h time point after injection, animals were euthanized, different organs 

were harvested, and the TMR signal was measured with an IVIS optical imaging system 
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(Caliper Life Sciences). Afterward, inguinal lymph nodes were cut into small pieces and 

passed through a 70-μm cell strainer, washed two times with FACS buffer, and stained 

with the indicated antibodies, followed by flow cytometry analysis. 

 

2.3.4 In vivo immunization study 

For the D5 vaccination study, C57BL/6 female mice of age 6–8 weeks (Jackson 

laboratory) were inoculated s.c. in the right flank with 5 × 104 D5 cells on day 0. For the 

therapeutic studies in 4T1 tumor-bearing animals, Balb/c mice (6-8 weeks old, Jackson 

Laboratories) were inoculated s.c. with 1.0 × 104 4T1 cells in mammary fat pad on day 0. 

Tumor-bearing animals were then immunized s.c. at the tail base on days 1 and 8 with 

15.5 nmol/dose of each ALDH peptides (A1 and A3) and 15 μg/dose of CpG in either 

soluble or ND form. In some studies, anti-mouse αPD-L1 antibody (100 μg per mouse) 

was administered intraperitoneally on days 2, 4, and 6 after each vaccination. Tumor 

growth was observed every other day, and the tumor volume was reported using the 

following equation: tumor volume = length × (width)2 × 0.5. Animals were euthanized 

when the tumor mass reached 1.5 cm in any dimension or when animals became 

moribund with > 20% weight loss or ulceration.  

 

2.3.5  Immunological analyses 

Blood samples were collected from the submandibular vein of mice, and red blood cells 

were lysed with Ammonium-Chloride-Potassium (ACK) lysis buffer. Tetramer staining 

assay was used to quantify the percentage of tumor antigen-specific CD8a+ T cells among 

PBMCs, as described previously [28]. Briefly, the peptide-MHC tetramer was made 
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according to the manufacturer’s instructions. PBMCs were isolated, washed with FACS 

buffer, and incubated with anti-CD16/32 blocking antibody. Cells were then incubated 

with tetramer for 1 h on ice, then incubated with anti-mouse CD8a-APC for 20 min on ice. 

Cells were then washed 2× with FACS buffer, resuspended in DAPI solution (2 µg/ml), 

and analyzed by flow cytometry. For IFN-γ ELISPOT analysis, 0.2 × 106 PBMCs were 

added on anti-IFN-γ-coated 96-well immunospot plate. PBMCs were restimulated with 

ALDH peptides (A1 and A3) for 18 hours at 37⁰C, followed by washing and development 

of plates according to the manufacturer’s instructions. For intracellular cytokine staining 

(ICS) assay, PBMCs were cultured at 2 million cells/ml on 96-well U-bottom plate and 

restimulated with 10 µg/ml of antigen peptides for 18 hours in the presence of a protein 

transport inhibitor, brefeldin A (BD Biosciences). Subsequently, cells were washed with 

ice-cold FACS buffer (1% BSA in PBS), incubated with anti-CD16/32 for 10 min, followed 

by anti-CD8a, Anti-CD4, and DAPI for 20 min on ice. Cells were then fixed/permeabilized 

and stained with anti–IFN-γ for 30 min on the ice. After 2× washing with FACS buffer, 

cells were resuspended in FACS buffer and analyzed by flow cytometry. Cytotoxic T 

lymphocytes (CTLs) were generated from splenocytes as reported previously [29]. 

Splenocytes stimulated with anti-CD3/CD28 and IL-2 consistently resulted in > 90% of 

CD3+ T cells. CTL-mediated cell killing of CSCs or non-CSCs was performed using the 

LDH-release assay (CytoTox 96 non-radioactive cytotoxicity assay, Promega, Madison, 

WI) according to the manufacturer's instructions. In some studies, tumors were excised 

and cut into small pieces, followed by digestion using collagenase/hyaluronidase for 30-

40 minutes. Single-cell suspension was produced and used to detect the percentage of 

ALDHhigh D5 CSCs by flow cytometry. 



 46 

 

2.3.6 Statistical analysis  

Sample sizes were selected according to pilot experiments and previously published 

results in the literature. All animal studies were performed after randomization. Data were 

analyzed by one-way or two-way ANOVA, followed by Tukey’s multiple comparisons post-

test or log-rank (Mantel-Cox) test with Prism 8.0 (GraphPad Software). Statistical 

significance is indicated as *P < 0. 5, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All 

values are reported as means ± SEM. 

 

2.4 Results and discussion 

2.4.1 Synthesis and characterization of ND carrying ALDH peptide  

We synthesized ND co-loaded with ALHD antigen peptides and CpG (a TLR-9 agonist) 

(Figure 2-2.A). Briefly, ND was synthesized by mixing 1,2-dimyristoyl-sn-glycerol-3-

phosphocholine (DMPC) and apolipoprotein-A1 mimetic peptide, 22A, followed by 

lyophilization, rehydration, and heating and cooling cycles. Afterward, ALDH antigen 

peptides (ALDH-A1 and ALDH-A3) conjugated with 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[3-(2-pyridyldithio)propionate] (DOPE-PDP) was added to pre-

formed ND to produce antigen-loaded ND (Figure 2-2.B). Quantification with HPLC/MS 

showed a highly efficient conjugation of ALDH antigen peptides to DOPE lipid and 

subsequent incorporation of lipid-peptide into ND (> 90% efficiency for both) (Figure 2-

2.C-E). HPLC chromatograms showed a reduction in area under the curve (AUC) for the 

DOPE-PDP peak after mixing with cysteine-modified ALDH-A1 or ALDH-A3 peptides, 
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indicating a successful conjugation. This reduction in AUC was accompanied by the 

appearance of the lipid-peptide peak at 21.9 min. Subsequently, cholesterol-modified 

CpG1826 (cho-CpG) was incubated with antigen-loaded ND by simple mixing at a weight 

ratio of 50:1 DMPC:cho-CpG. GPC analysis showed > 90% cho-CpG loading into ND, 

resulting in nanodiscs co-loaded with CpG and either ALDH-A1 or ALDH-A3 peptide, 

termed as (ALDH-A1-CpG)-ND and (ALDH-A3-CpG)-ND, respectively (Figure 2-3.A-B). 

Dynamic light scattering (DLS) revealed that the addition of antigen and cho-CpG to blank 

ND did not significantly increase the size of the resulting ND (Figure 2-3.C). Both (ALDH-

A1-CpG)-ND and (ALDH-A3-CpG)-ND had comparable particle sizes ranging from 9-13 

nm, a polydispersity index of 0.20 ± 0.02, and slightly positive charges of 2.8 ± 0.1 mV 

and 3.4 ±.3 mV, respectively. The transmission electron microscopy (TEM) images 

showed that ND had an average diameter of 10 ± 3 nm (Figure 2-3.D) in line with the 

DLS results. 
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Figure 2-2. Synthesis and characterization of nanodiscs (ND) carrying ALDH peptides. 
A. Schematic illustration of the preparation, purification, and characterization of ND 
vaccine as well as B. incorporation of lipid-peptide conjugates in ND. Shown are HPLC 
chromatograms of C. (ALDH-A1)-ND, D. (ALDH-A3)-ND, and their individual 
components. E. HPLC/MS chromatograms indicated the conjugation of ALDH-A1 and 
ALDH-A3 peptides to DOPE-PDP and the subsequent incorporation of lipid-peptides 
into ND.  
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Figure 2-3. Characterization of ND co-loaded with ALDH peptides and cho-CpG. Shown 
are GPC chromatograms of A. (ALDH-A1-CpG)-ND, and B. (ALDH-A3-CpG)-ND, and 
their individual components. C. DLS analyses of blank ND, (ALDH-A1-CpG)-ND, and 
(ALDH-A3-CpG)-ND. D. TEM images of (ALDH-A1 or A3)-ND. 

 

2.4.2 ND-mediated delivery of ALDH peptides to APCs in lymph nodes 

To study the lymphatic delivery of antigen in vivo, C57BL/6 mice were immunized s.c. at 

the tail base with ALDH-A1 peptide fluorescently tagged with TMR in a soluble form or 

ND form (Figure 2-4.A). Administration of soluble ALDH-A1-TMR peptide resulted in 

minimal TMR signal in inguinal dLNs after 24 h (Figure 2-4.B-C). This is consistent with 

the literature reporting limited lymphatic delivery of short soluble peptides after s.c. 

administration due to systemic dissemination of small-molecular-weight peptides and 

direct antigen binding to non-APCs at the injection site [30]. In contrast, administration of 

(ALDH-A1-TMR)-ND led to significantly higher TMR signal in inguinal dLNs, compared 

with soluble ALDH-A1-TMR group (p < 0.0001, Figure 2-4.B-C). Next, we examined 

antigen uptake by APCs in dLNs by flow cytometry analysis. Consistent with the above 

results, (ALDH-A1-TMR)-ND promoted cellular uptake of ND, significantly increasing the 
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mean fluorescence intensity (MFI) of TMR among CD11c+ DCs (5.9-fold, p < 0.01), B220+ 

B cells (7.9-fold, p < 0.001), and F4/80+ macrophages (6.3-fold, p < 0.001), compared 

with soluble ALDH-A1-TMR group (Figure 2-4.D-F). Taken together, these results 

showed that ND efficiently delivered ALDH peptide to dLNs and promoted antigen uptake 

by APCs in dLNs, which are prerequisite for induction of T cell responses. 

  

Figure 2-4. ND promotes the delivery of ALDH peptide to antigen-presenting cells in 
draining lymph nodes. A. C57BL/6 mice were administered s.c. with 15.5 nmol TMR-
tagged ALDH-A1 peptides as a soluble or ND form. After 24 h, various organs were 
isolated, and TMR signal was quantified. B. Fluorescence image of major organs. C. 
Quantification of TMR signal in inguinal LNs. Data are represented as mean ± SEM (n = 
10).  D-F. Antigen uptake by APCs in dLNs was quantified by flow cytometry analysis. 
Shown are MFI TMR signal among D. CD11c+ DCs, E. B220+ B cells, and F. F4/80+ 
macrophages in inguinal dLNs at 24 h after s.c. administration of (ALDH-A1-TMR)-ND 
or ALDH-A1-TMR. The data show mean ± SEM from a representative experiment (n = 
4) from 2 independent experiments.  
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2.4.3 Therapeutic efficacy of ND vaccination against D5 melanoma 

Having shown that ND increases antigen delivery to LNs, we next investigated their 

efficacy as a therapeutic vaccine in a murine model of D5 melanoma, which is known to 

harbor ALDHhigh CSCs [31]. C57BL/6 mice were inoculated at s.c. flank with 5 ×104 D5 

melanoma cells. On day 1, mice were immunized s.c. at tail base with ALDH-A1, ALDH-

A3, and CpG either as a soluble mixture or (ALDH-A1/A3-CpG)-ND formulations (Figure 

2-5.A). (ALDH-A1/A3-CpG)-ND denotes a pooled mixture of ND carrying CpG and either 

ALDH-A1 or ALDH-A3 peptide, each loaded in separate ND. On day 8, a boost 

vaccination was administered, and mice were monitored for D5 tumor growth. To block 

the immunosuppressive PD-1/PD-L1 pathway, a subset of animals also received 

intraperitoneal (i.p.) administration of αPD-L1 IgG. Vaccination with soluble peptide 

mixture + CpG had no impact on D5 tumor growth or animal survival, compared with the 

PBS control group (Figure 2-5.B-D). In contrast, ND vaccination significantly slowed 

tumor growth (p < 0.0001, Figure 2-5.B-C) and extended animal survival (p < 0.001, 

Figure 2-5.D), compared with soluble peptide vaccination. We also observed strong 

synergy when ALDH-targeted vaccines were combined with αPD-L1 IgG therapy. The 

addition of αPD-L1 IgG therapy further amplified the anti-tumor efficacy of ND, leading to 

enhanced tumor growth control and extension of animal survival (p < 0.001, Figure 2-

5.B-D). Moreover, αPD-L1 IgG therapy also improved soluble peptide vaccination, 

enhancing tumor growth inhibition and animal survival to a similar extent as ND vaccine 

alone group (Figure 2-5.B-D).  

Next, we examined the impact of ND vaccination on ALDH-specific T cell 

responses. D5 tumor-bearing mice were treated as in Figure 2-5.A, and immunological 



 52 

assays were performed on day 15. Soluble vaccine with or without αPD-L1 IgG failed to 

generate a detectable level of ALDH-specific CD8+ T cell responses in peripheral blood. 

In contrast, mice treated with (ALDH-A1/A3-CpG)-ND plus αPD-L1 IgG elicited robust 

ALDH-specific CD8+ T cell responses with 62-fold (p < 0.0001) and 44-fold (p < 0.05) 

higher frequency of ALDH-A1-tetramer+ and ALDH-A3-tetramer+ CD8+ T cells, 

compared with soluble vaccine plus αPD-L1 IgG (Figure 2-6.A-C). ND vaccination 

combined with αPD-L1 therapy also induced robust IFN-γ+ CD8+ and CD4+ T cell 

responses, as evidenced by intracellular cytokine staining of PBMCs re-stimulated with 

ALDH-A1/A3 peptides (Figure 2-6.D-E). To further delineate the magnitude of T cell 

responses against ALDH-A1 and ALDH-A3, we performed IFN-γ ELISPOT assay using 

splenocytes re-stimulated with individual epitopes. Compared with soluble vaccine plus 

αPD-L1 IgG, ND vaccination plus αPD-L1 IgG generated 3.9-fold, 4.2-fold, and 7.5-fold 

higher IFN-γ+ T cell responses against ALDH-A1, ALDH-A3, and the mixture of two 

peptides, respectively (p < 0.0001, Figure 2-6.F). Residual tumor tissues excised on day 

23 revealed that ND vaccination significantly reduced the frequency of ALDHhigh D5 

CSCs, compared with PBS control or soluble peptide vaccination (p < 0.05, Figure 2-

6.G). ND vaccine plus αPD-L1 IgG group had a similar level of ALDHhigh D5 CSCs, as in 

the ND vaccine alone group (Figure 2-6.G). We also tested whether ND treatment 

generated T cells capable of killing target CSCs in vitro. We isolated T cells from 

splenocytes on day 23 and incubated with ALDHhigh CSCs, followed by lactate 

dehydrogenase assay to measure cell killing. Splenocytes isolated from mice vaccination 

with ND produced T cells with significantly enhanced in vitro killing potential against the 

target ALDHhigh D5 CSCs, compared with free peptide vaccination with or without αPD-
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L1 IgG (p < 0.0001, Figure 2-6.H). Notably, we observed slightly reduced the in vitro 

killing potential for T cells obtained from ND vaccine plus αPD-L1 IgG group, potentially 

due to differences from the physiological in vivo condition. Taken together, these results 

have demonstrated that ND vaccination generated robust ALDH-specific T cell responses 

capable of killing ALDHhigh D5 CSCs and that ND vaccination synergizes with αPD-L1 IgG 

therapy to exert potent anti-tumor efficacy. 

 

 

Figure 2-5.  Therapeutic efficacy of ALDH-ND vaccination in D5 melanoma model. A. 
C57BL/6 mice were inoculated at s.c. flank with 5 × 104 D5 tumor cells and immunized 
with (ALDH-A1/A3-CpG)-ND or a soluble mixture of ALDH-A1/A3 and CpG (15.5 
nmol/dose each Ag peptide and 15 µg/dose CpG) on days 1 and 8. A subset of mice 
also received i.p. administration of αPDL-1 (100 µg per dose) on the indicated days. 
Shown are the B. average tumor growth, C. individual tumor growth, and D. the overall 
animal survival. The data show mean ± SEM from a representative experiment (n = 11) 
from 2 independent experiments. 
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 Figure 2-6. ALDH-ND vaccination elicits potent T cell responses against ALDHhigh 
CSCs. Mice bearing D5 tumors were treated as in Figure 4A, and the frequency of A. 
ALDH-A1-specific and B. ALDH-A3-specific CD8+ T cells were quantified among 
PBMCs obtained on day 15. C. Shown are the representative scatter plots of ALDH-A1 
and ALDH-A3 tetramer+ CD8+ T cells. D-F. The frequencies of D. IFN-γ+ CD8+ T cells 
and E. IFN-γ+ CD4+ T cells were quantified by intracellular staining. F. IFN-γ ELISPOT 
was performed using splenocytes obtained on day 15, followed by ex vivo re-stimulation 
with the indicated peptides. G. The frequencies of ALDHhigh CSCs were quantified 
within the residual tumor masses on day 23. H. Cytotoxic potential of T cells isolated 
from spleens was evaluated by incubating effector cells with the target ALDHhigh D5 
cells in 10:1 ratio for 3 days, followed by LDH assay. The data show mean ± SEM from 
a representative experiment (n = 4) from 2 independent experiments.  

 

Moreover, mice immunized with (ALDH-A1/A3-CpG)-ND or soluble ALDH-A1/A3+CpG 

did not exhibit any signs of toxicity. Mice had normal numbers of hematopoietic stem cells 

(HSC, Lin-c-Kit+Sca-1+) and long-term HSCs (LT-HSC, Lin-c-Kit+Sca-1+CD34-) in bone 

marrow as well as normal animal bodyweight, blood chemistry, and complete blood cell 

counts (Figure 2-6.A and B and Table 2-1. and 2-2.). Taken together, these results show 

that ND vaccination generates robust ALDH-specific T cell responses in a safe and 
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effective manner, exerts potent anti-tumor efficacy, and synergizes in combination with 

anti-PD-L1 IgG. 

 

 

Figure 2-7. Impact of ALDH vaccines on hematopoietic stem cells and animal body 
weight. C57BL/6 mice were immunized with (ALDH-A1/A3-CpG)-ND or a soluble 
mixture of ALDH-A1/A3 and CpG (15.5 nmol/dose each Ag peptide and 15 µg/dose 
CpG) on days 0 and 7. Shown are the A. numbers of  hematopoietic stem cells (HSC, 
Lin-c-Kit+Sca-1+) and long-term HSCs (LT-HSC, Lin-c-Kit+Sca-1+CD34-) in bone 
marrow on day 15 and B. changes in animal body weight over time. The data show 
mean ± SEM. Statistical significance was calculated by A) one-way ANOVA, or B) two-

A)

B)
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away ANOVA, followed by the Tukey’s multiple comparisons post-test. ns = not 
statistically significant. 

 

Table 2-1.  C57BL/6 mice were immunized as in Figure 2-6. Shown are the complete 

blood counts. 

 

 

Table 2-2.C57BL/6 mice were immunized as in Figure 2-6. Shown are the blood 

chemistry. 

 

No Treatment ALDH-A1/A3+CpG (ALDH-A1/A3+CpG)ND Normal Range

White blood cells (WBC, K/uL) 7.608 ± 1.940 10.624 ± 1.102 6.872 ± 1.249 1.8 - 10.7

Neutrophils (NE, K/uL) 0.922 ± 0.266 1.068 ± 0.222 1.306 ± 0.285 0.1 - 2.4

Lymphocytes (LY, K/uL) 6.528 ± 1.755 5.674 ± 1.023 9.092 ± 1.013 0.9 - 9.3

Monocytes ( MO, K/uL) 0.14 ± 0.04 0.12 ± 0.06 0.22 ± 0.11 0 - 0.4

Eosinophil (EO, K/uL) 0.012 ± 0.008 0.008 ± 0.013 0.006 ± 0.005 0 - 0.2

Basophil (BA, K/uL) 0.004 ±

0.008944

0 ± 0 0 ± 0 0 - 0.2

Neutrophils (NE, %) 12.1 ± 1.8 15.6 ± 2.3 12.3 ± 2.6 6.6 - 38.9 

Lymphocytes (LY, %) 85.578 ± 2.115 82.588 ± 1.954 85.536 ± 1.875 55.8 -91.6

Monocytes (MO, %) 1.986 ± 0.926 1.708 ± 0.723 2.084 ± 1.084 1.10 - 7.5

Eosinophil (EO, %) 0.2 ± 0.1 0.12 ± 0.14 0.05 ± 0.03 0.0 -3.9

Basophil (BA, %) 0.082 ± 0.103 0.018 ±0.026 0.028 ± 0.019 0.0 -2.0

Red blood cells (RBC, M/uL) 9.40 ± 0.53 8.13 ± 3.41 9.08 ± 0.41 6.36 – 9.42

Hemoglobin (HB, g/dL) 13.4 ± 0.8 11.5 ± 4.7 13.3 ± 0.4 11.0 – 15.1

Hematocrit (HCT, %) 40.86 ± 2.49 42.42 ± 1.48 40.16 ± 1.15 35.1 – 45.4

Mean Corpuscular Volume (MCV, fL) 43.44 ± 0.43 43.34 ± 0.38 44.24 ± 1.35 45.4 – 60.3

Mean corpuscular hemoglobin (MCH, Pg) 14.24 ± 0.20 14.16 ± 0.33 14.66 ± 0.50 14.1 -19.3

Mean corpuscular hemoglobin 

concentration (MCHC, g/dL)

32.82 ± 0.47 32.68 ± 0.94 33.14 ± 0.69 30.2 -34.2

Red cell distribution (RDW, %) 15.88 ± 0.53 17.72 ± 0.40 18.84 ± 1.66 12.4 – 27.0

Platelets (PLT, K/uL) 714.4 ± 69.0 923.8 ± 53.5 716.4 ± 130.0 592 – 2972

Mean platelet volume (MPV, fL) 4.5 ± 0.1 4.4 ± 0.0 4.8 ± 0.1 5.0 – 20 

No Treatment ALDH-A1/A3+CpG (ALDH-A1/A3+CpG) ND Normal Range

Creatinine (CREA, mg/dl) 0.35 ± 0.01 0.39 ± 0.08 0.36 ± 0.03 0.09 - 0.4

Glucose (GLUC, mg/dl) 247.6 ± 34.9 298.6 ± 33.7 241.2 ± 30.0 79.35 - 354.73

Albumin (ALB, g/dl) 3.36 ± 0.09 2.98 ± 0.16 3.34 ± 0.11 2.72 - 4.2

TRPO, g/dl 5.0 ± 0.2 5.6 ± 0.2 5.5 ± 0.2 4.63 - 7.2

Calcium arsenazo (CALA, mg/dl) 9.8 ± 0.2 8.9 ± 0.4 9.8 ± 0.6 9.03 - 12.4

Alanine transaminase (ALT, U/L) 47.4 ± 7 71.4 ±37.1 47.4 ± 6.4 24.30 - 115.25

Total bilirubin (TBIL, mg/dl) 0.255 ± 0.104 0.282 ± 0.091 0.244 ± 0.106 0.12- 0.58

Blood urea nitrogen (BUN, mg/dl) 31.6 ± 5.7 39.2 ± 4.7 32.4 ± 4.4 5.15 - 30.70

Alkaline phosphatase (ALP, U/L) 190.0 ± 20.0 158.6 ± 13.2 164.4 ± 15.7 65.50 - 364.20
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2.4.4 Therapeutic efficacy of ND vaccination against 4T1 mammary carcinoma 

Next, we sought to confirm our results in a second tumor model. 4T1 cell line is a highly 

invasive and widely used model of mammary carcinoma. Balb/c mice were inoculated 

with 104 4T1 cells at mammary fat pad, and the animals were immunized on days 1 and 

8 at s.c. tail base with ALDH-A1, ALDH-A3, and CpG either as a soluble mixture or 

(ALDH-A1/A3-CpG)-ND formulations (Figure 2-8.A). Compared with the PBS control 

group, soluble peptide mixture + CpG with or without αPD-L1 IgG therapy had no impact 

on 4T1 tumor growth or animal survival (Figure 2-8.B-D). In stark contrast, ND 

vaccination alone significantly slowed 4T1 tumor growth and extended animal survival, 

compared with soluble peptide vaccination (p < 0.0001, Figure 2-8.B-D). Importantly, 

αPD-L1 IgG further augmented the anti-tumor efficacy of ND vaccination, resulting in 

inhibition of tumor growth (p < 0.0001, Figure 2-8.B-C) and extension of animal survival 

(p < 0.05, Figure 2-8.D). We also evaluated whether ND vaccination reduced residual 

ALDHhigh CSCs in the 4T1 model. Compared with the PBS control group, ND vaccination 

combined with αPD-L1 IgG therapy significantly decreased the frequency of ALDHhigh 4T1 

CSCs (p < 0.05, Figure 2-8.E). Overall, these data indicated that (ALDH-A1/A3-CpG)-

ND vaccination combined with αPD-L1 therapy decreased residual 4T1 CSCs and 

effectively inhibited 4T1 tumor growth.  
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Figure 2-8. Therapeutic efficacy of ALDH-ND vaccination in 4T1 breast cancer model. 
A. Balb/c mice were inoculated at mammary fat pad with 104 4T1 tumor cells and 
immunized with (ALDH-A1/A3-CpG)-ND or a soluble mixture of ALDH-A1/A3 and CpG 
(15.5 nmol/dose each Ag peptide and 15 µg/dose CpG) on days 1 and 8. A subset of 
mice also received i.p. administration of αPDL-1 (100 µg per dose) on the indicated 
days. Shown are the B. average tumor growth, C. individual tumor growth, and D. the 
overall animal survival. E. The frequency of ALDHhigh CSCs was quantified within 
residual 4T1 tumor masses on day 30, and F. the representative flow cytometry scatter 
plots are shown. The data show mean ± SEM from a representative experiment (n = 9 
for A-D and n = 3 for E) from 2 independent experiments. 

 

 

2.5 Conclusions 

In this study, we have developed ND for delivery of ALDH peptide antigens, ALDH-

A1 and ALDH-A3, and have demonstrated their potency to elicit CD8+ T cell responses 
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against CSCs. In particular, ND significantly enhanced the delivery of ALDH peptides to 

APCs in LNs, increasing antigen uptake among APCs, triggering robust induction of T 

cell responses against CSCs. ND vaccination combined with αPD-L1 IgG therapy exerted 

strong anti-tumor efficacy in D5 and 4T1 tumor models, leading to inhibition of tumor 

growth and extension of animal survival. We have also demonstrated that ND vaccination 

led to the induction of CD8 T cells capable of killing ALDHhigh CSCs in vitro and reducing 

their frequency in vivo. Overall, these data show the promise of ND vaccination against 

CSCs. We believe that the ND vaccine technology with an established manufacturing 

process and clinical safety[25] may serve as a potent vaccine platform for combination 

cancer immunotherapy.   
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Chapter 3 Optimization of the sHDL Nanodisc-Adjuvant System for Cancer 
Immunotherapy 

3.1 Abstract 

Cancer immunotherapy is a novel, attractive approach for cancer treatment with fewer 

side effects. Also, cancer immunotherapy based on vaccinations shows promising results, 

but it suffers from the poor immunogenicity.  This lack of efficacy can be attributed to the 

inefficient delivery of antigens to immune activation sites and poorly immunogenic 

antigens. Hence, adjuvants are needed to induce cross-presentation and elicit strong 

cytotoxic T lymphocyte (CTL) responses. With profound advances in nanotechnology and 

biomaterial in recent years, researchers have examined nanoparticles to co-deliver 

antigen and adjuvant to antigen-presenting cells (APCs) to improve immunogenic 

responses for cancer vaccination. However, the delivery of the adjuvant to APCs is still a 

challenge for the field of cancer vaccination.  

Previously, we have reported a new synthetic high-density lipoprotein (sHDL) 

vaccine for co-delivery of antigen peptides and adjuvant. Despite the success of our 

previous formulation, effective delivery of adjuvants to lymph needs to be optimized to 

achieve potent immune responses against cancer. Here, we have evaluated various 

adjuvants for immune activation with sHDL vaccination. For this, we studied two classes 

of CpG (type B and type C) and modified them with cholesterol lipid tail to enhance their 

lymphatic delivery and trigger strong immune activation. We have also examined 

polyICLC, a TLR3 agonist, as a potential adjuvant to improve sHDL vaccines. 
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Overall, our results show that polyICLC admixed with sHDL (sHDL+polyICLC) 

forms a powerful adjuvant system for cancer vaccination. sHDL+polyICLC significantly 

enhanced the activation of dendritic cells, compared with other comparison groups. 

Importantly, mice immunized with the mixtures of sHDL+polyICLC generated strong anti-

tumor immune responses, with strong anti-tumor efficacy in the MC-38 colon cancer 

model. Furthermore, we investigate the immunogenicity of nanodiscs incorporated with 

CpG or admixed with polyICLC in non-human primates (NHPs). Vaccination performed 

in NHPs have shown that sHDL+polyICLC is a potent T-cell vaccine. Overall, these 

studies have shown that sHDL-Ag+polyICLC immunotherapy can exert strong anti-tumor 

efficacy and can be used as a potent T-cell vaccine.    

 

3.2 Introduction 

Colorectal cancer (CRC) is the third common cause of cancer-related deaths 

globally. In 2012, around 1.4 million new cases and 700,000  deaths related to CRC were 

reported, and it is estimated that the number of CRC cases will be increased to 2.2 million 

with the approximately 1.1 million death by 2030 [1]. Current treatments against CRC 

improve the survival rates but are associated with side effects that affect the overall health 

and quality of patients’ life [2]. Thus, it is necessary to develop a new, less toxic treatment 

option for CRC patients. Cancer immunotherapy is a novel, attractive approach for cancer 

treatment with fewer side effects. Cancer immunotherapy based on vaccinations is 

intended to elicit a potent CD8+ T cell response by using tumor-associated antigens but 

are typically not effective due to poor immunogenicity.  This lack of efficacy can be 

attributed to the inefficient delivery of antigens to immune activation sites and poorly 
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immunogenic antigens, which need adjuvants to induce cross-presentation to elicit strong 

cytotoxic T lymphocyte (CTL) responses. Selecting an effective adjuvant to induce strong 

CTL responses is an essential factor for eliciting immune responses against cancer. 

Adjuvants can be classified as lipid, protein, nucleic acid, mineral (aluminum 

salt/alum), and surfactant [3]. Currently, there are only a few adjuvants approved in the 

USA and Europe for human vaccine applications. Aluminum salts (alum) were approved 

in the mid-1920s and have been widely used as an adjuvant for producing strong Th2 

responses [4]. However, alum is known to generate weak T-cell responses. CpG 

oligonucleotides, a TLR9 agonist, has been tested in various therapeutic cancer vaccines, 

and in recent clinical trials, CpG has produced encouraging results when mixed with 

another adjuvant (Montanide) with an immunogenic peptide from melanoma-specific 

protein [5, 6]. CpG adjuvants have been studied in various cancer vaccine clinical trials, 

such as vaccines against melanoma, sarcoma, glioblastoma, and breast/lung/ovarian 

cancers [7]. Based on the structure and immunostimulatory activity, CpG can be classified 

into three classes. CpG-A ODNs are comprised of two poly-G tail regions with 

phosphorothioate backbones linked by a double-stranded – hairpin-like – region 

containing a palindromic CpG-motif with a phosphodiester backbone region. These ODNs 

are potent stimulators of IFN-α production from plasmacytoid dendritic cells (pDCs), but 

weak inducers of TLR-9 dependent pro-inflammatory cytokine production [8]. CpG-B 

ODNs are comprised of CpG dinucleotides arranged along a wholly phosphorothioated 

backbone. These ODNs are potent activators of B-cells, promoters of pDC and monocyte 

maturation, but weak stimulators of IFN-α production [9]. Finally, CpG-C is a  hybrid of 

CpG-A and CpG-B ODNs [10], composed of a palindromic CpG-motif region and a wholly 
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phosphorothioated backbone. These ODNs are potent stimulators of IFN-α production 

from pDCs and activators of B-cells [11-14]. 

Another nucleic acid-based adjuvant is a synthetic double-stranded RNA analog, 

referred to as polyinosine-polycytidylic acid (polyIC). PolyIC, like viral double-stranded 

RNA, is capable of activating DC and macrophages via TLR-3  activation [15] and is 

currently in clinical trials [16]. PolyIC can increase IL-12 and type I interferon (IFN) 

secretion as well as activate cytosolic receptors such as retinoic acid-inducible gene-

1(RIG-I)[17]. In addition, poly IC can be administered in complex with poly-L-lysine to 

increase its stability.  

Despite the advances that have been made in the identification and development 

of adjuvants, their delivery to lymphoid tissues needs to be improved. Antigen-specific 

immune responses require the exposure of antigen-presenting cells (e.g., pDCs) to these 

adjuvants within lymph nodes, where priming of the adaptive immune response occurs. 

Efforts to increase targeting of these adjuvants to lymph nodes have included the 

development of lipid conjugation to adjuvant [18], encapsulation of adjuvant within 

nanoparticle carriers [19], and stabilization into stable nanoparticles (i.e., polyICLC, also 

known as Hiltonol [20]).  

Previously, we have reported new sHDL vaccines for co-delivery of antigen and 

cholesterol CpG (CpG-B) [21, 22]. High-density lipoprotein (sHDL), known as good 

cholesterol, is a lipid-based nanoparticle involved in the transport and metabolism of 

cholesterol and triglyceride. The small size of sHDL (10 nm), high tolerability, prolonged 

blood circulation half-life, and unique ability to target different recipient cells make sHDL 

a promising nanocarrier for delivery of peptide and adjuvant to APCs. In addition, sHDL 
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is degraded in endosomal compartments of APCs, leading to strong antigen cross-

presentation. These properties make Ag-CpG-B-sHDL a promising candidate for cancer 

vaccines [11]. However, it has been reported that the lipid modification and position of 

lipid on the CpG sequence can enhance the activities of CpG, reduce toxicity, and 

enhance immune responses [18]. Although our previous sHDL formulation based on 

CpG-type-B have shown promising anti-tumor efficacy  [23], the adjuvant selection should 

be optimized to achieve robust anti-tumor T cell responses. 

In this study, we have optimized the sHDL formulation in terms of the adjuvant 

selection. We evaluated the immune-stimulatory activities CpG ODNs and polyICLC. In 

addition, two classes of CpG (type B and type C) were modified with a cholesterol lipid 

tail to enhance the LN delivery and trigger a higher level of innate immune activation 

(Figure 3-1.).   

 

 

Figure 3-1. Depiction of nanodisc-based (sHDL) vaccine platform for cancer 
immunotherapy.   
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3.3 Experimental section 

3.3.1 Materials and methods 

Adpgk (CSSASMTNMELM) neoantigen or and CM-9 (CTPYDINQM) peptides were 

synthesized by RS Synthesis (Louisville, KY). Female C57BL/6 mice were purchased 

from Jackson Laboratories (Bar Harbor, ME). Antibody against mouse PD-1 was 

purchased from BioXCell (West Lebanon, NH). 1,2-dimyristoyl-sn-glycerol-3-

phosphocholine (DMPC) was purchased from NOF America (White Plains, NY). 22A 

Apolipoprotein-A1 mimetic peptide was synthesized by GenScript (Piscataway, NJ). 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio)propionate] (DOPE-

PDP) was purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol-modified 

CpG1826/2395/7907 and unmodified CpG1826/2395 were synthesized by Integrated 

DNA Technologies (Coralville, IA). Hiltonol® (polyICLC) was kindly provided by Dr. 

Andres Salazar (Oncovir Inc., Washington DC, USA). Cell media was purchased from 

Invitrogen (Carlsbad, CA).  The following antibodies for flow cytometry were purchased 

from BioLegend: anti-mouse CD8a-APC; CD11c, CD40, CD80 and CD86; anti-mouse 

CD11c-FITC.  

 

3.3.2 Synthesis and characterization of Adpgk incorporated sHDL nanodiscs 

Lipid-peptide was prepared as previously reported [24]. To incorporate Adpgk neoantigen 

peptides or CM-9 into sHDL nanodisc, peptides were modified with a cysteine at the N-

terminus. This was reacted with DOPE-PDP (antigen peptide/DOPE-PDP = 2:1, molar 
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ratio) for 4 hr on an orbital shaker in dimethylformamide (Figure 3-1). The conjugation 

efficiency of the reaction was calculated based on the reduction in absorbance signal 

associated with DOPE-PDP as measured by HPLC/MS. sHDL was prepared as 

previously described [22, 24]. Briefly, sHDL was synthesized by dissolving 22A Apo-A1 

peptide and DMPC in acetic acid, evaporating acetic acid by freeze dryer to form a 

desiccated lipid film, and rehydrating this film with 10 mM sodium phosphate buffer. 

Incorporation of prepared lipid-peptide complex into sHDL to make sHDL-Ag was 

achieved by dissolving lipid-peptide complexes in DMSO and titrating the mixture into the 

sHDL solution. The mixture was incubated for 1 hr at room temperature on an orbital 

shaker at 200 rpm to incorporate the lipid-peptide into the sHDL. Unincorporated lipid-

peptide complexes were then separated by ultracentrifuge-driven filtration 

(MilliporeSigma™ Amicon™ Ultra Centrifugal Filter, 10KD). Reverse-phase HPLC/MS 

was used to measure the extent of lipid-peptide conjugation and incorporation. To load 

CpG into sHDL-Ag, aqueous solutions of cholesterol-modified (3’/ 5’)-CpG ODNs 1826, 

2395, or 7909 (Cho-CpG, Integrated DNA Technologies) were titrated into sHDL-Ag at a 

DMPC to CpG weight ratio of 50:1 and incubated at room temperature with gentle shaking 

on an orbital shaker for 1 hr. ODN loading was quantified by gel permeation 

chromatography (GPC) equipped with TSKgel G3000SWxl column (7.8 mm ID × 30 cm, 

Tosoh Bioscience LLC). The hydrodynamic sizes and zeta potentials of nanodisc samples 

were measured by dynamic light scattering (DLS, Zetasizer Nano ZSP). The morphology 

of sHDL-Ag-CpG-C nanodiscs was visualized by transmission electron microscopy after 

fixation via osmium tetroxide. All TEM images were obtained by a JEM 1200EX electron 

microscope (JEOL USA) equipped with an AMT XR-60 digital camera (Advanced 
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Microscopy Techniques). sHDL-Ag+polyICLC was prepared by mixing sHDL-Ag with 

polyICLC before immunization.   

 

3.3.3 Stimulation of bone marrow-derived dendritic cells (BMDCs) 

Bone marrow-derived dendritic cells (BMDCs) were generated as previously described 

[18]. Briefly, bone marrow was flushed from femur and tibia bones of 5 to 6 weeks old 

C57BL/6 mice. Isolated bone marrow cells were plated at 1 × 106 cells per dish in RPMI 

1640 supplemented with 10% FBS, 55 μM β-mercaptoethanol, 5ng/ml of GM-CSF, and 

100 U ml−1 penicillin. On days three and five, half of the culture media was replaced with 

fresh media. After eight days, BMDCs were harvested and plated at 1 × 106 cells per well 

in 12-well- plates. After 24 hrs, BMDCs incubated with 75 nM CpG (3’or 5’-Type B or C) 

or 60 µg of PolyICLC and 15.5 nmol antigen peptide (multiple formulations in complete 

media) for 24 hrs at 37 °C with 5% CO2. Supernatants were then collected, and the levels 

of different inflammatory cytokines were measured by ELISA (Enzyme-linked 

immunosorbent assay). BMDCs were, in parallel, washed twice with FACS buffer (1% 

BSA in PBS), incubated with anti-CD16/32 at room temperature, and then stained on ice 

with fluorophore-labeled antibodies against CD11c, CD40, CD80, and CD86. Cells were 

then washed twice by FACS buffer, resuspended in 2 μg/mL DAPI solution, and analyzed 

by flow cytometry.  
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3.3.4 In vivo immunization with immunostimulatory compounds and cancer 

immunotherapy studies 

Animals were cared for following all federal, state, and local guidelines. All procedures 

performed on animals were in accordance with and approved by the University 

Committee on Use and Care of Animals (UCUCA) at the University of Michigan, Ann 

Arbor. For preventive vaccine studies, C57BL/6 mice were immunized subcutaneously at 

the tail base on day 0 (boosted on days 14 and 28) with 15.5 nmol/dose of Adpgk peptide 

and 15 μg/dose of CpG or 60 µg of polyICLC in either soluble or sHDL forms. Seven days 

after each immunization, blood samples were collected and analyzed on a flow cytometer. 

For therapeutic studies in MC-38 tumor-bearing animals, C57BL/6 mice (6-8 weeks old, 

Jackson Laboratories) were inoculated subcutaneously with 1 × 106 MC-38 cells in the 

right flank on day 0. Tumor-bearing animals were then immunized subcutaneously at the 

tail base on day 6 or 10, and boost 7 days after each immunization with 15.5 nmol/dose 

of Adpgk peptide and 15 μg/dose of CpG/ 60 μg of PolyICLC in either soluble or sHDL 

form. In a subset of studies, anti-mouse αPD-1 antibody (100 μg per mouse) was 

administered intraperitoneally on days 1 and 4 after each vaccination. Tumor growth was 

observed every other day, and the tumor volume was reported using the following 

equation: tumor volume = length × (width)2 × 0.5. Animals were euthanized when the 

tumor mass reached 1.5 cm in any dimension or when animals became moribund with > 

20% weight loss or ulceration. 

  Mamu-A1+ rhesus macaques (males and females, 3-8 years old) were obtained 

from either The Johns Hopkins University or Primgen. They were immunized on weeks 

0, 4, 8, and 12 with the sHDL nanodisc samples. CM9 peptide was dosed at 400 µg per 
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injection. Adjuvants included 1 mg Hiltonol, 60 nmol Cholesterol-CpG-7909 (type B), or 

60 nmol Cholesterol-CpG-2395 (type C) per injection dose. Nanodiscs were administered 

in 2000 µl total volume per animal by subcutaneous injection at four sites (500 µl injection 

volume per site): subcutaneous L and R behind the knee and subcutaneous L and R inner 

thigh. These injection sites were selected based on pilot studies in macaques where these 

sites were shown to provide efficient antigen draining to target lymph nodes and for 

promoting T-cell immune responses.  

On week 24, all animals were boosted with 1010 virus particles of recombinant Ad5. 

SIVmac239-Gag vector by intramuscular vaccination at the left and right quadriceps (500 

uL volume each, 1 mL total injection volume). Bronchoalveolar lavage fluid (BAL) was 

collected on weeks 1, 8, 16, 24, 26, and 28. PBMCs were collected on weeks 1, 6, 10, 

14, 16, 24, 26, and 28. BAL and PBMC samples were analyzed by intracellular staining 

for IFN-γ, IL-2, and TNF-α after restimulation with CM9 peptides at NIAID (Laboratory of 

Dr. Bob Seder). 

 

3.3.5 Immunological analyses 

Blood samples were collected from the submandibular vein of mice. Red blood cells were 

lysed with Ammonium-Chloride-Potassium (ACK) lysis buffer. Tetramer staining assays 

were performed to quantify the percentage of tumor antigen-specific CD8a+ T-cells 

among PBMCs, as described previously [22]. PBMCs were isolated, washed with FACS 

buffer, and incubated with anti-CD16/32 blocking antibody. Cells were then incubated 

with tetramer for 1 hr on ice, then incubated with anti-mouse CD8a-APC for 20 min on 



 74 

ice. Cells were then washed twice with FACS buffer, resuspended in DAPI solution (2 

µg/ml), and analyzed by flow cytometry.  

3.3.6 Statistical analysis  

Sample sizes were selected according to pilot experiments and previous literature. Data 

were analyzed by one-way or two-way ANOVA, followed by Tukey’s multiple comparisons 

posttest or log-rank (Mantel-Cox) test with Prism 8.0 (GraphPad Software). Statistical 

significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All 

values are reported as means ± SEM.  

 

3.4 Results and discussion 

3.4.1 Synthesis and characterization of sHDL-adjuvant systems  

Nanodiscs were generated by mixing 1,2-dimyristoyl-sn-glycerol-3-phosphocholine 

(DMPC) and 22A apolipoprotein-A1 mimetic peptide in acetic acid, followed by 

lyophilization to evaporate acetic acid, reconstitution in 10 mM phosphate buffers, and 

three cycles of heat and cool to form sHDL. Afterward, cysteine pre-modified antigen 

peptides were reacted with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-

pyridyldithio)propionate] (DOPE-PDP) in DMF (Figure 3-2. A). Next, the peptide-lipid 

conjugate was dissolved in DMSO and added dropwise to sHDL to make (Adpgk or CM-

9) Ag-sHDL (Figure 3-2. A). Finally, we quantified the amount of peptides conjugated to 

the DOPE-PDP and incorporation into nanodiscs using HPLC/MS. Figure 3-2. B shows 

the HPLC results that indicate the successful conjugation of antigen peptide to DOPE 

lipid (> 90% efficiency), and > 90% incorporation efficiency of lipid-peptide into sHDL 
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(Figure 3-2. B and C). HPLC chromatograms show a reduction in DOPE-PDP peak size 

after mixing with cysteine-Antigen, which indicated the conjugation of the cysteine-

modified peptide with DOPE. This reduction in size is followed by the appearance of a 

new peak at 69.5 min, which can be attributed to the lipid-peptide. Overall, the results 

show successful conjugation of DOPE lipid tail and peptide with the conjugation efficiency 

greater than 90%. Additionally, the HPLC and MS chromatograms indicate that more than 

90% of added lipid-peptide were incorporated into the sHDL.  

  

Figure 3-2.  Synthesis and characterization of sHDL carrying Adpgk peptides. Shown 
are HPLC chromatograms of A. Schematic of sHDL synthesis, B. sHDL-Adpgk, C. 
sHDL-CM9, and their individual components. HPLC/MS chromatograms indicated 
successful conjugation of Adpgk and CM9 peptides to DOPE-PDP and the subsequent 
incorporation of lipid-peptides into sHDL. 
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sHDL-Adpgk- (3’ or 5’ -CpG B and C) were studied by dynamic light scattering (DLS) to 

reveal the hydrodynamic particle size and zeta potential. No significant variability was 

observed in the hydrodynamic radius as a function of CpG subtype – with all nanodiscs 

exhibiting radii ranging from 10-17 nm (Figure 3-3. A and Table.3-1). The TEM study of 

sHDL-Ag-CpG-C show that sHDL-Ag-CpG-C has uniform size and nanodisc-like 

morphology (10nm ± 3 average diameters. Figure 3-3. B), which was consistent with the 

DLS results. Subsequently, cholesterol-modified CpG1826/2395/7909 (cho-CpG) was 

incubated with sHDL-Adpgk by simple mixing at a DMPC:cho-CpG weight ratio of 50:1. 

GPC analysis shows that > 90% of cho-CpG was loaded into the sHDL-Adpgk resulting 

in nanodiscs co-loaded with peptide and CpG sHDL-Adpgk-CpG (Figure 3-3. C and D). 

Table.1 summarized the incorporation efficacy and hydrodynamic size of various sHDL-

Adpgk formulations.  
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Figure 3-3.Characterization of HDL-DOPE-Adpgk/CpG. A. Dynamic light scattering 
analysis of HDL-Ag loaded with 3’ and 5’ CpG types B and C showed the uniform 
distribution of HDL-Adpgk-CpG, B.- transmission electron microscopy imaging indicated 
that the nanodisc like morphology of HDL-Adpgk-CpG. GPC showed the efficient 
incorporation of 3’ and 5’ chol-CpG type B and C in HDL-DOPE-Adpgk nanodiscs.  C. 
3’-chol-CpG-TypeB (1826). D. 5’-chol-CpG-TypeB (1826). E. 3’-chol-CpG-TypeC 
(2395). F. 5’-chol-CpG-TypeC (2395). 
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Table 3-1. Characterization of HDL-DOPE-Adpgk nanodiscs containing different types 
of CpG and cholesterol attached to3’ and 5’ of CpG.  

 

 

3.4.2 Activation of dendritic cells (DCs)  

Adjuvants play an essential role during immune activation. Our previous data have shown 

that sHDL can efficiently load CpG-B tethered with cholesterol tail at 3’ end of CpG [22]. 

Based on the sequences, structural characteristics, and activities, different types of CpG 

show different levels of T-cell activation. Here, we evaluated the incorporation efficiency 

and immunostimulatory activities of different CpG classes to achieve the highest efficacy 

of sHDL nanodiscs. On the other hand, because polyICLC is already a particular adjuvant 

with an average diameter of 100 nm, polyICLC was admixed with antigen-carrying sHDL. 

Using both CpG and polyICLC, we sought to identify an ideal adjuvant to use with 

nanodiscs (either admixed or co-delivered).  

To examine immunostimulation of APCs by sHDL-mediated adjuvant, we 

incubated BMDCs in vitro with various adjuvant formulations and investigated the 

expression levels of costimulatory signals, including CD40, CD80, and CD86, and 
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secretion of cytokines, including IL-12p70, IL-6, and TNF-α, from BMDCs treated with 

sHDL-CpG-B/C and sHDL-polyICLC. Our results showed that BMDCs treated with sHDL 

+ polyICLC, sHDL-3’-CpG-B, or sHDL-3’CpG-C significantly up-regulated the expression 

levels of CD40, CD80, and CD86 (Figure 3-4. A-C) and significantly increased secretion 

of  IL-12p70, IL-6, and TNF-α (Figure 3-4. D-F), compared with BMDCs treated with free 

adjuvant controls, sHDL-5’-CpG-B, or sHDL-5’-CpG-C. sHDL + polyICLC was more 

potent activator of DCs than sHDL + polyIC (Figure 3-4. A-F). Overall, these results 

indicated that sHDL-mediated delivery of CpG increased its potency and that cholesterol 

tethered at 3’ end of CpG was more potent than 5’ end-modified CpG. In addition, 

polyICLC could be readily mixed with sHDL and achieve robust DC activation.   

 

Figure 3-4. Stimulation of bone marrow-derived dendritic cells (BMDCs) with sHDL plus 
CpG or PolyICLC. BMDCs were incubated 24 hours with 23 nmol/ml CpG CpG, or 
60 µg/ml PolyICLC formulations. The expression level of A. CD40, B. CD80, and C. 
CD86 were measured by flow cytometry. Inflammatory cytokines secreted by BMDCs, 
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including D- IL-6, E- IL-12p70 F- and TNF-α, were measured by ELISA (enzyme-linked 
immunosorbent assay). Data show the mean values ± SEM (n = 8).  

 

3.4.3 sHDL vaccine nanodiscs elicit strong CTL responses in mice  

We next studied CD8+ cytotoxic T-lymphocyte (CTL) responses generated by various 

sHDL-adjuvant formulations. Naïve C57BL/6 mice were immunized three times at 2-week 

intervals with 2.3 nmol CpG (multiple subtypes, tested individually) or 60 µg of polyICLC, 

with a fixed dose of 1.5 nmol Adpgk neoantigens. On day 7, after each vaccination, we 

collected blood from mice and quantified the frequency of Adpgk-specific CD8+ T-cells 

among peripheral blood mononuclear cells (PBMCs) using the tetramer staining assay. 

Vaccination with the sHDL loaded with 3’chol-CpG-C and sHDL admixed with polyICLC 

elicited the highest level of Adpgk-tetramer+ CD8+ T-cell responses at 5% and 7%, 

respectively (Figure 3-5. A). Interestingly, three immunizations with sHDL-CpG-C or 

sHDL+PolyICLC generated robust antigen-specific CD8+ T cell responses among 

PBMCs, achieving a 7-fold higher frequency of Adpgk-tetramer+ CD8+ T cells than the 

equivalent dose of soluble Adpgk+CpG-C or Adpgk+PolyICLC vaccine (P < 0.05, Figure 

3-5. B and C). sHDL-CpG-C vaccination also enhanced antigen-specific CD8+ T cell 

responses, compared with sHDL-CPG-B (a 1.4-fold increase) (Figure 3-5. B and C). 
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Figure 3-5. sHDL vaccine nanodiscs elicit strong CTL responses. A. C57BL/6 mice were 
immunized with nanodisc formulations (15.5 nmol Ag peptide, 2.3 nmol CpG, or 60 ug 
polyICLC) on days 0, 14, and 28. On days 7, 21, and 35, blood was collected from the 
mice, and the frequency of CD8α+ T-cells among PBMCs was measured. B. Shown is 
the percentages of Adpgk-specific CD8α+ T-cells among PBMCs one week after each 
vaccination. C. Shown are representative scatter plots for Adpgk-specific CD8α+ T-cells 
in peripheral blood at day 35. Data represent mean ± SEM, n=5. 
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3.4.4 sHDL vaccine nanodiscs exerts strong anti-tumor efficacy in mice  

Having shown that sHDL-CpG-C and sHDL+ polyICLC induces potent cellular 

immune responses, we next examined their efficacy as a therapeutic vaccine in tumor-

bearing animals (Figure 3-6). C57BL/6 mice were inoculated subcutaneously with 1x106 

MC-38 colon cancer cells in their flank. By day 6, tumors were established and exhibited 

an average volume of 70 mm3. At this time, animals were immunized subcutaneously at 

the tail base with 15.5 nmol/dose of Adpgk neoantigen admixed with 2.3 nmol/dose CpG 

(various classes, tested individually) or 60 μg/dose of PolyICLC in either soluble or sHDL 

formulations (Figure 3-6. A). On days 13 and 20, booster vaccines were administered. 

Tetramer staining assays were performed to quantify the percentage of antigen-specific 

CD8+ T cells among PBMCs on days 11 and 18 (Figure 3-6. B). Compared with Adpgk 

admixed with free adjuvant, sHDL-CpG-C significantly enhanced antigen-specific CTL 

responses with ~8.9% and ~9.8% tetramer+ CD8+ T cells respectively, representing 1.3-

fold, 2.11-fold, and 1.94-fold increases relative to sHDL-CpG-B (P < 0.0001), CpG-B (P 

< 0.001), and CpG-C (P < 0.0001), respectively (Figure 3-6. B). Importantly, sHDL+ 

PolyICLC generated 1.5-fold, 2.1-fold, and 2.1-fold higher antigen-specific CD8+ T cell 

responses relative to sHDL-CpG-B (P < 0.001), CpG-B (p<0.001), and CpG-C (P < 0.05), 

respectively (Figure 3-6. B). We also monitored tumor growth in these animals. sHDL 

delivery of CpG-C or polyICLC as an adjuvant improved the therapeutic efficacy of the 

vaccines (Figure 3-6. C). Vaccination with sHDL-CpG-C or sHDL+polyICLC exhibited 

stronger tumor suppression and extended animal survival, compared with CpG-B or CpG-

C (P < 0.0001) or sHDL-CpG-B (P < 0.05, Figure 3-6. D-E). 
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Figure 3-6. sHDL vaccine nanodiscs for vaccination against mutated tumor-specific neo-
antigen. A. C57BL/6 mice were inoculated subcutaneously with 1.0 X106 MC-38 tumor 
cells and immunized with nanodisc formulations (15.5 nmol Ag peptide, 2.3 nmol CpG, 
or 60ug polyICLC) on day 6, 13, and 20. B. Shown is the percentage of Adpgk-specific 
CD8α+ T-cells among PBMCs one week after each vaccination. C. Average tumor 
growth. D. Individual tumor growth of MC-38 tumor masses, and E- animal survival. 
Data represent mean± SEM, n=7.  
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We next examined the efficacy of sHDL as a therapeutic vaccine combined with anti-PD-

1 immunotherapy in tumor-bearing animals (Figure 3-7. A). C57BL/6 mice were 

inoculated subcutaneously with 1x106 MC-38 colon cancer cells in their flank. By day 10, 

tumors were established and exhibited an average volume of 100 mm3. At this time, 

animals were immunized subcutaneously at the tail base with 15.5 nmol/dose of Adpgk 

neoantigen admixed with 2.3 nmol/dose CpG (multiple classes, tested individually) or 60 

μg/dose of polyICLC in either soluble or sHDL formulations (Figure 3-7. A). On day 17, 

a booster dose was given, and mice were monitored for tumor growth. Notably, compared 

with all other soluble or sHDL formulations, sHDL+polyICLC vaccination led to robust 

regression of established tumors. It exerted significantly enhanced anti-tumor efficacy, 

compared with soluble polyICLC or the CpG control (P < 0.0001, Figure 3-7. B-D). In 

contrast, treatments with sHDL-CpG-B or soluble CpG/polyICLC admixture did not show 

significantly enhanced anti-tumor efficacy (Figure 3-7. B-D). ELISPOT assay performed 

on splenocytes indicated that sHDL+PolyICLC+α-PD-1 therapy (as well as sHDL+CpG-

C+α-PD-1) elicited potent IFN-γ+ T-cell responses against Adpgk peptide (Figure 3-7. E-

F). Overall, these results indicated that sHDL admixed with PolyICLC elicited strong anti-

tumor immune responses with potent therapeutic efficacy against established tumors. 
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Figure 3-7. sHDL vaccine nanodiscs for vaccination against mutated tumor-specific neo-
antigen. A. C57BL/6 mice were inoculated subcutaneously with 1x106 Mc-38 tumor 
cells and immunized with nanodiscs formulations (15.5 nmol Ag peptide, 2.3 nmol CpG, 
or 60 ug polyIC) on days 10 and 17. In addition, αPD-1 (100µg per dose) was 
administered on day 1 and 4 after each vaccination. B. Average tumor growth. C. 
Animal survival. D. Individual tumor growth of MC-38 tumor masses. Data represent 
mean ± SEM, n = 7. E and F. IFN-γ ELISPOT (enzyme-linked immunospot) assay were 
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performed by ex vivo restimulation of splenocytes with Adpgk peptides (10 µg/mL) on 
day 35.  

 

3.4.5 sHDL vaccine nanodiscs elicit robust T cell responses in NHPs 

We examined immunogenicity of sHDL formulated with polyICLC vs. CpG-type B 

vs. CpG-type C in rhesus macaques. CM9-nanodiscs admixed with polyICLC produced 

robust antigen-specific, polyfunctional T-cell responses in BAL tissues (Figure 3-8). CM9-

nanodiscs co-loaded with either cholesterol CpG type B or type C generated detectable 

but weaker T-cell responses (Figure 3-8). After rAd boost was administered, we observed 

even stronger expansion of CM9-specific CD8+ T cells for the sHDL + polyICLC group. 

Taken together, these results suggest that sHDL + polyICLC is a potent vaccine system 

for induction of antigen-specific CD8 T-cell responses in NHPs. 

 

Figure 3-8. MamuA01+ rhesus macaques were immunized with sHDL formulated with 
polyICLC vs. CpG-type B vs. CpG-type C, followed by rAd-Gag vector boost 
vaccination. CM9-specific T-cell responses were analyzed by intracellular cytokine 
staining in BAL tissues. 



 87 

 

3.5 Conclusions 

  

Here we have examined immunogenicity of sHDL formulated with two different adjuvants, 

namely CpG ODNs (a TLR9 agonist) and polyICLC (a TLR3 agonist). First, we confirmed 

that sHDL and polyICLC could be admixed together, forming a potent adjuvant system 

(sHDL+polyICLC) that could be readily combined with an antigen. sHDL+polyICLC 

significantly enhanced activation of DCs, compared with free adjuvants or nanodiscs with 

CpG. Importantly, mice immunized with the mixtures of sHDL+polyICLC generated strong 

cellular immune responses with strong anti-tumor efficacy in the MC-38 colon cancer 

model. Compared with free adjuvants, sHDL+polyICLC markedly improved antigen-

specific CD8+ T-cell responses by 8-fold and promoted regression of MC-38 colon cancer 

(P < 0.0001). We also observed that sHDL+polyICLC elicited robust CD8+ T cell 

responses in NHPs, thus demonstrating the promise of nanodisc vaccination for clinical 

translation. Taken together, this work highlights the simplicity, versatility, and potency of 

the sHDL+polyICLC system for applications in vaccines and cancer immunotherapy. 
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Chapter 4 Development of sHDL Nanodiscs for Induction of Antigen-Specific 
Immune Tolerance  

4.1 Abstract 

Multiple sclerosis (MS) is an autoimmune disease caused by the autoimmune response 

against axons and myelin sheaths of the central nervous system (CNS), leading to axonal 

loss and demyelination. Current treatments for MS are mainly based on 

immunosuppressive therapies that have unintended side effects on global immune 

responses and cause significant toxicity. Antigen‐specific approaches for induction of 

immune tolerance is a new method to treat autoimmune disease based on the use of 

antigenic peptides or proteins, and aims to inhibit autoimmune responses by inducing 

tolerogenic antigen-specific T-cell response. However, current approaches for inducing 

antigen-specific immune tolerance generally require prolonged treatments with high 

doses of tolerogenic antigen and have failed to deliver desired therapeutic results in 

clinical trials. Recently, nanotechnology has introduced novel technical advances capable 

of modulating immune responses. Here, we report the development of synthetic high-

density lipoproteins (HDL) designed for the delivery of tolerogenic MS antigens, and we 

present initial in vivo efficacy studies in a murine model of experimental autoimmune 

encephalomyelitis (EAE), a widely accepted pre-clinical model of MS. Our results from in 

vivo experiments in murine model of EAE indicated that HDL-MOG effectively inhibited 

the symptoms of EAE, whereas treatments with blank HDL or free MOG peptide had no 

significant impact. Moreover, mice treated with HDL-MOG in the therapeutic model of 
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EAE exhibited significantly lower for EAE disease score, compared with those treated 

with HDL free peptide or even FTY720 (i.e. Fingolimod, an FDA-approved drug widely 

used for the treatment of MS). Mechanistically, HDL-MOG decreased production of IFN-

ɣ and IL-17 in lymphocytes and increased the level of regulatory T cells (Treg), compared 

with free peptide, suggesting that our HDL-based strategy inhibited the autoantigen-

specific Th1 and Th17 responses and upregulated the level of anti-inflammatory T cells, 

thereby ameliorating symptoms of EAE. 

 

4.2 Introduction 

Multiple sclerosis (MS) is the one of the most common progressive neurological 

disease in young adults, affecting one million people in the United States and nearly 2.5 

million people globally [1, 2]. The majority of patients primary present with relapsing and 

remitting neurological symptoms, and MS diagnosis is confirmed by the presence of 

multiple inflammatory lesions with temporospatial dissemination in the brain, spinal cord, 

and/or optic nerve [3, 4]. These lesions are comprised of a variety of inflammatory 

infiltrates, including myeloid cells, which contribute to disease pathogenesis by presenting 

antigen and releasing cytotoxic factors that damage myelin and myelin-producing 

oligodendrocytes, and CD4+ T cells, which are believed to orchestrate these aberrant 

immune responses [5, 6]. 

Studies analyzing the immune infiltrates in the CNS lesions of MS patients as well 

as studies in murine models of MS have shown that CD4+ T helper cells (Th) cells 

polarized to Th1 (IFN-γ-producing) and/or Th17 (IL-17-producting) phenotypes are the 

main drivers of CNS autoimmunity [6-8]. Supporting this theory, the genetic variance of 
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molecules involved in the activation and function of CD4+ T cells can confer susceptibility 

for MS [9]. CD4+ T cells drive pathogenesis in the CNS by releasing pro-inflammatory 

cytokines and chemokines that recruit and activate peripheral myeloid cells and brain-

resident glial cells. These cells then release more pro-inflammatory cytokines and 

chemokines, resulting in an inflammatory cascade and demyelination. Tolerizing CD4+ T 

cells to myelin antigens represent a potential therapeutic approach that could specifically 

target myelin-reactive T cells without affecting the immune response to pathogens 

(Figure 4-1.).  

Systemic treatment with auto-antigen has been shown to be effective in 

experimental autoimmune encephalomyelitis (EAE), a common murine model of MS. Oral 

delivery of myelin-oligodendrocyte glycoprotein 35-55 (MOG35-55) peptide showed a 

reduction in disease severity in MOG35-55-induced EAE in C57Bl/6 mice [10]. Similarly, 

intravenous delivery of auto-antigens, such as myelin basic protein and alpha B-crystlin, 

can suppress ongoing autoimmunity [11, 12]. Mechanisms that underlie these treatments 

include suppression and deletion of autoreactive T cells, induction of tolerogenic dendritic 

cells, and stimulation of regulatory T cells [13-20]. However, soluble peptides as a 

treatment for MS pose the risk of an anaphylactic reaction, as reported in mice with EAE 

[20, 21]. Furthermore, soluble peptide delivery typically requires prolonged treatments 

with high doses of tolerogenic peptides and has failed to deliver desired therapeutic 

results in prior clinical trials [22]. Therefore, for successful application of auto-antigens as 

a disease-modifying therapy, a targeted delivery approach should be investigated. 

Recent studies have indicated that nanoparticles hold considerable promise to 

fulfill the need for targeted therapeutics in autoimmune disease [22]. Nanoparticle-based 
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strategies for immune tolerance aim to alter the antigen-presentation pathways or deliver 

auto-antigens to anatomical regions for enhancing regulatory T-cell formation [23]. Other 

approaches seek to target and modulate antigen-specific, T-cell intrinsic signaling 

pathways capable of re-programming pathogenic auto-reactivity into disease-

suppressing auto-regulation [24-26].  However, only a few nanoparticle systems have 

entered the clinical stage for immune tolerance, in part due to toxicity and low therapeutic 

outcomes.  

HDL, known as good cholesterol, is a lipid-based nanoparticle involved in the 

transport and metabolism of cholesterol and triglyceride. HDL with a small hydrodynamic 

size, safety, long circulation half-life, and targeting ability to different recipient cells is a 

promising nanocarrier for the delivery of antigen to activate the immune system [27]. 

Here, we report the development of synthetic HDL designed for the delivery of tolerogenic 

MS antigens and initial in vivo efficacy studies in a murine model of EAE, a widely 

accepted pre-clinical model of MS. 
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Figure 4-1. Cellular mechanism of multiple sclerosis (MS). 

 

4.3 Experimental section 

4.3.1 Materials and methods 

CSS-MOG (CSSGWYRSPFSRVVHL), CSS-OVA-II (CSSISQAVHAAHAEINEAGR),  

CSS-MOG-FITC(CSSGWYRSPFSRVVHLK-FITC), CSS-Eα 

(CSSASFEAQGALANIAVDKA), CSS-M30 (CSSVDWENVSPELNSTDQ), MOG 

(GWYRSPFSRVVHL), OVA-II (ISQAVHAAHAEINEAGR) M30 (VDWENVSPELNSTDQ), 

and Eα (ASFEAQGALANIAVDKA) antigen peptides were synthesized by Genemed 

Synthesis Inc. (San Antonio, TX). 1, 2-dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) 

and N-(3-Maleimide-1-oxopropyl)-L-α-phosphatidylethanolamine, Dioleoyl] (DOPE-MAL) 

were purchased from NOF America (White Plains, NY). 22A apolipoprotein-A1 mimetic 
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peptide was synthesized by GenScript (Piscataway, NJ). Interferon- (IFN-), IL-17, and 

IL-10 ELISPOT kits were purchased from Fisher Scientific (Hampton, NH). Cell media, 

ACK buffer were purchased from Invitrogen (Carlsbad, CA).  The following antibodies for 

flow cytometry were purchased from BioLegend: anti-mouse CD8a-APC; anti-mouse 

CD45R (B220)-PE/Cy7; rat anti-mouse CD4-Brilliant Violet 605; anti-mouse CD3-FITC; 

rat anti-mouse F4/80-APC-CY7; anti-mouse CD11c-FITC;  anti-mouse -B7-DC (PD-L2)-

PE (clone: TY25),  aPD-L1-PerCP (clone 10F.9G2); aCD80-FITC (clone16-10A1); 

aCD86-PE/Cy7 (clone GL-1); and aCD40-BV421. Tetramer (GWYRSPFSRVVHL) was 

kindly provided by the NIH Tetramer Core Facility (Atlanta, GA). aI-Ab-Ea52-68-FITC 

(clone eBioY-Ae) FITC was purchased from eBioscience. TMR-NHS and FITC-NHS was 

purchased from Thermo Fisher Scientific (Waltham, MA). Pertussis toxin was purchased 

from Merck.  

 

4.3.2 Synthesis and characterization of HDL nanodiscs carrying tolerogenic MS 

antigen (MOG)  

Lipid-peptide was prepared as previously reported [28]. Peptides (MOG, OVA-II, Eα, and 

M30) were synthesized with a cysteine-serine-serine (CSS) linker at the N-terminus, and 

antigen peptides were reacted with DOPE-MAL (antigen peptide: DOPE-MAL = 2:1, 

molar ratio) for 4 h on an orbital shaker in dimethylformamide (DMF) (Figure 4-1). The 

conjugation efficiency of the reaction was calculated based on the reduction in 

absorbance signal associated with DOPE-MAL as measured by HPLC/MS. As previously 

reported [28, 29], HDL was synthesized by dissolving 22A apo-A1 peptide and DMPC in 

acetic acid, followed by evaporation and rehydration in 10 mM phosphate buffer. Lipid-
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peptide conjugates were incorporated into HDL by adding lipid-peptide dropwise in 

dimethylsulfoxide (DMSO) to HDL suspension. The mixture was incubated for 1 h at room 

temperature on an orbital shaker at 200 rpm to incorporate lipid-peptides into HDL. After 

incubation, unincorporated lipid-peptide was separated by ultracentrifuge filtration 

(MilliporeSigma™ Amicon™ Ultra Centrifugal Filter, 10KD). Incorporation of lipid-

peptides into HDL was measured by reverse-phase HPLC/MS. The hydrodynamic size 

and zeta potential of HDL were measured by dynamic light scattering (DLS, Zetasizer 

Nano ZSP). Visualization by transmission electron microscopy (TEM) was performed 

after diluting HDL 10X with osmium tetroxide solution used as a negative staining. TEM 

images were obtained by JEM 1200EX electron microscope (JEOL USA) equipped with 

an AMT XR-60 digital camera (Advanced Microscopy Techniques).   

 

4.3.3 Animal experiments  

Animals were cared for following the federal, state, and local guidelines. The University 

of Michigan, Ann Arbor is an AAALAC international accredited institution, and all work 

conducted on animals was in accordance with and approved by the Institutional Animal 

Care and Use Committee (IACUC) with the protocol # PRO00008587. Female C57BL/6 

mice (9-10 weeks old) were purchased from Jackson Laboratory (USA). Female 2D2 

mice were also purchased from Jackson Laboratory.  

 

4.3.4 Harvesting and culturing of APCs  

Bone marrow-derived dendritic cells (BMDCs) were generated as previously described 

[30]. Briefly, bone marrow was flushed from femurs and tibia bone of 5 to 6 weeks old 
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C57BL/6 mice. Isolated bone marrow cells were plated at 1 × 106 cells per dish in RPMI 

1640 supplemented with 10% FBS, 55 μM β-mercaptoethanol, 5 ng/ml of GM-CSF, and 

100 U/ml penicillin (BMDC media). On day three and five, one half of the culture media 

was replaced with fresh media. After 8 days, BMDCs were harvested and plated at 1 × 

106 cells per well in 12-well plates. After 24 h, BMDC incubated with 100 µg of antigen 

peptide antigen (Ag), Mal-antigen peptide (MPB-Ag), blank HDL, blank HDL mixture with 

antigen peptide, or HDL-Ag peptide in various formulations and cultured with or without 

lipopolysaccharide (LPS, 1 µg/mL) for 48 h at 37 °C with 5% CO2.  

Mixed glial cell cultures were harvested from the cerebral cortex of newborn (P0–

2) C57BL6/J mice as described previously. Cortices and brain stem were separated, and 

the blood vessels and meninges were carefully isolated. Then, the tissues were digested 

by enzymatic dissociation (0.05% trypsin-EDTA and 25 mg/ml DNase I), washed two 

times with 1% BSA in PBS. Cells were resuspended in DMEM (10% FBS, 1% 

penicillin/streptomycin, 0.5 mM 2-mercaptoethanol). Mixed glial cells were cultured in 

poly-D-lysine–coated flasks and grown at 37°C and 5% CO2. After 10 days, microglia 

cells were isolated from the underlying astrocytic layer by shaking of the flask. The cell 

culture contained more than 95% microglial (CD11b+, CD45+) cells, as analyzed by flow 

cytometry. Microglia cells were plated at 1 × 106 cells per well in 12-well plates. After 48 

h, microglial cells were incubated with 100 µg of antigen peptide, blank HDL, blank HDL 

mixture with antigen peptide, or HDL-Ag peptide in various formulations and culture with 

lipopolysaccharide (LPS, 1 µg/mL) in Microglia media for 48 h at 37 °C with 5% CO2.  

After 48 h, the supernatant was collected, and the level of different inflammatory 

and anti-inflammatory cytokines was measured by ELISA (Enzyme-linked 
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immunosorbent assay). Afterward, BMDCs and microglia were washed two times with 

FACS buffer (1% BSA in PBS), incubated with anti-CD16/32 at room temperature. They 

were stained on ice with fluorophore-labeled antibodies against fixable viability dye (Efluor 

450) or antibodies against CD11b, CD11c, aI-Ab-Ea52-68-FITC (clone eBioY-Ae), CD40, 

CD80, CD86, PD-L1, or PDL-2. Cells were then washed twice, resuspended in FACS 

buffer, and analyzed by flow cytometry. 

Internalization of fluorescent HDL-MOG by BMDCs or Microglia cells was 

visualized using confocal microscopy. BMDCs or Microglias cells were seeded at 1 × 106 

cells on 35 mm Petri dishes (MatTek) and incubated with the mixture of free MOG-

K(FITC), or HDL-CSS-MOG-K(FITC) with LPS (1 µg/ml) for 24  h. Cells were then washed 

three times with PBS, fixed with 4% paraformaldehyde, washed, and permeabilized with 

0.1% Triton-X solution. Actin filaments were stained with AlexaFluor 647-Phalloidin, and 

the nuclei were stained with DAPI. The samples were imaged using a 63X oil-immersion 

lens on a Nikon A-1 spectral confocal microscope.  

 

4.3.5 Biodistribution experiments  

Tetramethylrhodamine (TMR, excitation/emission ~540/560 nm) modified MOG peptide 

(CSSGWYRSPFSRVVHLK-TMR, MOG-TMR) was prepared by reacting TMR-NHS and 

MOG peptide according to the manufacturer instruction. MOG-TMR was purified using 

HPLC and reacted with DOPE-MAL in DMF to produce DOPE-Mal-MOG-TMR (MOG-

TMR). Next, the DMF solution was diluted with water, freeze-dried, dissolved in DMSO, 

and added to previously made HDL to produce HDL-MOG-TMR. Conjugation of MOG-

TMR to DOPE-MAL and incorporation of MOG-TMR in HDL were measured by 
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HPLC/MS, as indicated above. For the lymph node draining studies, naive female 

C57BL/6 mice or EAE-induced mice were administered subcutaneously at the tail base 

with HDL-MOG-TMR or free MOG-TMR containing antigen peptide (100 µg per mouse) 

in 100 µl volume. After 24, 96, and 196 h, animals were euthanized, organs were 

harvested, and TMR signal was measured with an IVIS optical imaging system (Caliper 

Life Sciences). Inguinal lymph nodes and spinal cord were cut into small pieces and 

passed through a 70-μm cell strainer, washed two times, and stained with the indicated 

antibodies, followed by flow cytometry analysis. Copper-64 (64Cu) was synthesized with 

an onsite cyclotron (GE PETtrace) method. 64CuCl2 (74 MBq) was diluted in 0.3 mL of 

0.1 M sodium acetate buffer (pH 5.0) and mixed with 0.5 mg of nanodisc-MOG. The 

mixing was conducted at 37 °C for 30 min with constant shaking. Subsequently, 5 L 0.1 

M EDTA (ethylenediaminetetraacetic acid) was added into the solution and shaken for 5 

min to remove non-specifically bound 64Cu. The resulting 64Cu-NOTA–nanodisc was 

purified by centrifugation filtration (10 kDa). The radioactive fractions were collected for 

further in vivo studies. C57BL/6 mice were administered subcutaneously with 5–8 MBq 

of 64Cu-NOTA–nanodisc and PET imaging was performed over time using a 

microPET/microCT Inveon rodent model scanner (Siemens Medical Solutions USA, Inc.). 

Quantitative PET data for the major organs were presented as the percentage injected 

dose per gram of tissue (%ID g−1).  

 

4.3.6 EAE induction and nanodisc vaccination 

 EAE was initiated as described previously [31]. Briefly, female C57BL/6 mice were 

injected subcutaneously with an emulsion of MOG35–55 in complete Freund’s adjuvant 



 102 

(CFA) and intraperitoneal (i.p.) injection of pertussis toxin (120 ng/dose on days 0 and 2). 

Harsher EAE was induced in female C57BL/6 mice by inoculation with MOG1-125 in 

Complete Freund’s Adjuvant on day 0, followed by the administration of pertussis toxin 

on days 0 and 2.  Mice were then injected subcutaneously at the tail base with HDL-MOG, 

MOG, HDL-M30, M30, or PBS on indicated time points. In some studies, mice were orally 

gavaged daily with FTY720 (1 or 0.3 mg/kg) or water starting day 15 or 30 after the EAE 

induction. After one month of the treatment, all treatments were stopped, and mice were 

monitored for EAE scores.  

Mice were scored daily and assigned an EAE clinical score from 0 to 5: No obvious 

changes in motor function compared to non-immunized mice (score 0); the tip of the tail 

is limp (score 0.5), limp tail (score 1.0); limp tail and hind leg inhibition (score 1.5); limp 

tail and weakness of hind legs (score 2.0); limp tail and dragging of hind legs (score 2.5); 

limp tail and complete paralysis of hind legs (score 3.0); limp tail and complete paralysis 

of hind legs and partial front leg paralysis (score 3.5); and mouse is minimally moving 

around the cage and is minimally alert (score 4.0); and mouse is spontaneously rolling in 

the cage or mouse is found dead due to paralysis (score 5.0). 

 

4.3.7 Examination of inflammatory and anti-inflammatory T cells in CNS and 

spleen 

 On the indicated time point, various tissues were harvested from mice after intracardiac 

perfusion with PBS. The spinal cord was harvested, homogenized in 10 ml of PBS 

containing 1% BSA, and pelleted at 800xg for 5 min. Supernatants were collected and 

quantified by ELISA. Cell pellets were resuspended in 3 ml of collagenase A (1 mg/ml) 
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and DNase I (1 mg/ml) in HBSS and incubated in a 37˚C water bath for 30 min. Samples 

were pelleted at 800xg, resuspended in 27% Percoll, and centrifuged for 10 min at 800xg. 

The myelin/debris layer and Percoll were removed, and the cell pellet was stained and 

analyzed by flow cytometric analysis. Splenic immune cells were isolated by 

homogenization through a 70 m strainer. RBCs were lysed using ACK lysis buffer. Cells 

were washed with 25 ml of PBS, centrifuged at 800xg, resuspended in FACS buffer, and 

stained with antibodies. For the cellular surface staining, cells were resuspended in PBS 

with a fixable viability dye (BV510) for 30 min. Then, cells were washed two times with 

FACs buffer and resuspended in Fc Block (anti–CD16/32; 100 ng/ml). For ex vivo re-

stimulation, cells were incubated for 96 hr with MOG35–55 before brefeldin A (BFA) (3 

g/ml) was added for 4 h. For intracellular staining, cells were stained for surface markers, 

as mentioned previously, fixed/permeabilized, and stained with antibody for 30 min on the 

ice. After 2× washing, cells were resuspended in FACS buffer and analyzed by flow 

cytometric analysis. Data were collected with a Cytek Aurora flow cytometer using FCS 

express software (V7). 

 

4.3.8 Statistical analysis 

 Sample sizes were selected according to pilot experiments and previously published 

results in the literature. All animal studies were performed after randomization. Data were 

analyzed by one-way or two-way ANOVA, followed by Tukey’s multiple comparisons post-

test or log-rank (Mantel-Cox) test with Prism 8.0 (GraphPad Software). Statistical 

significance was indicated as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. All 

values are reported as means ± SEM. 
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4.4 Results and discussion 

4.4.1 Synthesis of HDL nanodiscs incorporated with MOG epitope 

Figure 4-2.A-B show the synthesis procedure for antigen-loaded HDL nanodiscs. Briefly, 

HDL was made by mixing 1, 2-dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) and 

22A Apo-A1 mimetic peptide in acetic acid, followed by lyophilization, rehydration in 10 

mM phosphate buffer, and three heating and cooling cycles. Cysteine pre-modified 

antigen peptides were reacted with N-(3-maleimide-1-oxopropyl)-L-α-

phosphatidylethanolamine, dioleoyl (DOPE-MAL) in DMF (Figure 4-2.A-B). Next, the 

peptide-lipid conjugate was dissolved in DMSO and added dropwise to HDL to produce 

HDL-MOG or HDL-M30 (Figure 4-2.C). HPLC/MS analysis showed efficient conjugation 

of antigen peptide to DOPE-MAL with > 90% conjugation efficiency (Figure 4-2.C). We 

also observed efficient incorporation of lipid-peptide into HDL with > 90% efficiency 

(Figure 4-2.C). Blank HDL, HDL-MOG, and HDL-M30 had comparable particle size 

ranging from 9-13 nm, a polydispersity index of 0.20 ± 0.02, and slightly negative surface 

charge of 3.4 ±.3 mV. TEM images showed that HDL, HDL-MOG, and HDL-M30 have 

uniform size and nanodisc-like morphology (10 ± 3 nm, Figure 4-2.D and F), which was 

consistent with the DLS results. 
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Figure 4-2. Schematic illustration of preparation, purification, and characterization of 
nanodiscs. A. HDL was formed by mixing DMPC and 22A apo-A1 mimetic peptide in 
acetic acid, followed by evaporation and rehydration in 10 mM phosphate buffers. B. 
Cysteine-modified antigen peptides were reacted with DOPE-MAL in DMF to produce 
peptide-lipid conjugates, which were then added dropwise to HDL to produce HDL-Ag. 
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The extent of peptide conjugation and incorporation into HDL were quantified by 
HPLC/MS. C. Characterization of HDL, HDL-MOG, and (HDL-M30 using HPLC. HPLC 
showed the efficient incorporation of D. DLS analyses of blank HDL, HDL-M30, and 
HDL-MOG. E. TEM images of Blank-HDL, HDL-M30, and HDL-MOG. 

 

4.4.2 HDL-MOG is avidly taken up by APCs 

We studied the internalization of fluorescent HDL-MOG by BMDCs or microglia by 

using confocal microscopy to visualize Ag internalization. As shown in Figure 4-3, 

BMDCs and microglia avidly internalized HDL-MOG-FITC. In contrast, we observed 

minimal signal of free MOG-FITC peptide in BMDCs and microglia. This suggests that 

APCs, such as DCs and microglia, phagocytose HDL-MOG with high efficiency. Next, we 

studied the impact of nanodiscs on Ag presentation. Bone marrow-derived dendritic cells 

(BMDCs) pulsed for 24 h with HDL-Eα presented Eα52-68 with a significant increase in 

peptide-MHC-II complex than BMDCs treated with free Eα52-68 peptides admixed with 

or HDL, as quantified by staining DCs with the aI-Ab- Eα52-68 monoclonal antibody 

directed against Eα52-68 complexed with MHC-II (Figure 4-4.A-F). Furthermore, HDL 

nanodiscs also significantly reduced the expression levels of co-stimulatory ligands 

(CD40, CD80, CD86) on BMDCs (Figure 4-4. B-D), compared with soluble peptides or 

HDL admixed with soluble peptides. In addition, HDL nanodiscs promoted DCs to 

increase the expression levels of PD-L1 and PD-L2 (Figure 4-4. E-F), which are ligands 

known to engage activated T cells, leading to inhibition of T cell proliferation and increase 

in apoptosis of activated T cells [32]. Collectively, these observations have indicated that 

APCs that phagocytose antigen-loaded HDL reduced the expression levels of positive co-

stimulatory molecules (CD40, CD80, and CD86) involved in activating T cell effector 
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responses, while inducing inhibitory ligands (PD-L1/2) known to put “brakes” on activated 

T cells.  

 

 

Figure 4-3. Uptake of HDL by BMDCs and microglia. BMDCs and microglia were 
incubated for overnight with HDL-MOG-FITC or MOG-FITC peptide and visualized for 
antigen uptake by confocal microscopy. Actin filaments were stained with AlexaFluor 
647-Phalloidin, and nuclei were stained with DAPI. 
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Figure 4-4. Effects of peptide-loaded HDL on the activation status of DCs. BMDCs were 
incubated with vaccine formulations for the indicated length of time, and Ag presentation 
was quantified by flow-cytometry analysis of DCs stained with aI-Ab-Ea52-68 
monoclonal antibody that recognizes the Ea52-68 complexed with MHC-II. Shown are 
the percentage of BMDCs displaying A. peptide-MHC-II. B. CD40. C. CD80. D. CD86. 
E. PD-L1. And F. PD-L2. The data show mean ± SEM. (n = 3). 

 

4.4.3 Biodistribution of HDL-MOG 

To study biodistribution of nanodiscs in vivo, C57BL/6 naive and EAE mice were 

immunized s.c at the tail base with 100 ug/dose free MOG-TMR or HDL-MOG-TMR 

(Figure 4-5.A). As expected, MOG-TMR had minimal TMR signal in inguinal dLNs after 
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one day (Figure 4-5.B). The low signal intensity can be attributed to the systemic 

dissemination of small-molecular-weight peptides or direct antigen binding to non-APCs 

at the injection site. In contrast, HDL-MOG-TMR showed significantly increased TMR 

signal in dLNs (p < 0.01, Figure 4-5.B-C), indicating the ability of nanodiscs to enhance 

the delivery of Ag to draining inguinal lymph nodes. Next, we investigated the cellular 

uptake of HDL-MOG-TMR and MOG-TMR by flow cytometry. Consistent with the above 

results, HLD-MOG-TMR significantly increased cellular uptake of Ag, improving the mean 

fluorescence intensity (MFI) of TMR among CD11c+ DCs, B220+ B cells, and F4/80+ 

macrophages, compared with free MOG-TMR (Figure 4-5.D-F). Collectively, these 

results showed that compared with soluble Ag, nanodisc can efficiently deliver Ag to LNs, 

resulting in enhanced Ag uptake by APCs in vivo.  
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Figure 4-5. Biodistribution of HDL-MOG studied by IVIS. A. EAE-induced mice were 
administered subcutaneously at the tail base with 100 µg/dose of HDL-MOG-TMR. B. 
fluorescence signals in the draining inguinal LNs were quantified with IVIS. C. 
fluorescence signals in the draining inguinal LNs were monitored over time using IVIS.  
Naïve or EAE-induced mice were administered subcutaneously at the tail base with 
PBS, free MOG-TMR, or HDL-MOG-TMR. At the indicated time points, D. DCs. E. 
macrophages. and F. B cells were isolated from draining inguinal lymph nodes or spinal 
cord and analyzed for the TMR fluorescence signal. 

 

Next, we examined the biodistribution of nanodiscs with PET imaging. Nanodisc 

vaccination administered s.c. at the tail base resulted in a significant amount of 64Cu-
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tagged MOG antigen accumulating in multiple draining LNs even within 1 hr of injection 

(Figure 4-6). After 50 hr, we detected ~20% injection dose per gram of tissue in proximal 

inguinal LNs as well as in distal axillary LNs (Figure 4-6.B and C). On the other hand, 

free MOG peptide administered s.c. at the tail base resulted in rapid systemic 

dissemination of Ag with the minimal signal in dLNs (~4% and ~11% ID/g for axillary and 

inguinal dLNs, respectively) (Figure 4-6.C).  

 

 

 Figure 4-6.Biodistribution of HDL-MOG. A. EAE-induced mice were administered with 
HDL-MOG-NOTA-64Cu or MOG-NOTA-64Cu for the biodistribution study. B. PET 
imaging over 24 hr. C. Quantification of 64Cu signal in the major organs at 24 h post-
injection. 

 

4.4.4 HDL-MOG for the treatment of EAE 

To demonstrate the utility of platform technology for the treatment of MS, we first induced 

EAE in naïve mice on day 0 by administering MOG35-55 in CFA and treated animals with 

HDL-MOG via subcutaneously at the tail base on days 2, 9, and 16 (Figure 4-7). Our 
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results indicated that SC administration of HDL-MOG significantly inhibited the symptoms 

of EAE, with the average pathological scores remaining below 1 for 100 ug dose of HDL-

MOG (Figure 4-7.B), whereas 50 ug MOG-nanodisc group exhibited increases in EAE 

score beyond day 45. On the other hand, mice administered with PBS or free MOG 

peptide or to HDL conjugated with an irrelevant peptide were moribund within 35 days 

(Figure 4-7.B). We also repeated the same study by inducing harsher EAE via the use 

of MOG1-125, which encompass both T-cell and B-cell epitopes for inducing EAE. MOG-

nanodiscs exerted potent efficacy with most of the animals remaining at or below the EAE 

score of 1 (Figure 4-7.C). In contrast, mice treated with free MOG or PBS succumbed to 

EAE within 20 days (Figure 4-7.C). 

 

Figure 4-7. A. HDL-MOG nanodiscs administered starting day 2 exhibit potent efficacy 
against EAE. A. Treatment regimen. B. Pathological scores for EAE induced with 
MOG35-55. C. Pathological scores for EAE induced with MOG1-125. 
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Next, we sought to examine the potency of nanodiscs in a delayed treatment 

setting. We induced EAE in naïve mice on day 0 by administering MOG35-55 and 

vaccinated MOG-nanodiscs subcutaneously at the tail base on days 15, 22, and 29 

(Figure 4-8.A). By day 15, animals exhibited severe signs of EAE with pathological 

scores of 2.5-3.5. On the other hand, HDL-MOG treatment resulted in a rapid reversal of 

EAE, with the pathological scores decreasing down to 0.5 by day 50 (Figure 4-8.B). In 

contrast, animals treated with free MOG did not exhibit any signs of improvement (Figure 

4-8.B). We also examined the same treatments in the harsher EAE condition induced 

with MOG1-125. After 3 weekly administrations of HDL-MOG, the pathological EAE 

scores decreased from 4 on day 15 to score of 1 by day 30 and remained at 1 for the 

duration of the study (Figure 4-8.C). In contrast, animals treated with free MOG did not 

exhibit any signs of improvement and had to be euthanized by day 25 (Figure 4-8.C). 

 

Figure 4-8. HDL-MOG nanodiscs administered starting day 15 exhibit potent efficacy 
against EAE. A. Treatment regimen. B. Pathological scores for EAE induced with 
MOG35-55. C. Pathological scores for EAE induced with MOG1-125. 
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Furthermore, we compared the therapeutic efficacy of HDL-MOG to FTY720 (i.e., 

Fingolimod), an FDA-approved drug widely used for the treatment of MS. In the first study, 

EAE was induced in mice, and the animals were treated with either HDL-MOG by 3 

weekly subcutaneous administrations or daily oral gavage with FTY720 for 30 days 

starting day 15 of inducing EAE (Figure 4-9.A). Mice treated with HDL-MOG exhibited 

reversal of EAE score from 4 to 1 by day 20, and the pathological scores remained at 1 

throughout 85 days (Figure 4-9.A). In contrast, animals treated daily with FTY720 either 

at 0.3 or 1 mg/kg dose showed decreased EAE score of 2, and within a few days of 

stopping FTY720 treatment, the pathological scores increased, and animals had to be 

euthanized day 60 (Figure 4-9.A). We also confirmed these results in a delayed treatment 

condition (Fig. 9B). EAE was induced in mice, and the animals were treated with either 

MOG-nanodiscs or FTY720 starting day 30 (Figure 4-9.B). Mice treated with HDL-MOG 

on days 30, 37, and 44 exhibited reversal of EAE score from 4 to 1 by day 45, and the 

pathological scores remained at 1 throughout 90 days (Figure 4-9.B). In stark contrast, 

animals treated daily with FTY720 at 0.3 mg/kg dose starting day 30 showed a decreased 

EAE score of 2.5, and within a few days of stopping FTY720 treatment, the pathological 

scores increased, and animals had to be euthanized day 90 (Figure 4-9.B). Animals 

treated daily with FTY720 at 1 mg/kg dose starting day 30 showed a decreased EAE 

score of 1, and within a few days of stopping FTY720 treatment, the pathological scores 

increased, and animals had to be euthanized day 90 (Figure 4-9.A). 
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Figure 4-9. HDL-MOG nanodiscs exert more potent efficacy than FTY720 against EAE. 
A. Comparison of MOG-nanodiscs against FTY720 treatment after initiating the 
treatment on B. day 15 or C. day 35. 

 

4.4.5 Immune profiling in CNS and spleen  

To understand how HDL-MOG exerted potent efficacy against EAE, we examined CNS 

for inflammatory cytokines. On day 40, CNS tissues were isolated and pulsed ex vivo with 

MOG35-55 peptide, followed by measurement of IL-17, IFN-gamma, and GM-CSF by 

ELISA (Figure 4-10.A). Animals treated with PBS, free MOG peptide, or HDL-M30 had 

high levels of IL-17, IFN-gamma, and GM-CSF in CNS (Figure 4-10.B), indicating strong 

inflammation. In stark contrast, HDL-MOG treated animals had significantly reduced 

levels of IL-17, IFN-gamma, and GM-CSF in CNS (Figure 4-10.B), suggesting antigen-

specific immune tolerance induced by HDL-MOG treatments. In parallel, we performed 

intracellular cytokine staining on CD4+ T cells from CNS cells (Figure 4-10.C) or 
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splenocytes (Figure 4-10.D) ex vivo stimulated with or without free MOG peptide. As in 

Figure 4-10.B, treatments with PBS, free MOG peptide, or HDL-M30 resulted in high 

frequencies of CD4+ T cells producing IL-17, IFN-gamma, and GM-CSF in both CNS and 

spleen. In stark contrast, HDL-MOG treated mice had significantly reduced the frequency 

of CD4+ T cells producing IL-17, IFN-gamma, and GM-CSF in both CNS and spleen 

(Figure 4-10. C, and D).    
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Figure 4-10. EAE-induced mice were treated with PBS, free MOG, HDL-M30, or HDL-
MOG as shown. A. Vaccination timing, B. CNS collected on day 40 was processed into 
individual cells, restimulated ex vivo with MOG peptide, and quantified for the levels of 
IL-17, IFN-gamma, and GM-CFS. C. CNS cells and D. splenocytes were examined for 
the frequency of CD4 T cells secreting IL-17, IFN-gamma, and GM-CFS upon ex vivo 
restimulation with or without MOG peptide. 
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We next studied the impact of HDL-MOG treatment on regulatory T cells (Tregs), 

and the number of CD4+, CD8+ T cells in EAE mice. EAE-induced mice were treated as 

shown in Figure 4-11.A, and the frequency of Tregs, CD4+, CD8+ T cells were quantified 

in the CNS. Cells from CNS were stained by anti-CD25, anti-CD4 anti-CD8+, and MOG-

tetramer, followed by fixation/permeabilization and intracellular staining with anti-Foxp3. 

Stained cells were then analyzed by flow cytometry. HDL-MOG treated mice have 

significantly lowered the number of CD4+ and CD8+ T cells in the CNS (Figure 4-11.B 

and C). Conversely, HDL-MOG treatments significantly increased the frequency of 

CD25+Foxp3+ Tregs in the CNS (Figure 4-11.D), and we also validated this using MOG-

tetramer (Figure 4-11.E), indicating that HDL-MOG induced MOG-specific Tregs in CNS. 

On the other hand, mice treated with free MOG peptide or HDL-M30 had a basal level of 

Tregs as in PBS-treated EAE mice (Figure 4-11.D, and E).  

 



 119 

 

Figure 4-11. EAE-induced mice were treated with PBS, free MOG, HDL-M30, or HDL-
MOG, as shown. CNS tissues collected on day 40 were examined for the frequency of 
Tregs, CD4+, CD8+ T cells. A. vaccination timing. Shown are the frequencies of B. 
CD4+ T cells, C. CD8+ T cells, D. CD25+Foxp3+ Tregs, and E. MOG-tetramer+Foxp3+ 
Tregs in CNS.  

 

We next studied the impact of regulatory T cells (Tregs) on the treatment outcomes 

of HDL-MOG. EAE-induced mice were administered subcutaneously with PBS or HDL-

MOG on days 15, 22, and 29, and a subset of animals also received i.p. administration of 

anti-CD25 IgG to deplete Tregs at the specified time points (Figure 4-12.). EAE-mice 

treated with HDL-MOG exhibited drastic improvement in the EAE symptoms (Figure 4-

12.) as demonstrated before. When anti-CD25 was administered on days 35 and 37, mice 

quickly relapsed and exhibited EAE > 3 score by day 50 (Figure 4-12.), indicating that 
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anti-CD25-mediated depletion of Tregs triggered the relapse. Interestingly, the 

administration of anti-CD25 on days 21, 23, 35, and 37 resulted in similar outcomes as in 

mice given anti-CD25 only on days 35 and 37. These results suggest that Tregs play 

crucial roles in HDL-MOG-mediated immune tolerance and that Tregs are critical for the 

long-term control of the disease. 

 

 

 

 

Figure 4-12. EAE-induced mice were treated with PBS or HDL-MOG as shown. Red 
arrows indicate the days of treatment. Some mice were administered with anti-CD25 
IgG on the indicated time points. Mice were monitored over time for the EAE scores. 
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4.5 Conclusions 

In this study, we have developed synthetic HDL designed for the delivery of tolerogenic 

MS antigens and tested them in a murine model of EAE, a widely accepted pre-clinical 

model of MS. This tolerogenic antigen-specific vaccine approach can elicit strong Treg 

responses, resulting in protection and reduce the inflammation in CNS. Our work shows 

that inverse vaccination with HDL carrying tolerogenic peptide antigens is a promising 

strategy for the treatment of MS. Overall, HDL-based inverse vaccination with its 

simplicity, scalability, and low-cost warrants further research as the basis for 

immunotherapy against MS and other autoimmune diseases. 
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Chapter 5 Conclusions & Perspectives 
 

 

Over the course my dissertation projects, I have developed sHDL incorporated with a 

CSC antigen as a model antigen for cancer immunotherapy, investigated the role of 

different adjuvants to activate the immune system, and finally, applied the sHDL 

technology to induce antigen-specific immune tolerance as a new form of immunotherapy 

against autoimmune diseases. The overall goal of Chapter 2 and Chapter 3 of my 

dissertation was to develop a clinically translatable and scalable platform for the delivery 

of antigen and adjuvants to APCs for increasing the efficacy of cancer vaccines and 

reducing off-target side effects. To achieve this goal, in Chapter 2, I have developed sHDL 

nanodiscs co-loaded with CSC antigen and adjuvant to generate strong antigen-specific 

CD8+ T response against CSCs. In Chapter 3, I have studied the role of adjuvants in the 

sHDL vaccine formulations to further augment anti-tumor T cell immune responses. 

Finally, in Chapter 4, I have studied autoimmune disorders as a new application for our 

sHDL nanodiscs. I have evaluated the therapeutic and preventive applications of 

tolerogenic antigen delivery by sHDL nanodiscs. I have assessed the sHDL formulation 

in the murine EAE model of MS.  

The vaccine composition is one of the essential factors that can affect the strength 

of the immunity provides by the vaccine. Thus, in this thesis, I have focused on two critical 

vaccine compositions, namely, antigen and adjuvant, in order to improve the efficacy of 
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the vaccine. In Chapter 2, I have developed sHDL for delivery of ALDH (aldehyde 

dehydrogenase) peptide antigens, ALDH-A1 and ALDH-A3, and have demonstrated their 

potency to elicit CD8+ T cell responses against CSCs. In particular, sHDL significantly 

enhanced the delivery of ALDH peptides to APCs in LNs, increased antigen uptake 

among APCs, and triggered robust induction of T cell responses against CSCs. sHDL 

vaccination combined with αPD-L1 IgG therapy exerted strong anti-tumor efficacy in D5 

and 4T1 tumor models, leading to inhibition of tumor growth and extension of animal 

survival. Although our sHDL vaccine showed promising results, it may be limited due to 

its sole targeting of the ALDH antigen. Therefore, future studies should be directed to 

examine other genes involved in reprogramming adult cells to pluripotent stem cells, such 

as Sox2, Oct4, and SSEA2 and employ them as peptide antigens in CSC vaccines. 

Furthermore, as I have only studied one ICB antibody (αPD-L1) combined with sHDL 

vaccination, future studies should test other ICBs or combinations of multiple ICBs as a 

part of optimization processes for developing an effective cancer immunotherapy against 

CSC.  

Another crucial factor that is essential for inducing robust T cell responses using 

vaccines is the choice of adjuvant. In Chapter 3, I have examined two different types of 

adjuvants: CpG ODNs, a TLR9 agonist, and polyICLC, a TLR3 agonist, and confirmed 

that sHDL and polyICLC could be admixed together, forming a potent adjuvant system 

(sHDL+polyICLC) that could be readily combined with an antigen. Previous studies on 

TLR7/8 adjuvant showed that conjugation of TLR7/8 agonist or co-delivery of antigen and 

TLR7/8 elicited robust adaptive immune responses in NHPs. Thus, future studies on this 

work could utilize TLR7/8 agonists in a preventative or therapeutic vaccine against 
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cancer. Mechanistic studies will be required to clarify the processes involved in sHDL 

vaccine-induced T-cell responses in mice and in NHPs. 

In tolerogenic vaccine development and characterization, I have examined the 

application of sHDL vaccines to control and suppress autoimmune disease. My study has 

demonstrated the superior tolerogenic efficacy of sHDL nanodiscs delivering autoantigen 

peptides in the EAE mice model. In vivo experiments in the EAE mouse model indicated 

that sHDL-MOG dramatically decreased the production of IFN-ɣ and IL-17 in lymphocytes 

and increased the level of Tregs, suggesting that the sHDL-based strategy inhibited the 

autoantigen-specific Th1 and Th17 responses and upregulated the level of anti-

inflammatory T cells critical to the pathogenesis of EAE. The results have shown that 

sHDL vaccine promotes induction of Tregs. This increase in the number of Tregs and 

decrease in inflammatory T cells may be also applicable as a potential therapy against 

other autoimmune diseases, such as type 1 diabetes, celiac disease, Lupus, or 

rheumatoid arthritis. It would be also interesting to examine epitope-spreading induced 

by the sHDL technology to enhance our understanding of how sHDL mediates immune 

tolerance. 

While the proposed studies provide an ambitious set of goals, the work shown in 

my dissertation has (1) demonstrated a highly efficacious nanodisc vaccine strategy 

against CSCs, which may lead to a new form of immunotherapy against cancer with a 

high frequency of CSCs; (2) improved our understanding of how adjuvant selects impacts 

the efficacy of nanoparticle-based vaccines; and lastly (3) demonstrated a novel approach 

for inducing antigen-specific immune tolerance for the potential treatment of MS and other 

autoimmune diseases. These studies have demonstrated that by carefully tuning the 
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biochemical and biophysical properties of nano-vaccines, one can control the immune 

system to either activate or suppress immune responses. 


