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Abstract 
 

For the last decades, many of approaches including chemical drugs, therapeutic antibodies, or 

other reagents have been tried for the regression and the rejection of tumor development. However, 

the immune escape or tolerance of most tumors are the main hurdles for boosting powerful and 

robust adaptive immune responses against the cancer antigens. Therefore, the effective generation 

of antigen specific adaptive immune response is promising, but it is a challenging task for cancer 

immunotherapy.  

In the vaccination process, recognition of non-self-structures and followed antigen presentation 

by antigen presenting cells, mostly dendritic cells (DCs), are essential through entire stages of 

adaptive immune responses. However, immunotherapeutic vaccines against the cancer are 

frequently ignored by the host immune system because of weak immunogenicity of vaccines. 

Consequently, the developments of effective delivery platforms of vaccines and/or adjuvants are 

required to the DC mediated adaptive responses. 

To achieve the effective delivery of antigenic peptide to DCs, we established encapsulin protein 

cage nanoparticles as a vaccine carrier and genetically introduced antigenic OT-1 peptide derived 

from ovalbumin to the encapsulin monomer. In addition, their efficacy is evaluated in activation of 

DC-mediated antigen-specific T cell cytotoxicity and consequent melanoma tumor rejection in 

vitro and in vivo. 

A powerful adjuvant for non-self-recognition is required for the activation of DCs to boost and 

maximize the vaccine efficacy. The imidazoquinoline, clinically approved TLR7 adjuvants, were 

multivalently conjugated to iron oxide nanoparticles for the induction of TLR mediated DC 

activation. Multi-step modifications of the adjuvant nanoparticles allow us stable and effective 

initiation of DC mediated adaptive immune responses against target cancer antigens.  

Our studies are to improve the efficacy of cancer vaccine induce robust and powerful activation 

of DCs and to show the up-regulation of CD8+ cytotoxic T cell responses for tumor rejection. The 

approaches described here may provide opportunities to develop the novel cancer immunotherapy 

that manipulate the DC activation with subsequent cancer antigen-specific cytotoxicity. 
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1. Introduction 

 

1.1 Cancer immunotherapy 

1.1.1 Cancer immunology 

 

 The loss of normal cellular characteristics by numerous genetic and epigenetic 

alterations generates the cancer cells with obtained immortality. In this procedure, 

neoantigen, which could bound to major histocompatibility class I (MHC I) of antigen 

presenting cells (APCs) like dendritic cells (DCs), macrophages or B cells for further 

adaptive immune responses.1 Even though these neoantigens are suitable for the 

immunogenicity for antigen specific cancer cytotoxicity for tumor rejection, unusual 

physiology of cancer cells evades recognition and consequent immune tolerance, 

including systemic evasion of T cell responses.2 Furthermore, in case of cancer 

elimination by the host immune system, these completion signals may induce immune 

editing, resulting in the selective growth of less immunogenic and more cancerous cells 

with the assist of tumor microenvironment.3 These cells gained the survival advantages 

to develop the solid tumor for accelerate the growth and progress of selected dominant 

cancer cells. Finally, local immune systems assist the tumor formation, known as an 

escape stage by the reduction of anticancer response.3-4 

 

1.1.2 Adaptive immune responses and Dendritic cells 

 
 Immune systems are categorized into innate immune response and adaptive immune 

response and collaboration of immune responses are important to eliminate the cancer 

cells. Innate immunity related cells including DC, macrophage, nature killer(NK) cells, 

leukocytes, granulocytes and other related cells recognize and kills the non-self or 

impaired cells without antigen specificity. Additionally, APCs bridging innate immune 

response and adaptive immune response by education of antigen specificity to naïve T 

cells and naïve B cells. Educated T cells differentiated into diverse types of T cell 

subsets, CD4+ helper T cells deliver the antigen specificities to B cells for antibody 

production and CD8+ T cells are directly kills the target cells with exceptional affinity. 

The most potent antigen presenting cells DCs harmonize this process to control  
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Figure 1.1 Innate and Adaptive immune response 
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adaptive immune response. Immature DCs are specialized to phagocytosis of non-self 

or impaired cells, then, they process them and present the immunogenic epitopes to 

their surface with MHC combined structure. DCs are matured under the interaction of 

costimulatory molecules and appropriate condition of cytokines. Then, matured DCs 

migrated into secondary lymphoid organs to educate antigen specific naïve T cells to 

functionally activated T cell subsets. Educated T cells are differentiated to diverse types 

of T cells against the antigens with clonal expansion. Consequently, cancer antigen 

specific cytotoxic CD8+ T cells are produced and directly suppress the tumor survival 

and the formation of tumor microenvironment by the direct killing of tumor cells with 

of pro-inflammatory cytokine production such as interferon gamma (IFN-γ) (Figure 

1.1).4-6 

 In the initiation of adaptive immune responses, adequate and a powerful role of 

adjuvants are essential for recognition of outer organisms or impaired self-cells, such 

as cancer. These signals promoting the effective antigen processing are presented in the 

vaccine development. Aluminum salts (Alum) were first introduced as vaccine 

adjuvants and remains the most widely used adjuvant because of their clinical safety 

and effectiveness. However, alum is not sufficiently immunogenic and preferentially 

promotes Th2 type responses, which does not efficiently induce cytotoxic T cell 

responses for viruses and self-antigen derived disease such as neurodegenerative 

disease or cancer.7 

 Usually, most of the adjuvants decided from constant structural patterns from the 

organisms to distinguish the self and non-self. Lipopolysaccharides, single-stranded 

RNA, and bacterial DNA motifs are well studied adjuvants and they have specific 

pathogen associated molecular patterns (PAMPs) differ from the host. Pattern 

recognition receptors (PRRs) have specific affinity to PAMPs expressed in the APCs, 

epithelial cells or fibroblasts for inducing signal transductions of related immune 

responses. This activation signal facilitates the local innate immune responses and 

followed antigen specific T cells for adaptive immune responses by the maturation of 

APCs, DCs, representatively (Figure 1.2).8-9 

 Due to the constant needs of novel adjuvant and the discovery of PRRs matched with 

PAMPs, researches on PRRs are an ongoing subject for cancer immunotherapy. Toll-

like receptor (TLR) ligands are known to be the most potent and defined PRRs for 

induction of the innate to adaptive immune response. Moreover, agonists of TLRs have 

been evaluated as potential adjuvants in vaccine development. 
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Figure 1.2 Pattern recognition receptors in the control of adaptive immunity 
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1.1.3 Cancer immunotherapy 

 

 Cancer immunotherapy is known to be a new generation of cancer treatment by 

immunizing the cancer antigens to the host immune system. The beginning of cancer 

immunotherapy is started with ex vivo adoptive cell transfer of cancer antigen specific 

DCs or T cells to patients. Considerable successes in clinical trials are reported and 

discovery of cancer associated antigens is one of the key issues for cancer 

immunotherapy. The heterogeneity of cancer antigens, neoantigens, guides the variance 

of immune responses against the cancer cells by oncogenesis. Released proteins are 

primarily recognized by local fibroblasts, neuroendocrine cells, adipose cells and 

secretion of the cytokines for upregulation and infiltration of DCs for processing. 

Epitopes of processed neoantigens are presented on the MHC molecules for T cell 

education following the generation of functional cytotoxic T cells and infiltration to 

local tumor sites for tumor rejection (Figure 1.3).2  

 However, cancer immunity cycles sometimes explicit the impaired immune responses 

because of poor detection of cancer antigens caused by immune editing of cancer cells, 

so called, “immune tolerance”. They can prevent antigen presentation and the 

establishment of tumor antigen-specific immune responses through a variety of 

mechanisms. By switching the differentiation of APCs, preventing the antigen 

processing and presentation, interfering the DC maturation. Paradoxically, DCs induce 

the survival and clonogenicity of cancer cells by secretion of pro-angiogenic cytokines.  

 Therefore, developing the effective and powerful vaccination methods against the 

cancer antigens for the education of functional cytotoxic CD8+ T cells are required for 

amplification of immune surveillance resulting in tumor rejection and induction of 

related memory cells for permanent immune responses to cancer antigen.  

 To achieve this, the most crucial step is priming the antigens to DCs for antigens 

presentation. Conventionally, ex vivo priming of cancer antigens to immature DCs from 

patients to obtain antigen specific maturation of DCs, and then re-infusing the primed 

cells back into the host for the cancer antigen specific adaptive immune responses. For 

improving the efficiency and durability of DC mediated cancer immunotherapy, cancer 

vaccine development must be configured to elicit cancer antigen-specific CD8+ T cell-

mediated immune responses for tumor regression and/or rejection. Ultimately, induced 

CD8+ T cells should be shown the high avidity toward antigen–MHC I complex on 

tumor cells, which could enter the tumor microenvironment to overcome immune 

ignorance (Figure 1.4).10-11 
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Figure 1.3 The cycle of cancer immunology. 
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Figure 1.4 The mechanism of action of cancer vaccines. 



16 

 

Other approaches for efficient and powerful induction of cancer specific immune 

response are direct mutation of T cell receptor (TCR) for biased adaptive immune 

response or to control the immune checkpoint for up-regulating cancer specific adaptive 

immune response.  

 The chimeric antigen receptor (CAR) T cells are developed to obtain forced antigen 

specificities without antigen presentation of DCs and shown remarkable efficiencies in 

blood cancers. The single-chain variable fragment (scFv) of immunoglobulin specific 

to cancer antigens are genetically manipulated into naïve T cells. TCRs are modified 

with various genetic carriers like transfection. Additionally, CAR T cells can 

manipulate the other receptors associated with adaptive immune response, such 

chemoattractant like IL-7 or CCL19 are able to insert at once for enhanced cancer 

immunotherapy. However, there are still other approaches  ongoing due to the 

limitations in time, cost and labor (Figure 1.5).12-13 

 Unlike other cancer immunotherapies which are focusing on the development of 

antigen specific adaptive immune responses, the immune checkpoint blockade focuses 

on the interfere the mechanisms of anti-immune responses by blocking of immune 

checkpoint, programmed cell death ligand 1/programmed cell death protein 1 

(PDL1/PD1) or cytotoxic T lymphocyte-associated protein 4 (CTLA4). The immune 

evasion systems of tumor microenvironment induce the immune tolerance by 

expression of PDL1, the coinhibitory molecules for the PD1 inhibitory receptors 

expressed on the regulatory T cells (Tregs). Otherwise, CTLA4 receptor expressed on 

the T cells are for B7 costimulatory molecules of DCs. CTLA4 expression of T cells 

specifically bound to B7 costimulatory molecules of matured DCs causes the 

inactivation of T cells. By utilizing the specific antibodies as immune checkpoint 

blockade, competed inactivation of PDL1/PD1 or CTLA4/ B7 interaction, immune 

evasion mechanisms no longer interfere the adaptive immune responses and induce 

subsequent cancer clearance. Along with numerous preclinical and clinical tests are 

ongoing to develop commercial cancer immunotherapeutic, combination of immune 

checkpoint blockade and immune boosting agents or vaccines are co-treated for 

exaggeration of the anti-cancer effect (Figure 1.6).4, 14-20 
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Figure 1.5 The generation of CAR T cells. Most transgenic engineered TCRs need to be formed 
cognate interaction with the antigen loaded DCs. However, CARs only need to be recognized the 
antigens of cancer cell for adaptive immune responses. 
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Figure 1.6 CTLA4 and PD1/PDL1, The immune blockade for the elimination of tumor 
immune suppression. 
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1.2 Functional Nanoparticles 

1.2.1 Protein cage nanoparticle 

 

In the last decades, the development for medical application of nanotechnology has 

been focused on the field of drug and vaccine delivery. Numerous types of nano-meter 

-sized carriers are developed and applied in the improvements of cargo delivery. For 

example, inorganic nanoparticles based on polyethylene glycol (PEG), gold 

nanoparticles (GNPs), iron oxide nanoparticles (IONPs), dextran and lipid are the most 

common and established tools due to simple formation and loading. However, poor 

biocompatibility, biodegradability are the  challenging parts to overcome with toxicity 

for bioapplication.10  

 Protein cage nanoparticles are originated from naturally synthesized proteins, and they 

are utilized as a new delivery system with exceptional biocompatibilities, uniform size, 

stability and other potentials for both biomedical and material application. Virus like 

particles (VLPs), collagen, albumin-based and monomer-based nanoparticles are 

representative and well-established candidates. Recently, protein cage nanoparticles, 

such as VLPs, ferritin, small heat shock protein (sHsp), Lumazine synthase and 

encapsulin have been focused because of their appropriate characteristics as carriers 

like well-defined spherical architecture and accessible biochemical and genetical 

modification (Figure 1.7). Therefore, nanoparticles derived from natural proteins are 

affordable for precise incorporation of extra drugs or vaccines through genetic or 

chemical modifications based on atomic resolution crystal structures. The genetic and 

chemical modification of the exterior surface or the interior cavity of a protein cage 

structure allows the site-specific attachment and presentation of several types of 

molecules including affinity tags, antibodies, fluorophores, carbohydrates, nucleic 

acids, and targeting peptides. These multivalent functions can be decorated on the 

interior or the exterior of monomers by labeling with two different reagents sequentially 

or by an assembly of pre-functionalized subunits in controlled ratios.21-23 

 Nanoparticle based drug delivery systems (NDDSs) are well established and are 

developing approaches to elevate drug efficiency and longevity in harsh in vivo 

condition. The appropriate size under 100 nm, biocompatibility and surface charge can 

be controlled by genetic or chemical modifications. Moreover, protein cage 

nanoparticles can carry a variety of therapeutic and diagnostic agents in a controlled 

manner. Also, these NDDSs control the drug toxicity by the encapsulation, providing  
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Figure 1.7 Space filling models of protein cage nanoparticles.  
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wide range of pharmacokinetics pool. Affinity tag such as antibodies, aptamer or affibody 

conjugated targeting moiety modified NDDS is available for site-specific delivery drug 

molecules and prolonged reside time to increase the cellular uptake. 

 Representatively, Ferritins are iron storage proteins found in almost all living organisms from 

bacteria to animals and studied as an iron supplement for patients with related diseases.24 

However, because of their exceptional encapsulating ability and unique characteristics of 

protein cage nanoparticles, ferritin utilized as a model nanoscale delivery platform. Ferritin 

isolated from the Pyrococcus furiosus is suitable for the bio-application because of the well-

defined spherical structure with inner and outer diameters of 8 and 12 nm, respectively, and 

24 copies of identical 20 kDa monomers self-assembled easily and accurately, which can be 

utilized for genetic modifications and chemical bioconjugations.  

 Recently, ferritin protein cage nanoparticles are utilized as multifunctional protein cage-

based delivery nanoplatform, which can hold the cargo molecule inside securely with targeting 

moiety, and then, artificially release drugs to the targeted cells.25-27 Introducing the RGD 

peptide to ferritin subunits for targeting the cell adhesion molecules of extracellular matrix 

was used to encapsulate doxorubicin (Dox) and, by using their metal-affinity, Pt-based drugs, 

cisplatin are loaded and then delivered them to the target sites (Figure 1.8).28  

 Additionally, various targeting moieties including antibodies added to the surface of ferritin 

for the targeted delivery.29 Antibodies are practically utilized as ideal moieties for targeted 

delivery of therapeutics and/or diagnostics because of their high affinity and specificity. 

Engineered Fc-binding peptides (FcBP) originated from receptor of antibody Fc region were 

genetically introduced onto the surface of ferritin to capture antibodies without additional 

alteration of the targeting capability.30 Specific antibodies are decorated on to the FcBP-

presenting ferritin and formed stable non-covalent complexes against the HER2 or anti-folate 

receptor. The specific targeting of ferritin drug conjugates to HER2 expressing breast cancer 

cells or folate receptor over-expressing cells were respectively demonstrated.30 
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Figure 1.8 Antigen-specific T cell proliferations and subsequent immune responses induced by 
ferritin protein cage nanoparticles (FPCNs) carrying OT peptides. 
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1.2.2 Encapsulin protein cage nanoparticles 
 

 The first discovered encapsulin protein cage nanoparticle is originated from the 

cultured supernatant of Brevibacterium linens, which suppresses the bacterial activity 

of other bacterial strains. Also, Mycobacterium tuberculosis and Thermotoga maritima 

reported to expresses a kind of encapsulin without bacteriostatic or proteolytic activity 

and genomic DNA. Monomers are automatically assembled into icosahedral structure 

of Encapsulin. There are two structures of encapsulins that are reported for now. a T = 

1 icosahedral symmetric Encapsulins of T. maritima, M. tuberculosis and Rhodococcus 

erytropolis/jostii are composed of 60 monomers, and the 180 monomers self-assembled 

T = 3 icosahedral encapsulins from Pyrococcus furiosus and Myxococcus xanthus. 

Based on the crystal structure of encapsulin protein cage nanoparticles, encapsulin is 

capable of encapsulate the foreign proteins into the internal cavity which remained their 

structures with biocompatibility (Figure 1.9). In addition, chemical or genetic addition 

of appropriate functional moieties on the external surface, encapsulin has the potential 

to package target proteins in its internal cavity and/or display them on its external 

surface for further extended delivery system.31-34  

 SP94-peptides were presented on the exterior surface of engineered encapsulin 

through either chemical conjugation or genetic insertion and SP94-encapsulin exhibited 

specific binding capability to hepatocellular carcinoma cells, HepG2, and an ability to 

carry imaging probes or prodrug molecules 35. In a similar approach, FcBP was 

introduced onto the surface loop region of encapsulin and FcBP-displaying encapsulin 

was demonstrated to selectively recognize and specifically bind to squamous cell 

carcinoma 7 (SCC-7) cells, which overexpress a cell surface glycoprotein CD44 

involved in cell-cell interactions, cell adhesion and migration, over Hela, HepG2, 

MDA-MB-231 and KB cells 36. 
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Figure 1.9 Structure of the Encapsulin from T. maritima. 
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1.2.3 Inorganic nanoparticles 

 

 Even though numerous efforts and funds are invested for conquering cancer, current 

therapeutics against the cancer are still based on the radiation, chemical reagents and 

surgical removal of tumors. However, for the last decades, application of 

nanotechnology into cancer immunotherapy is significantly developed and lots of 

clinical trials such as magnetic resonance imaging (MRI), photodynamic therapy and 

drug delivery. Particularly, inorganic nanoparticles have advantages in synthesis, 

formation, modification by chemical conjugation chemistry.37 

There is a lot of other inorganic nanoparticles including poly(lactic-co-glycolic acid) 

(PLGA), PEG, quantum dot (QD), etc.  Gold nanoparticles have been utilized as 

foreign drug carrier, which have exceptional affinity to thiol and amine residues for 

easy modification of therapeutics or biomolecules for biocompatibility (Figure 1.10). 

Also, their unique photodynamic ability allows site directed drug release and 

photothermal therapy of solid tumors, and another well-organized biocompatible 

nanoparticle is composed of iron oxide.  These common nanoparticles have 

inexpensive, low-toxic and magnetized function for bio-application and diagnosis like 

a MRI. Magnetite(Fe3O4) is well-characterized source of iron oxide nanoparticle 

formation(IONP)37-39  

 

1.2.4 Iron oxide nanoparticles 

 

 Iron oxides are very common source of iron in nature, with magnetite (Fe3O4), 

maghemite (γ-Fe2O3), and hematite (α-Fe2O3) which are all unique characteristics of 

each iron oxides for industrial and medical application. Especially, the applications of 

IONP are focused as MRI contrast agents and drug vehicles for cancer therapeutics in 

the last decades. Also, IONP composed of magnetite and maghemite shows low toxicity 

in vivo application for biomedical applications because of their biocompatibility. 

Establish of stable IONP in physiological condition accelerate the application of 

biological and medical treatment. SPIONs, magnetized IONP with an external 

magnetic field utilized in local trafficking of certain drugs to the target organs or cells. 

This approach minimizes the side effects of drugs and local resident times for 

prolonging the drug efficiency. Furthermore, the surfaces of nanoparticles are capable 

to functionalize the additional modification with therapeutics (Figure1.11).38-43 
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Figure 1.10 Schematic illustration of inorganic nanoparticles. 
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Figure 1.11 Representative illustration of application of IONP. IONP are biofunctionalized with 
oleic acid and water-soluble ligands are exchanged with oleic acid in water solution. 
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1.3 Nanoparticle-based cancer immunotherapy 

 

For the development of vaccination history, traditional vaccines including live attenuated or 

killed microbes were the universal vaccine type to vaccinate infectious disease. Even though 

attenuated vaccines show powerful vaccination, some types of vaccines against diseases do 

not induce enough immune responses. Also, live attenuated vaccines still have a chance to 

infect patient according to the host immune condition. Subunit vaccines isolated antigenic 

proteins, polysaccharides or DNA from the part of attenuated or inactivated vaccines have 

benefits from improved safety dramatically as alternative. Although they have lots of 

advantages, subunit vaccines applied with alum-based adjuvant to overcome their limited 

vaccine capability, immunogenicity and longevity. On the other hand, these methods 

sometimes induce local reactions and may fail to generate adaptive immune responses. 

Therefore, there is a great need to develop novel adjuvants and delivery systems for the next 

generation of vaccines.10, 44  

 Vaccine loading to protein cages VLPs originated from viral capsids are primary 

approaches to deliver the antigenic subunit vaccine to host the immune system. Self-

assembling rod-shaped particles composed from protein capsid extracted from the tobacco 

mosaic virus, which did not contain genetic material, is first introduced in 1950s. A few 

decades later, Hepatitis B virus (HBV) surface antigen (HBsAg) was purified from infected 

human serum and discovered their spherical structure of protein nanoparticles without 

nucleic acid. VLPs effectively crosslink innate and adaptive immunity with intrinsic 

immunological characteristics by their self-adjuvating properties. However, VLPs 

originated from viral capsid have chances for recognition of antigenic epitopes and induce 

an immune response resulting that neutralization by antibodies. Even though VLPs are still 

promising in many fields, these approaches are not suitable for non-pathogen-derived 

diseases, such as cancers, rheumatis arthritis and Alzheimer disease. Therefore, non-VLP-

originated protein cage nanoparticles may have alternatives and breakthroughs.45 

 Well established drug carrier, ferritin, encapsulin protein cage nanoparticle demonstrated 

that antigenic peptides could be displayed internal or exterior cavity and efficiently delivered 

to DCs, leading to efficient activation of antigen specific immune responses against self-

originated diseases. Genetically introducing model antigenic peptides, OT-1 (SIINFEKL), 

into the interior cavity or onto the exterior surface OT-1 (SIINFEKL) into the interior cavity 

or onto the exterior surface of FPCN-(OTs-FPCN). The high stability of peptide loaded 

FPCN offers the possibility as carrier of several types of antigenic peptides or small protein 
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Figure 1.12 Antigen-specific T cell proliferations and subsequent immune responses induced by 
ferritin protein cage nanoparticles (FPCNs) carrying OT peptides. 
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antigens. All kinds of introduced FPCN derivatives carrying antigenic peptides of 

ovalbumin were efficiently phagocytosed and processed by specialized antigen presenting 

cells, DCs. Processed OT-1 and OT-2 peptides within endosomes were successfully 

presented on the surface of DCs and induced proper adaptive immune responses at low 

dosages of OTs-FPCNs except OT-FPCN-L in vitro and in vivo setting. The positions and 

configurations of antigenic peptides or proteins should be taken care of  prior to the 

insertion for in vivo application (Figure 1.12.).25-26, 46  

 Recently, the application of the adjuvants on the nanoparticles have been studied for 

enhancing the adjuvant effect by multivalence and affinity to APCs.47 Primary adjuvant-

protein cage nanoparticles are established by VLPs due to their origin, which basically have 

high immunogenicity and many accessible PAMPs as adjuvants. However, adjuvants of 

VLPs, originated from nucleic acids, can accidently occur unwanted diseases. So, controlled 

and safe protein cage nanoparticles was developed independently from VLPs. Due to the   

nanoparticles’ multivalence and polyvalence, one nanoparticle can carrying one or more 

functional moieties at once. Moreover, well-organized nanoparticles can be genetically or 

chemically modified with subunit vaccine and adjuvant like CpG. Multivalent decoration 

could promote immunogenicity of vaccines for adaptive immune responses against the target 

antigens with antigen cross-presentation (Figure1.13).47-48 
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Figure 1.13 Representative study of cancer immunotherapy in combination with photothermal 
immune boosting of inorganic nanoparticles with immune checkpoint blockade.  
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2. Effective Delivery of Antigen-Encapsulin Nanoparticle Fusions to 

Dendritic Cells Leads to Antigen-Specific Cytotoxic T Cell Activation 

and Tumor Rejection 

 

2.1 Abstract 

 
 In cancer immunotherapy, robust and efficient activation of cytotoxic CD8+ T cell immune 

responses is a promising, but challenging task. Dendritic cells (DCs) are well-known 

professional antigen presenting cells (APCs) that initiate and regulate antigen-specific 

cytotoxic CD8+ T cells that kill their target cells directly as well as secrete IFN-γ, a cytokine 

critical in tumor rejection. Here, we employed recently established protein cage 

nanoparticles, encapsulin (Encap), as antigenic peptide nanocarriers by genetically 

incorporating the OT-1 peptide (SIINFEKL) of ovalbumin (OVA) protein to the three 

different positions of Encap subunit. With them, we evaluated their efficacy in activating 

DC-mediated antigen-specific T cell cytotoxicity and consequent melanoma tumor rejection 

in vivo. DCs efficiently engulfed Encap and its variants (OT-1-Encaps), which carry 

antigenic peptides at different positions, and properly processed them within phagosomes. 

Delivered OT-1 peptides were effectively presented by DCs to naïve CD8+ T cells 

successfully resulting in the proliferation of antigen-specific cytotoxic CD8+ T cells. OT-1-

Encap-vaccinations in B16-OVA melanoma tumor bearing mice effectively activated OT-1 

peptide specific cytotoxic CD8+ T cells before or even after tumor generation resulting in 

significant suppression of tumor growth in prophylactic as well as therapeutic treatments. A 

large number of cytotoxic CD8+ T cells that actively produce both intracellular and secretory 

IFN-γ were observed in tumor infiltrating lymphocytes (TILs) collected from B16-OVA 

tumor masses originally vaccinated with OT-1-Encap-C upon the tumor challenges. The 

approaches we describe herein may provide opportunities to develop epitope-dependent 

vaccination systems that stimulate and/or modulate efficient and epitope-specific cytotoxic 

T cell immune responses in non-pathogenic diseases. 

 The effective generation of robust cytotoxic CD8+ T cell immune responses is considered 

a primary goal in cancer immunotherapy.1 Functional cytotoxic CD8+ T cells not only kill 

their target cells directly but also secrete the cytokine IFN-γ, playing a critical role in tumor 

rejection by inhibiting tumor survival and angiogenesis and by recruiting innate and adaptive 

immune responses.2 Dendritic cells (DCs) are known to be one of most powerful antigen 

presenting cells (APCs) and play a critical role in inducing adaptive immune responses by 
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educating antigen specific naïve T cells. DCs engulf tumor antigens, present them in the 

form of MHC/peptide complex on their surface, and consequently migrate to the secondary 

lymphoid sites where antigen-specific T cells are being educated,3 suggesting the importance 

of developing DC-mediated vaccines to activate antigen-specific cytotoxic CD8+ T cells. 

Since most tumors usually evade host immune systems by expressing low levels of antigenic 

epitopes, MHC, and costimulatory molecules which are poorly immunogenic to DCs,4 it is 

essential in cancer immunotherapy to efficiently deliver tumor specific antigens to DCs, 

which strongly stimulate the maturation of DCs for the subsequent activation of antigen-

specific cytotoxic CD8+ T cells.5-7 
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2.2 Introduction 

 

 Many of the approaches for vaccination have focused on utilizing inactivated or live 

attenuated disease-causing pathogens. However, there are limitations for developing 

vaccines for non-pathogen derived diseases, such as cancers and neurodegenerative disease, 

in these approaches. Therefore, it is necessary to develop simple and controllable antigen 

delivery systems which can carry a variety of protein antigens or antigenic peptides. 

 A variety of protein cage nanoparticles including virus-like particles (VLPs),8-21 ferritins22-

30, lumazine synthase,31-33 and encapsulin34-35 have been extensively studied as nano-scaled 

vehicles for delivering various types of diagnostics and/or therapeutics owing to their well-

defined architecture and high biocompatibility.36-37 Protein cage nanoparticles are composed 

of multiple copies of one or two types of subunits to form well-defined spherical architecture 

and they are biochemically and genetically well-characterized. Therefore, any desired 

functions can be precisely incorporated through genetic and chemical modifications based 

on atomic resolution crystal structures.  

 For the development of vaccine platforms, VLPs, among many other protein cage 

nanoparticles, have been most popularly used in the genome-free and/or attenuated forms.14, 

38-43 Many VLP-based vaccines have been used in clinics, and have significantly contributed 

to preventing numerous diseases caused by viruses, such as the Hepatitis B and human 

papilloma viruses.10, 44 However, these vaccines mainly utilize genuine coat proteins of VLPs 

as antigenic epitopes and generally induce an immune response that generates neutralizing 

antibodies specific for coat proteins of VLPs preventing subsequent infection of original 

pathogenic viruses. Therefore, these approaches are not suitable for non-pathogen derived 

diseases, such as cancers. Furthermore, many VLP-based vaccines occasionally exhibit 

unexpected self-adjuvanting effect that may cause undesired immunotherapeutic 

outcomes.45-47 As an alternative of VLPs, we previously employed ferritin protein cage 

nanoparticle as an antigen carriers and successfully demonstrated that antigenic peptides can 

be genetically introduced to protein cage nanoparticles and efficiently delivered to DCs 

leading to efficient activation of OT-1 peptide specific cytotoxic CD8+ T cells.48 However, 

further investigation is essential to validate the efficacy of prophylactic and therapeutic 

vaccination driven by antigen-bearing protein cage nanoparticles and the possibility to use 

various types of protein cage nanoparticles as antigen nanocarriers.  

 We previously developed encapsulins (Encaps) as effective nanocarriers of therapeutic and 

diagnostic reagents using protein engineering.34 Encapsulin is originally isolated from 

thermophile, Thermotoga maritima. It has 20 nm inner and 24 nm outer diameters and 
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icosahedral T = 1 symmetric spherical architecture which is self-assembled from 60 copies 

of identical 31-kDa subunits.49 The genetic variants of Encap that we constructed were highly 

thermostable, maintaining their architecture.34 Although Encap architecture is very similar 

to that of small icosahedral viruses, it does not contain any genomic DNA or RNA in its 

interior cavity, and its biological function in T. maritima has not been clearly understood yet. 

However, its crystal structure has been solved and its function was postulated to encapsulate 

functional proteins involved in oxidative stress responses.49-50  

Ovalbumin (OVA) protein and the OT-1 transgenic mice are a widely used model system to 

study antigen-specific immune responses.51 The OT-1 peptide (SIINFEKL) corresponds to 

residues 257-264 of OVA protein, and its presentation by DCs to T cells induces proliferation 

and differentiation of OT-1-specific cytotoxic CD8+ T cells.51-52 B16 melanoma is a widely 

used tumor model to develop immunotherapeutic strategies with potential clinical 

applications based on its similarity to tumors found in patients.53 B16-OVA cell line is a 

clone derived from the B16F10 melanoma cell line particularly transfected with OVA, 

suitable for studying OT-1 peptide-specific CD8+ T cell cytotoxicity and tumor rejection.53-

54 

 In this study, we genetically introduced a model antigenic OT-1 peptide to Encap at various 

positions and evaluated their efficacies to induce DC-mediated antigen-specific T cell 

cytotoxicity and followed by B16-OVA tumor rejection (Figure 2.1).38,41,34,55 
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Figure 2.1 Schematic representation of OT-1-specific cytotoxic T cell differentiation and tumor 
rejection induced by OT-1-Encap-mediated prophylactic vaccinations 
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2.3 Materials and Methods 

 

Construction and purification of encapsulins carrying the antigenic peptide OT-1 

 OT-1 peptides (SIINFEKL) were inserted into the loop region between residues 42 and 43 

(loop42) or added to the N- or C-terminal ends of encapsulin (Encap) construct as described 

previously.34 Encap and OT-1 Encaps were over-expressed and purified as described 

previously.34 The endotoxin was taken away by using Triton X-114 (Sigma) and its levels of 

the resulting samples were quantified by using a Limulus Amoebocytes Lysate assay 

(Genescript). The resulting levels were all less than 0.15 EU/ml.  

Protein concentrations used in this study were determined to ensure that the number of OT-

1 peptides introduced to Encap is similar to the number of OT-1 peptides contained in soluble 

OVA protein. We calculated that 75 μg of OT-1-Encap contains approximately similar 

amounts of OT-1 peptides as that of 100 μg of soluble OVA protein, since each protein 

subunit has one OT-1 peptide and the molecular weight of OT-1-Encap subunit (33 kDa) is 

approximately 75 % of that of OVA protein (45 kDa).48, 56 For the in vitro and in vivo assays, 

1-5 mg/ml of OVA and 50-500 μg of OVA per mouse were used, respectively, which are the 

concentrations of model antigen OVA generally used in previous studies.48  

 

Mice and cell line 

 C57BL/6 and OT-1 transgenic mice were bought from Taconic and the Jackson Laboratory, 

respectively. OT-1 TCR expressed on CD8+ T cells is specific for the peptide OVA257–264 

(SIINFEKL), bound to the class I MHC molecule H2-Kb.52, 64-65 All mice were utilized 

at 6-8 weeks and kept under the conditions of specific pathogen-free (SPF) following Ulsan 

National Institute of Science and Technology Institutional Animal Care and Use Committees 

(UNISTIACUC).  

 B16-F10 melanoma cell line and B16-OVA melanoma cell line, B16-F10 melanoma cells 

transfected with OVA gene, were generously provided by Dr. Byungsuk Kwon, Ulsan 

University, Korea. Tumor cells were grown and maintained in DMEM containing 5 % FBS 

(Hyclone) and antibiotics (Gibco). G418 was used as a selective marker (Calbiochem).  

 

Isolation and analysis of primary cells 

 Spleens were ballooned and torn into small pieces. Subsequently, they were chopped and 

treated with 400 ManDI U/ml collagenase D (Roche) in 5 ml of Hank’s balanced salt 

solution (HBSS, Thermofisher) by 25 G needle for 30 minutes. After treatment of 100 μl of 

0.5M EDTA for additional 5 minutes, CD11c+ DCs were positively sorted by magnetic 
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activated cell sorting (MACS, Miltenyl Biotech) from single cell suspensions of splenocyte. 

Antigen-specific CD8+ T cells were prepared from the primed and boosted mice by indicated 

antigens (OT-1-Encap-C, OT-1-Encap-L, OT-1-Encap-N, or OVA protein). Briefly, single 

cell suspensions were obtained from spleens or lymph nodes and CD8+ T cells were 

selectively sorted (MACS, Miltenyl Biotech). Purity of sorted CD8+ T cells was higher than 

98%. BD FACS Fortessa and FlowJo software (TreeStar) were used for collecting and 

analyzing all flow cytometry data, respectively.  

 

Protein phagocytosis 

 Phagocytosis of Encap variants and OVA protein by DCs was determined by pHrodo dye 

(pHrodo succinimidyl ester, Invitrogen). Briefly, each one of the Encap variants and the 

OVA protein were labeled with 1 mg/ml of pH-sensitive lysine reactive pHrodo dyes, 

dialyzed overnight to remove unbound pHrodo dyes, and incubated with DCs at either 4 °C 

or 37 ºC for 2 hours. pHrodo dye is an indicator of phagocytosis as it greatly increases in 

fluorescence at low pH.65 The DCs were washed thoroughly and the fluorescent intensities 

of pHrodo were determined by flow cytometry.48 

 

Detection of antigen specific T cell proliferation using Carboxyfluorescein Diacetate 

Succinimidyl Ester (CFSE) dilution assay  

 For in vitro assay, 1 × 107 cells/ml of OT-1 specific T cells were labeled with 1 μM of CFSE 

(Invitrogen) at 37 °C for 7 min. DCs were pulsed with indicated proteins (OT-1-Encap-C, 

OT-1-Encap-L, OT-1-Encap-N, or OVA protein) for 3 hours and co-cultured with OT-1 

specific T cells labeled with CFSE (1:3 ratio) with poly (I:C) (InvivoGen) at 37 °C. 3 days 

later, cultured cells were collected and treated with fluorescent dye-conjugated Vα2, Vβ5 

and CD8 antibodies (all from BD Biosciences). 

 For in vivo assay, 5 μM CFSE-labeled OT-1 T cells were intravenously introduced into 

naïve C57BL/6 mice. Mice were immunized with OVA proteins, Encap and OT-1 Encaps in 

the footpads subcutaneously with 50 μg of poly (I:C) one day later. At day 4, single cell 

suspensions were obtained from lymph nodes and treated with fluorescent dye-conjugated 

Vα2, Vβ5 and CD8 antibodies (all from BD Biosciences).  

 Vβ5.1/5.2+Vα2+CD8+-based OT-1 specific T cells were gated and a diluted series of CFSE 

fluorescence per cells were analyzed. Proliferation index of each groups (bottom panels) 

was analyzed by Modfit LT software.66 
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Cytotoxic T lymphocyte (CTL) assay 

 For in vivo CTL assay, mice were injected intraperitoneally with PBS or the indicated 

proteins (OT-1-Encap-C, OT-1-Encap-L, OT-1-Encap-N, or OVA protein) with 50 μg of poly 

(I:C) as an adjuvant. Mice were intravenously injected with 1:1 mixtures, 7×106 of each, of 

OT-1 peptide-pulsed (5 μM CFSE-labeled, CFSEhi) and unpulsed (0.5 μM CFSE-labeled, 

CFSElow) syngeneic splenocytes at day seven. Fourteen to sixteen hours later, single cell 

suspensions were collected from lymph nodes and the OT-1 specific CTL activity was 

evaluated by flow cytometry.  

 

Measurement of total IFN-γ productions of functional CD8+ cytotoxic T cells 

 Single cells were collected from spleens and lymph nodes of each one of the CTL 

experimental groups as described above stimulated again with 1 μM of OT-1 peptides in a 

96-well plate at 37 °C for 48 hours. Cultured supernatants were harvested and the amounts 

of produced IFN-γ were determined by cytometric beads assay (CBA) flex sets (BD 

Biosciences) and flow cytometry. All collected data were analyzed with FCAP Array 

software.  

 

Tetramer assay of OT-1 peptide specific TCR 

 Single cells were isolated from spleens of the in vivo CTL experimental groups as described 

above and stimulated again with 1 μM of OT-1 peptides in a 96-well plate at 37 °C for 2 

hours. The population of antigen-specific TCR expressing CD8+ T cells from re-stimulated 

splenocytes was analyzed by staining with PE conjugated MHC I tetramer (glycotope) and 

flow cytometry.57 All collected data were analyzed with FlowJo software (TreeStar).  

 

Prophylactic vaccination against B16-OVA or B16-F10 tumor challenges 

 Mice were primed with PBS, OVA proteins, Encap, or OT-1-Encap-C with 50 μg of poly 

(I:C) as an adjuvant, were and boosted with the same antigens 14 days later. At day 21, the 

vaccinated mice were subcutaneously challenged with 0.5 × 106 cells of B16-OVA 

melanoma cells or B16-F10 cells on the right flank. Every two or three days for 26 days, 

tumor sizes were measured with a caliper. PBS-immunized mice were used as a positive 

control. Mice were sacrificed at 26 days post tumor challenges, and tumor masses were 

subsequently collected. Tumor volume was calculated according to V = Width × Height2. 

 

Therapeutic vaccination against B16-OVA or B16-F10 tumor challenges 

 Mice were subcutaneously challenged with 0.5 × 106 cells of B16-OVA or B16-F10 



44 

 

melanoma cells on the right flank. At day 10, tumor bearing mice were therapeutically 

vaccinated with PBS, OVA proteins, Encap, or OT-1-Encap-C with 50 μg of poly (I:C) as an 

adjuvant. Tumor sizes were measured and calculated as mentioned in prophylactic 

vaccination methods. 

 

Isolation of tumor infiltrating lymphocytes 

 Tumor infiltrating lymphocytes (TILs) were isolated from tumor masses using 

centrifugation with discontinuous Ficoll gradient. Tumor masses were collected from mice, 

cut into small pieces, and incubated with collagenase D/DNase I mixture at 37 ºC for 30 min 

with gentle shaking. A mixture was prepared with 1670 ManDI U/ml of collagenase D, 0.2 

mg/ml DNase in HBSS buffer. Subsequently, incubating solutions were pipetted up and 

down multiple times to disaggregate tumor cells and filtered with a 70 μm strainer. Single 

cells were suspended with 4 ml of 75 % Ficoll (GE healthcare), laid on 4 ml of 100 % Ficoll, 

and centrifuged gently at 280 g for 30 min. TILs were collected from the interphase and 

washed with a solution of 1 mM PBS/EDTA mixture. Cells were stained with 

CD3+CD45.2+CD44+CD4+CD8+ antibodies (BD Biosciences) and ratio of CD4+ and CD8+ 

was analyzed by flow cytometry.  

 

Measurement of intracellular IFN-γ production of functional CD8+ cytotoxic T cells 

 TILs were obtained as described above. Isolated cells were stimulated again with 2 μM of 

OT-1 peptide or 1 µg/ml of αCD3 and 2 µg/ml of αCD28 mAbs (Biolegend) for 2 hours 

followed by the addition of 10 µg/ml of BFA (Biolegend) for additional 4 hours. Fcγ 

receptors were blocked with anti-CD16/CD32 antibodies, and extracellular markers were 

stained with anti-CD3 and CD8 at 4 °C for 30 minutes. Cells were fixed and permeabilized 

with Cytofix/Cytoperm kit (BD Biociences) and intracellular IFN-γ was stained along with 

their isotypes (Biolegend) at 4 °C for 25 minutes. Data were analyzed by flow cytometry. 
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2.4 Results 

 

 Encapsulin protein cage nanoparticles (Encaps) were used here as antigen nanocarriers to 

directly activate the antigen-specific CD8+ T cell cytotoxicity mediated by DCs and evaluate 

their efficacy of tumor rejection (Figure 2.1). OT-1 peptides were genetically introduced to 

three different positions of Encap subunit, the N- and C-terminal ends and the loop region 

between residues 42 and 43 (loop42) (Figure 2.2A and Figure S1A and S2A). Crystal 

structure of Encap indicated that the N-terminal end and the loop42 are positioned in the 

inner cavity, and the C-terminal end is slightly exposed to the exterior surface.49 OT-1 

peptide insertions into each position were validated by molecular mass measurements of 

dissociated subunits (Figure 2.2B and Figure S1B and S2B). The molecular mass of the OT-

1 peptide-inserted dissociated subunits of encapsulin at the C-terminal end (OT-1-Encap-C) 

was observed to be 33073.0 Da that is agreed well with the theoretical value (33071.4 Da) 

(Figure 2.2B). OT-1 peptide-inserted encapsulins (OT-1-Encaps) were eluted at the same 

position on the size exclusion chromatography as wild-type Encap (WT Encap) (Figure 2.2C 

and Figure S1C and S2C). The transmission electron microscopic (TEM) analyses of 

negatively stained OT-1-Encaps also confirmed their spherical morphology having 24 nm in 

outer diameter (Figure 2.2D and Figure S1D and S2D). These results reveal that the OT-1 

peptide insertions into three different positions do not significantly alter their cage 

architecture and stoichiometry and provide a rationale for incorporation of other antigenic 

peptides. 

 We have previously demonstrated that ferritin protein cage nanoparticles carrying antigenic 

peptides are efficiently phagocytosed by DCs and processed in phagosomes.48 Here, we also 

showed that pHrodo-labeled Encap and OT-1-Encaps are successfully taken up by DCs as 

the control soluble OVA protein (Figure S3A) and fluorescein-labeled OT-1-Encap-C are 

processed in phagosomes (Figure S3B) by flow cytometry analysis and visualizing their 

intracellular localization with a confocal microscope, respectively. To determine whether 

OT-1-Encap-C induces proper maturation of immature DCs, we co-incubated immature DCs 

with OT-1-Encap-C, OVA protein, or OT-1 peptides with poly (I:C) for 18 hours, the 

maturation markers (CD80, CD86, and MHC II) were detected with PE conjugated 

antibodies, and subsequently evaluated the degree of DC maturation with flow cytometry. 

All the DC maturation markers were successfully observed in OT-1-Encap-C treated DCs 

similar to those of OVA protein or OT-1 peptide treated DCs suggesting that OT-1-Encap-C 

successfully induced proper maturation of immature DCs (Figure S4). Therefore, we 

hypothesized that efficient processing of the phagocytosed OT-1-Encaps and the properly  
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Figure 2.2 Characterization of Encap containing OT-1 peptides at the C-termini (OT-1-Encap-C). 

(A) Schematic representation of OT-1 peptide addition to the C-termini of Encap. (B) Molecular mass 

measurements of the dissociated subunits of Encap (bottom) and OT-1-Encap-C (top). Calculated and 

observed molecular masses were indicated. (C) Size exclusion elution profiles (280 nm) of Encap 

(bottom) and OT-1-Encap-C (top). (D) Transmission electron micrographic (TEM) image of 2% uranyl 

acetate stained Encap (left) and OT-1-Encap-C (right). Scale bars (100 nm) were indicated. 
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presenting processed OT-1 peptides to CD8+ T cells would lead to successful proliferation 

and differentiation of antigen-specific CD8+ T cells. To examine this hypothesis, we initially 

attached the lysine-reactive fluorescent dye carboxyfluorescein succinyl ester (CFSE) to the 

surface of naïve CD8+ T cells and carried out a CFSE dilution assay in vitro and in vivo. 

Clonal expansions of CFSE-labeled naïve CD8+ T cells driven by antigen-specific 

stimulations would result in serial dilutions of CFSE.56 We first pulsed DCs with OT-1-

Encap variants (OT-1-Encap-C, OT-1-Encap-L or OT-1-Encap-N) for three hours in vitro, 

followed by extensive washing to ensure the presentation of only processed antigenic 

peptides, and incubated them with CFSE-labeled OT-1 transgenic CD8+ T cells. The degree 

of CD8+ T cell proliferation was evaluated with flow cytometry three days later.56 All OT-1-

Encap variants exhibited finger-like peaks with lower CFSE signals similar to that of the 

positive control, OVA protein, whereas untreated and Encap treated showed no changes 

(Figure 2.3A). These results indicate that all OT-1-Encap variants up-taken by DCs were 

efficiently processed within DC phagosomes and the processed OT-1 peptides were 

successfully presented to naïve CD8+ T cells, leading to effective OT-1 peptide-specific 

CD8+ T cell proliferation. At lower dosages of OT-1-Encap variants, we observed 

configuration-dependent proliferative responses (Figure S5). OT-1-Encap-C showed almost 

identical proliferative responses to those of OVA protein even at very low concentrations, 

whereas OT-1-Encap-N and OT-1-Encap-L induced proliferative responses only at high and 

moderate concentrations (Figure S5). This difference could be attributed to less effective 

processing of OT-1 peptides inserted in loop region and at the N-terminal, compared to those 

inserted at the C-terminal of end, consistent with our previous study.48  

 Next, the antigen-specific proliferation of CD8+ T cells was investigated in vivo. Naïve 

mice received CFSE-labeled OT-1 CD8+ T cells intravenously and were challenged the next 

day with OT-1-Encap variants (OT-1-Encap-C, OT-1-Encap-L or OT-1-Encap-N). 

Splenocytes were collected from the mice three days later, and the CFSE signals were 

measured with flow cytometry to determine the degree of antigen-specific proliferation of 

CD8+ T cells. Similar to in vitro studies, all OT-1-Encap variant treated groups exhibited 

serially decreased signal intensities as that of OVA protein treated group did (Figure 2.3B). 

We also directly observed stable cognate interactions between OT-1-Encap-C treated mature 

DCs and CD8+ T cells57 (Figure S6) confirming that the mature DCs properly processed OT-

1 peptides and presented them directly to CD8+ T cells inducing proliferation and 

differentiation of antigen-specific CD8+ T cells.  

 In conclusion, in vitro and in vivo CFSE dilution assay data clearly indicated that 

genetically inserted OT-1 peptides were successfully delivered to DCs by Encap, processed  
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Figure 2.3 OT-1 peptides delivered to DCs by OT-1-Encap variants induce OT-1 specific CD8+ T cell 

proliferation in vivo and in vitro. (A) DCs harvested from naïve C57BL/6 mice were pulsed either with 

media, Encap, OVA protein, OT-1-Encap-C, OT-1-Encap-N or OT-1-Encap-L (from top to bottom) for 3 

hours and co-cultured with CFSE-labeled OT-1 T cells at a ratio of 1:3. Four days later, the proliferation 

of OT-1 specific CD8+ T cells was measured by flow cytometry. (B) Naïve C57BL/6 mice were adoptively 

transferred with CFSE-labeled OT-1 T cells and on the next day, they were immunized subcutaneously 

either with PBS, OVA protein, Encap, OT-1-Encap-C, OT-1-Encap-N or OT-1-Encap-L (from top to 

bottom) in the presence of poly (I:C) as an adjuvant. Three days later, the proliferation of OT-1 specific 

CD8+ T cells was measured by flow cytometry. Proliferation index of each groups (bottom panels) was 

analyzed by Modfit LT software. 
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efficiently, and presented properly to naïve CD8+ T cells to effectively induce their 

proliferation as antigen-specific CD8+ T cells. 

 Successful vaccination should effectively generate functional cytotoxic CD8+ T cells that 

recognize target cells and kill them in an antigen-specific manner. To explore whether the 

CD8+ T cells that were induced to proliferate by OT-1-Encap-C immunization acquired 

cytotoxic functions, we performed a cytotoxic T lymphocyte (CTL) assay in vivo. If the 

proliferated CD8+ T cells are effectively differentiated as OT-1 specific cytotoxic T cells by 

delivered OT-1 peptides, they would selectively kill OT-1 peptide-pulsed target cells, leaving 

irrelevant splenocytes intact.58 Naïve mice were immunized with PBS, OVA protein, Encap 

or OT-1-Encap-C subcutaneously with poly (I:C). Seven days after immunization, they were 

intravenously challenged with 1.4 × 107 of CFSE-labeled syngeneic splenocytes; 1:1 

mixtures of splenocytes previously pulsed with 1 μM of OT-1 peptide for 1 hour (7 × 106 of 

5 μM CFSE-labeled, CFSEhi) and unpulsed (7 × 106 of 0.5 μM CFSE-labeled, CFSElow). 

One day later, single cells were harvested from spleens and lymph nodes of each group and 

CFSE fluorescence intensities were measured by flow cytometry. Once OT-1 peptide 

specific CD8+ cytotoxic T cells are generated, they would kill OT-1 peptide pulsed target 

cells (CFSEhi), resulting in reduced CFSE fluorescence intensities. Significant population 

reductions of CFSEhi syngeneic splenocytes isolated from spleens (Figure 2.4A) or lymph 

nodes (Figure S7A) were observed in the OVA protein or OT-1-Encap-C immunized groups, 

whereas there was no meaningful signal change in the negative control groups (PBS or 

Encap, Figure 2.4A and S7A). Interestingly, the OT-1-Encap-C immunized group showed 

most significant reduction of CFSEhi populations, even more than that of the OVA protein 

immunized group (Figure 2.4A and S7A), suggesting that OT-1 peptides delivered by OT-

1-Encap-C generate more efficient CD8+ cytotoxic T cells. Since the IFN-γ production level 

of CD8+ T cells generally reflects the cytotoxicity of CD8+ T cells,59 we measured the IFN-

γ productions of functional CD8+ cytotoxic T cells. Naïve mice were also immunized with 

simple pulsing of OT-1 peptides onto Encap. It has been known that small antigenic peptides 

do not effectively generate antigen-specific functional CD8+ cytotoxic T cells in vivo 

because of low antigenicity of small size of peptides.60-61 Simple pulsing of OT-1 peptides 

onto Encap did not generate noticeable antigen-specific cytotoxicity (Figure S8). OT-1 

peptides covalently attached to large-sized Encap may allow generating more efficient CD8+ 

cytotoxic T cells (Figure 2.4).  

 Single cells were harvested from spleens and lymph nodes of each one of the CTL 

experimental groups and stimulated again with 1 μM of OT-1 peptides for 48 hours. 

Subsequently, cultured supernatants were harvested and the amounts of produced IFN-γ 
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were analyzed with the cytometric beads assay (CBA). Isolated single cells from OT-1-

Encap-C immunized groups produced the largest amounts of IFN-γ (Figure 2.4B and S7B). 

To directly detect the response of antigen-specific CD8+ T cells further, mice were 

immunized with PBS, OVA protein, Encap, OT-1-Encap-C or OT-1 peptides along with poly 

(I:C) and CD8+ T cells were separated from whole splenocytes. OT-1 peptide-specific CD8+ 

T cells was detected with PE conjugated SIINFEKL-MHC I tetramers and their populations 

were subsequently analyzed by flow cytometry. OVA protein or OT-1-Encap-C immunized 

mice exhibited increased populations of antigen-specific CD8+ T cells compared to those of 

PBS, Encap, or OT-1 peptide immunized mice (Figure S9). These data imply that OT-1 

peptides delivered by OT-1-Encap-C efficiently generate high-quality functional OT-1 

specific CD8+ cytotoxic T cells leading to effective target cell killing observed in the CTL 

assay (Figure 2.4A and S7A).59  

 To further investigate the OT-1-Encap-C mediated adaptive immune responses in 

prophylactic vaccination, we utilized the B16-OVA tumor challenge model and examined 

whether the activated CD8+ cytotoxic T cells could selectively reject the generation of OT-

1 peptide expressing tumors. If OT-1-Encap-C successfully activates OT-1 specific cytotoxic 

CD8+ T cells through DCs, they would infiltrate the tumor sites and kill B16-OVA melanoma 

cells selectively. We challenged mice with B16-F10 which does not express OT-1 peptide as 

a negative control to confirm antigenic peptide-specific vaccination.4,53 

 For prophylactic vaccination, mice were first primed with PBS, OVA proteins, Encap or 

OT-1-Encap-C with 50 μg of poly (I:C), and boosted with the same antigens 14 days later. 

At day 21, vaccinated mice subcutaneously received 0.5 × 106 cells of B16-OVA or B16-

F10 on the right flank, and afterwards tumor sizes were recorded every two or three days 

(Figure 2.5A and S10). Twenty six days after tumor challenges, mice were sacrificed and 

tumor masses were collected (Figure 2.5B and S10). While large-sized B16-OVA tumor 

masses were generated in PBS- or Encap-immunized mice, tumor generation in OT-1-

Encap-C or OVA protein immunized mice were significantly suppressed (Figure 2.5A and 

2.5B). The OVA protein or OT-1-Encap-C immunized groups in B16-F10 tumor challenges 

successfully generated efficient OT-1 specific CD8+ T cells which kill OT-1 peptide-pulsed 

target cells (CFSEhi) (Figure S10A). However, their cytotoxicity was OT-1 specific and they, 

therefore, did not kill B16-F10 cells or suppress tumor growth (Figure S10B and S10C). 

These results suggest that OT-1-Encap-C or OVA protein vaccinations resulted in the 

effective activation of antigenic peptide specific cytotoxic CD8+ T cells prior to tumor 

generation, allowing subsequent infiltration of OT-1 specific cytotoxic CD8+ T cells into the 

tumor sites to suppress tumor growth upon the tumor challenges.  
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Figure 2.4 OT-1 peptides delivered to DCs by OT-1-Encap-C induce the differentiation of 

functional effector CD8+ T cells in spleens. (A) Naïve C57BL/6 mice were immunized subcutaneously 

either with PBS, OVA protein, Encap, or OT-1-Encap-C in the presence of poly (I:C) as an adjuvant. 

Mice were intravenously injected with CFSE-labeled syngeneic splenocytes pulsed with (CFSEhi) or 

without (CFSElow) OT-1 peptide seven days later. Next day, cytotoxicity of OT-1 specific CD8+ T cell 

was measured by flow cytometry. (B) Single cells were isolated from spleens and stimulated again with 

OT-1 peptides for 2 days. The amounts of IFN-γ produced were measured with CBA from cultured 

supernatants. The P values < 0.05 were considered significant (*). 
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 To test this hypothesis, we isolated tumor-infiltrating lymphocytes (TILs) and analyzed the 

contents of CD8+ T cells and their IFN-γ productions. At 21 days after tumor challenges, 

tumor masses were isolated from each group (Figure S11A) and cut into small pieces. They 

were incubated with collagenase D/DNase I mixture at 37 ºC for 30 min and cells were 

subsequently disaggregated and filtered for single cell preparation. Single cells were 

suspended in 75% Ficoll, laid on 100% Ficoll, and centrifuged gently. TILs were collected 

from interphase within Ficoll and the populations of CD4+ and CD8+ T cells in TILs were 

evaluated with flow cytometry (Figure 2.5C). TILs collected from OT-1-Encap-C vaccinated 

B16-OVA tumors contained larger CD8+ T cell populations than PBS, Encap or even OVA 

protein vaccinated groups (Figure 2.5C, bottom right) suggesting that activated cytotoxic T 

cells are effectively infiltrated to the tumor sites. While CD4+ and CD8+ T cells were 

similarly populated in TILs collected from OVA protein vaccinated B16-OVA tumors, CD8+ 

T cells were much more populated than CD4+ T cells in TILs collected from OT-1-Encap-C 

vaccinated ones (Figure 2.5C and S11B), indicating the selective activation of cytotoxic 

CD8+ T cells by OT-1 peptides delivered by OT-1-Encap-C and their effective infiltration 

into the tumor sites. Slightly better tumor suppression observed in B16-OVA tumors 

vaccinated with OT-1-Encap-C might have resulted from more activated cytotoxic CD8+ T 

cell populations in tumor sites. Functional properties of infiltrated cytotoxic CD8+ T cells, 

like their intracellular and total IFN-γ production, were further investigated with 

intracellular cytokine staining (ICS) assay and CBA, respectively. Isolated TILs were 

stimulated again with 1 μM of OT-1 peptides for 2 hours followed by the addition of 10 

µg/ml of BFA for 4 hours. Fcγ receptors were blocked and extracellular markers were 

subsequently detected with antibodies to CD3 and CD8. The populations of IFN-γ producing 

cells were evaluated with flow cytometry (Figure 2.5D). Cytotoxic CD8+ T cells obtained 

from TILs of OT-1-Encap-C or OVA-vaccinated B16-OVA tumors produced and 

accumulated IFN-γ intracellularly at equivalent levels, whereas those of PBS or Encap 

vaccinated ones did not (Figure 2.5D). CBA results also confirmed IFN-γ production of TILs 

of OT-1-Encap-C- or OVA-vaccinated B16-OVA tumors (Figure S11C). Taken together, 

these data strongly support our hypothesis that OT-1-Encap-C selectively activates cytotoxic 

CD8+ T cells, allowing efficient infiltration of them to the tumor sites and subsequent 

suppression of tumor growth upon the tumor challenges.  

 Most tumor cells generally have evasion systems that produce inhibitory signals to escape 

from their host immune systems. Thus, we investigated whether OT-1-Encap-C vaccination 

can effectively kill the target cells at the early tumor challenging conditions. Ten days after 

tumor challenges in prophylactic vaccination, the mice were intravenously injected with a  
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Figure 2.5 Prophylactic vaccination with OT-1-Encap-C suppressed B16-OVA tumor growth. 

(A) Mice were primed intraperitoneally either with PBS, OVA protein, Encap or OT-1-Encap-C in the 

presence of poly (I:C) as an adjuvant and boosted with the same antigens 14 days later. At day 21, 0.5 

× 106 of B16-OVA melanoma cells were subcutaneously injected onto the right flank. Tumor sizes 

were measured afterwards with a caliper every two or three days (n=5). (B) Mice were sacrificed at 

day 26 after tumor challenges and tumor masses were isolated presented. (C) TILs were isolated from 

tumor masses (Figure S11A) of the mice 21 days after the tumor challenges and the percentages of 

CD4+ T cells and CD8+ T cells were measured by flow cytometry. (D) Isolated TILs were stimulated 

again with 1 μM of OT-1 peptides, accumulated intracellular IFN-γ was stained along with their 

isotypes, and the IFN-γ secreting CD8+ T cells were measured by flow cytometry. (E) After 10 days of 

tumor challenges, tumor bearing mice were intravenously injected with CFSE-labeled syngeneic 

splenocytes pulsed with (CFSEhi) or without (CFSElow) OT-1 peptide. OT-1 specific CD8+ T cell 

cytotoxicity was measured by flow cytometry. 
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mixed splenocytes which have OT-1 peptide-pulsed CFSEhi or unpulsed CFSElow, as we 

described in the in vivo CTL assays. Single cells were harvested from spleen the next day 

and CFSE signals were analyzed by flow cytometry (Figure 2.5E). Similarly to CTL assays 

performed without tumor challenges, populations of CFSEhi-labeled OT-1 peptide-pulsed 

syngeneic splenocytes isolated from spleens were significantly reduced in groups 

immunized with OVA protein or OT-1-Encap-C, whereas they remained unchanged in the 

control groups (PBS or Encap) (Figure 2.5E). These data indicate that OT-1 peptides 

delivered by OT-1-Encap-C effectively induced OT-1 specific cytotoxic CD8+ T cells even 

under early tumor challenged conditions and killed OT-1 specific target cells. 

 Most of tumors occur spontaneously in various conditions and the majority of patients 

recognize its occurrence only after tumor has already progressed. Therefore, the effective 

therapeutic vaccination against progressed tumors is very important and essential in cancer 

treatment. Since OT-1-Encap-C vaccination effectively killed the target cells shortly after 

prophylactic vaccination (Figure 2.5E), we anticipated that OT-1-Encap-C may effectively 

activate OT-1 specific cytotoxic CD8+ T cells even under the presence of OT-1 bearing tumor 

and may suppress tumor progression. To answer this question, we carried out therapeutic 

vaccination experiments. Ten days after B16-OVA or B16-F10 tumor challenges, mice were 

therapeutically vaccinated with PBS, OVA proteins, Encap or OT-1-Encap-C with 50 μg of 

poly (I:C) as an adjuvant and their tumor sizes were measured for 23 days (Figure 2.6). B16-

OVA tumor generations in OT-1-Encap-C or OVA protein immunized mice were greatly 

suppressed compared to those of PBS or Encap immunized groups (Figure 2.6A and 6B), 

whereas B16-F10 tumors were almost equally generated in all groups (Figure S12A and 

S12B). However, their tumor-suppression efficiencies were not as effective as above 

prophylactic vaccination, probably due to the lack of a boosting injection. The population of 

CD8+ T cells and the IFN-γ secretion of those cells were dramatically increased in isolated 

TILs as in prophylactic vaccination suggesting that tumor infiltrated CD8+ T cells were 

functionally activated (Figure 2.6C and 2.6D). Ten days after therapeutic vaccination, mice 

were intravenously injected with a mixed splenocytes which have OT-1 peptide-pulsed 

CFSEhi and unpulsed CFSElow. On the next day, single cells were isolated from spleen the 

next day and the CFSE signals were analyzed by flow cytometry to evaluate how much OT-

1 specific cytotoxicity is generated (Figure 2.6E and S12C). Similarly to CTL assays 

performed with prophylactic vaccination, populations of CFSEhi-labeled OT-1 peptide-

pulsed syngeneic splenocytes were reduced in groups immunized with OVA protein or OT-

1-Encap-C (Figure 2.6E). However, their cytotoxic activities were not as strong as those of 

prophylactic treatments consistent with their tumor suppression capability (Figure 2.6A and 
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2.6B). These data suggest that OT-1-Encap-C also efficiently deliver OT-1 peptide to DCs 

to educate cytotoxic CD8+ T cells as tumor antigen-specific killers in early stages of tumor 

generation and provide opportunity to be utilized as tumor therapeutic vaccines. 
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Figure 2.6 Therapeutic vaccination with OT-1-Encap-C suppressed B16-OVA tumor growth. (A) 

Mice were subcutaneously injected with 0.5 × 106 of B16-OVA melanoma onto the right flank. 10 days 

later, the mice were introduced either with PBS, OVA protein, Encap or OT-1-Encap-C in the presence 

of poly (I:C) as an adjuvant intraperitoneally. Tumor sizes were measured afterwards with a caliper 

every two or three days for 23 days (n=7). (B) Mice were sacrificed at day 23 after tumor challenges 

and tumor masses were isolated presented. (C) TILs were isolated from tumor masses of the mice 21 

days after the tumor challenges and the percentages of CD4+ T cells and CD8+ T cells were measured 

by flow cytometry. (D) Isolated TILs were stimulated again with 1 μM of OT-1 peptides, accumulated 

intracellular IFN-γ was stained along with their isotypes, and the IFN-γ secreting CD8+ T cells were 

measured by flow cytometry. (E) After 10 days of therapeutic vaccination, tumor bearing mice were 

intravenously injected with CFSE-labeled syngeneic splenocytes pulsed with (CFSEhi) or without 

(CFSElow) OT-1 peptide. OVA-specific CD8+ T cell cytotoxicity was measured by flow cytometry.  
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2.5 Discussion 

 
 In this study, we genetically introduced OT-1 peptides (SIINFEKL) to three various 

positions of the Encap subunit, the N- and C-terminal ends and the loop region between 

residues 42 and 43 (loop42) and confirmed that these three regions are tolerant of the peptide 

insertion. Encap and OT-1-Encaps were effectively phagocytosed by DCs and processed 

within phagosomes. The processed OT-1 peptides were effectively presented by DCs to 
naïve CD8+ T cells leading to the efficient proliferation of antigen-specific CD8+ T cells in 

vivo as well as in vitro. OT-1-Encap-C exhibited almost identical proliferative responses to 

those of OVA protein even at very low concentrations, whereas OT-1-Encap-N and OT-1-

Encap-L exhibited proliferative responses only at high and moderate concentrations. Our 

data suggest that OT-1 peptides in the loop region and at the N-terminal end are not 

processed as efficiently as those at the C-terminal end. Therefore, the position of antigenic 
epitopes should be carefully considered for in vivo application.  

 OT-1-Encap-C-immunized naïve mice efficiently induced the OT-1 peptide specific 

cytotoxic T cells leading to selective killing of externally inserted OT-1 peptide-bearing 

target cells. Isolated single cells from OT-1-Encap-C-immunized mice secreted large 

amounts of IFN-γ and such high-quality functional OT-1 specific CD8+ cytotoxic T cells 

generated by OT-1-Encap-C resulted in most effective target cell killing in CTL assays. In a 

B16-OVA melanoma challenge experiment, considerable tumor growth suppressions we 
observed with the OT-1-Encap-C vaccination in both prophylactic and therapeutic 

treatments. TILs obtained from the OT-1-Encap-C-vaccinated B16-OVA tumor group 

included many cytotoxic CD8+ T cells which produce a large quantity of both intracellular 

and secretory IFN-γ cytokines. Although CD8+ T cells infiltrate into tumor generation sites, 

Tregs accumulated by tumor microenvironment generally do not allow naïve CD8+ T cells 

to differentiate into functional cytotoxic T cells.62-63 OT-1-Encap-C vaccination effectively 
generated OT-1 specific cytotoxic CD8+ T cells before and, furthermore, even after tumor 

generation and led to subsequent infiltration of OT-1 specific cytotoxic CD8+ T cells into 

the tumor sites upon the tumor challenges, providing tumor suppression.  

 Encapsulin has multiple addressable sites for introducing additional activities and cargo 

molecules in both interior cavity and exterior surface. Various type of antigenic epitopes, 

adjuvant molecules, and DC targeting ligands can be incorporated genetically and/or 
chemically. The approach and Encap variants we described here may provide opportunities 

to develop epitope-dependent vaccination systems that stimulate and/or modulate efficient 

and peptide-specific cytotoxic T cell immune responses in non-pathogen originated diseases, 

for example, cancers and neurodegenerative diseases. 
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3. Covalent Conjugation of Small-Molecule Adjuvants to Nanoparticles 

Induces Robust Cytotoxic T Cell Responses via DC Activation  
 

3.1 Abstract 

 
 Specific recognitions of pathogen associated molecular patterns by Toll-like receptors (TLRs) 

initiate dendritic cell (DC) activation, which are critical for coordinating innate and adaptive immune 

responses. Imidazoquinolines as small-molecule TLR7 agonists often suffer from their prompt 

dissemination and short half-life in the bloodstream, preventing their localization to the corresponding 

receptors and effective DC activation. We postulated that covalent incorporation of imidazoquinoline 

moieties onto the surface of biocompatible nanoparticles (~30 nm size) would enhance their chemical 

stability, cellular uptake efficiency, and adjuvanticity. The fully synthetic adjuvant-nanocomplexes 

led to successful DC activation at lower nanomolar doses compared with free small-molecule agonists. 

Once a model antigen such as ovalbumin was used for immunization, we found that the 

nanocomplexes promoted an unusually strong cytotoxic T lymphocyte response, revealing their 

unique immunostimulatory capacity benefiting from multivalency and efficient transport to 

endosomal TLR7. 
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3.2 Introduction 
 

 DCs are the most potent APCs, which coordinate between the innate and adaptive immune 

systems.1 They are specialized to engulf and process antigens and subsequently present 

epitopes to elicit robust immune responses.2-4 APCs express various types of pattern 

recognition receptors including lectins or TLRs to distinguish between self- and non-self-

structures. Recognition of PAMPs by TLRs generally induces DC activation.5,6,7 Activated 

DCs present foreign epitopes of antigens onto MHCs and increase the expression of co-

stimulatory molecules (CD80, CD86) to help cognate interaction with TCR. The expression 

of chemokine receptor CCR7 leads DCs to migrate into lymph nodes, where naïve T cells 

are transformed into functional T lymphocytes including CTLs.8,9  

 TLR7, located within endosomal compartment, is a promising adjuvant target-site for DC-

mediated immunization. It recognizes nucleotide-derived compounds, including single-

stranded RNA or low-molecular-weight imidazoquinoline derivatives, such as R837 

(imiquimod) and R848 (resiquimod).5,8,10 Yet, promotion of robust CTL responses by small-

molecule adjuvants is highly challenging due to their prompt dissemination through 

diffusion.8,11-13 To overcome these hurdles, polymeric or inorganic nanoparticles (NPs) 

encapsulating imidazoquinolines have been introduced to enhance stability and 

biodistribution of TLR7 agonists, consequently improving DC activation efficiency.14-17 

Here, we describe the first synthetic approach for preparing covalently linked 

imidazoquinoline-nanoconjugates for inducing robust CTL responses (Figure 3.1). Our 

design can entirely avoid the potential time-based release of small-molecule agonists from 

the non-covalently functionalized nanocarriers through the interactions between cell 

membranes and engineered NPs. However, the challenges associated with our approach are 

two-fold. First, the design of nanocomplexes requires multi-step reactions to achieve a 

molecularly well-defined structure. Second, the synthetic nanocomplexes should effectively 

initiate TLR-mediated DC activation and subsequently induce T cell immunity. To validate 

our working hypothesis, we designed alkyne-functionalized imidazoquinoline derivatives 

and covalently conjugated them with biocompatible NPs to examine their role in DC 

maturation and generation of CTL response. 
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3.3 Materials and Methods 

 

Reagents 

 N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 

98%), 4-pentynoic acid (95%), copper(II) sulfate pentahydrate (98%), (+)-sodium L-

ascorbate (98%), and N-hydroxysuccinimide (NHS, 98%) were purchased from Sigma-

Aldrich. Amine-functionalized iron oxide (Fe3O4) magnetic nanoparticles (aqueous solution, 

5 mg Fe/mL) were supplied by Ocean nanotech. Triethylamine (TEA, 99%) was obtained 

from Alfa Aesar. NHS-fluorescein (5/6-carboxyfluorescein succinimidyl ester) was 

purchased from Thermo Scientific.  

 

Synthesis of Adjuvant 1 

 Adjuvant 221 (400 mg, 1.11 mmol) and TEA (547 µL, 3.89 mmol, 3.5 equiv) were dissolved 

in DCM (80 mL). 4-pentynoic acid (142 mg, 1.45 mmol, 1.3 equiv) and HBTU (549 mg, 

1.45 mmol, 1.3 equiv) were added at 0 °C, and the solution left to stir overnight at room 

temperature. The reaction mixture was concentrated in vacuo and the residue was purified 

by flash column chromatography (DCM:MeOH:NH4OH = 9.5:0.5:0.1) to yield the title 

compound as a clear oil (261 mg, 53%). 1H NMR (400 MHz, MeOD) δH 0.92 (t, J 7.4 Hz, 

3H), 1.42 (dt, J 14.7, 7.4 Hz, 2H), 1.77 (dt, J 15.4, 7.6 Hz, 2H), 2.20 (t, J 2.6 Hz, 1H), 2.34-

2.49 (m, 4H), 4.33 (s, 2H), 5.82 (s, 2H), 7.00 (d, J 8.1 Hz, 2H), 7.09 (m, 1H), 7.27 (d, J 8.1 

Hz, 2H), 7.41 (m, 1H), 7.65 (dd, J 8.3, 0.4 Hz, 1H), 7.78 (d, J 7.8 Hz, 1H); 13C NMR (150 

MHz, MeOD) δC 14.1, 15.7, 23.4, 27.8, 30.7, 35.9, 43.6, 49.5, 70.3, 83.5, 115.7, 121.5, 123.4, 

126.2, 126.7, 126.9 128.5 129.4 135.4, 136.0, 139.8, 144.8, 152.5, 156.0, 173.8.; HRMS 

(ESI): Calcd for C27H30N5O+ [M+H]+: 440.2445, found 440.2445. 

 

Synthesis of Azido-NPs 

 Spacer 337 (30 mg, 116 µmol) dissolved in DMF was added to the Amine-NPs (1.5 mg Fe). 

Mixture was stirred at room temperature for a day, then dialyzed in DI water was conducted 

for 3 times to remove non-conjugated molecules in excess. 

Synthesis of Adjuvant-NPs: Adjuvant 1 (2.55 mg, 5.80 µmol, 15 equiv) dissolved in DMF, 

CuSO4⋅6H2O (1.45 mg, 5.80 µmol, 15 equiv) and (+)-sodium L-ascorbate (1.15 mg, 5.80   
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Figure 3.1 General attributes of Adjuvant-NPs in inducing DC activation and a robust CTL 
response. 
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µmol, 15 equiv) was added to Azide-NPs and stirred at room temperature for a day. The 

reaction mixture was dialyzed in DI water for two times then, treated with 0.1 M Tris buffer 

(pH 6) for 2 times to form ammonium salt of imidazoquinoline moiety. Solution was filtered 

through 0.2 µm pore size filter and concentrated to 3 mg/mL Fe dissolved in autoclaved PBS 

buffer by using centrifugal filter (3000 rpm, 12 min). 

 

Synthesis of Fluorescein-Adjuvant-NPs 

 For the fluorescence analysis and confocal analysis of DC uptake with nanoparticle, NHS-

fluorescein was utilized to append fluorescein to Adjuvant-NPs (Figure 3.S1). To a solution 

of Adjuvant-NPs in PBS buffer was added NHS-fluorescein (0.92 mg, 1.94 µmol, 5 equiv 

to Amine-NPs (1.5 mg Fe)) and stirred for 1 day at room temperature. NHS-fluorescein in 

excess was removed by DI water dialysis (for 3 times) and the solution was centrifuged 

(3000 rpm, 12 min, for 3 times). Then Fluorescein-Adjuvant-NPs were concentrated to 3 mg 

Fe/mL in autoclaved PBS buffer. 

 

Instruments 

 Proton nuclear magnetic resonance and carbon nuclear magnetic resonance spectra were 

recorded by an Agilent 400-MR DD2 and an Agilent VNMRS 600. Low resolution mass 

spectra were measured by a Bruker HCT Basic System with electrospray ionization (ESI) 

source. High resolution mass spectra were measured by an ABI API-3000 ESI mass 

spectrometer. Fluorescence spectra were measured by using an Agilent Cary Eclipse 

fluorescence spectrophotometer. UV-Vis spectra were recorded by a Jasco V-670 

spectrometer. Dynamic light scattering (DLS) measurements were performed by a 

Brookhaven Instrument Corporation’s NanoDLS. Transmission electron microscopy (TEM) 

images were taken by a JEOL JEM-1400. 
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Figure 3.S1 Synthesis of Fluorescein-Adjuvant-NPs. 
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Mice  

 Female C57BL/6 mice were purchased from Taconic. All mice were maintained under 

specific pathogen-free (SFP) conditions and used at 6-8 weeks with Institutional Animal 

Care and Use guidelines. The Institutional Animal Care and Use Committee of the Ulsan 

National Institute of Science and Technology (UNISTIACUC) approved the in vivo animal 

experiments conducted in this study 

 

DC Maturation 

 Mice were injected intraperitoneally (I.P.) with R848 (InvivoGen, San Diego, CA), 

adjuvant 1’, amine-NPs, adjuvant-NPs, or PBS for in vivo DC maturation. Mice were 

sacrificed after 18 hours of injection. Whole splenocytes were harvested and stained with 

CD11c FITC. Cells were subsequently stained with CD80 PE, CD86 PE, MHC II PE, CCR7 

PE and isotypes control (supplied by BioLegend). Maturation of CD11c+ DC were 

measured by BD FACS Fortessa and analyzed by FlowJo software (TreeStar). 

 

DC Isolation 

 Spleens were harvested from mice to HBSS buffer (GIBCO), then, ballooning with 400 

Mandl U/ml collagenase D (Roche) and tear them into small pieces by 25G needle and 3 ml 

syringe. CD11c+ cells were positively enriched with magnetic activated cell sorting (MACS, 

Miltenyi Biotech). Sorted T cells showed >98 % purity, as detected by flow cytometry. All 

flow cytometry data were acquired by BD FACS Fortessa and analyzed by FlowJo software 

(TreeStar). 

 

Confocal Microscopic Imaging of DCs 

 1 × 106 Cells/ml of immature DCs were isolated and incubated on coverslip in 24 wells 

plate with indicated PBS or NP 7 with 5 µg of OVA protein as model antigens onto cover 

slip for 18 hours at 37 °C. Matured DCs were treated with 50 nM of lysotracker (Thermo-

Fisher scientific) to stain the lysosome with red fluorescence for last 2 hours. Nucleus was 

stained with DAPI and images of green fluorescence of NP and red fluorescence of lysosome 

were obtained by FV1000 confocal microscopy (Olympus). 
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Figure 3.S2. A calibration curve of NHS fluorescein. 
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In vivo CTL Assay 

 For in vivo CTL assay, mice were immunized with 50 µg of OVA protein with indicated 

adjuvant intraperitoneally; list indicated adjuvants. After 7 days, mice were re-immunized 

to boost immune responses. Then, mice were intravenously injected with 1:1 mixtures of 

OT-I peptide-pulsed (5 μM CFSE-labeled, CFSEhi) and unpulsed (0.5 μM CFSE-labeled, 

CFSElow) syngeneic splenocytes (7×106 of each). 18 Hours later, single cells were harvested 

form lymph nodes and spleens from each mouse. OT-I specific CTL activity was evaluated 

by flow cytometry. We repeated in vivo CTL assay three times and three mice were used in 

each group (total 9 mice/experimental set). 

 

Tetramer assay 

 To investigate OVA epitope (OT-I peptide) specificity induced by adjuvant-NPs 

vaccination, immunized mice as CTL experiment were sacrificed and single homogenized 

splenocytes were harvested. Cells were meshed with 70 μm pore strainer, then, re-stimulated 

with OT-I peptide (1 µM) in 96 well plate (5× 105 cells/ 200 µl) at humidified incubator 

for 4 days. OT-I peptide specific T cell receptor expressing T cells were stained with PE-

conjugated MHC I tetramer (glycotope), then, analyzed by flow cytometry. 
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3.4 Results 

 

 Although live-attenuated vaccines can elicit long-term immunity, they have a potential risk 

of infection, and practically not suitable to vaccine against pathogens such as influenza, HIV, 

or Ebola virus.18 In contrast, subunit vaccines provide superior safety profiles and allow 

tunable design at the molecular-level to elicit predictable immune responses. However, they 

are short-lived and poorly immunogenic. Thus, immunostimulatory adjuvants are required 

to generate potent T cell immunity.8,18 The advent of engineered nanocomplexes loaded with 

imidazoquinoline analogues opens up new opportunities to effectively target TLR7, yet 

investigations have been established on the basis of non-covalent encapsulation chemistry. 

Although CpG oligodeoxynucleotide-NP complexes have been previously 

demonstrated,19,20 NPs covalently incorporating the small-molecule cognate ligands without 

repeating monomer units have not been reported so far. 

 To synthesize well-defined molecular adjuvant-nanocomplexes, we designed and prepared 

an imidazoquinoline analogue (adjuvant 1) with a terminal alkyne moiety to couple with 

azide coated iron oxide NPs (see Figure 3.2a). Adjuvant 2 was synthesized from 2,4-

quinolinediol as previously described by the David group.21-24 Based on the previous 

structure-activity relationship studies,21,25-28 n-butyl group was introduced at C-2 position to 

increase TLR7 agonistic potency. Further, an alkyne functionality as a versatile anchor was 

placed at N-1 position for next-stage chemical reactions, since the site modification does not 

significantly compromise agonistic potency. Molecular structure of TLR7 agonist, Adjuvant 

1, was confirmed by 1H and 13C NMR spectra (Figures 3.2b and 3.2c). For the conjugation 

platform displaying multivalency, water-soluble and surface-engineered iron oxide NPs 

were selected because of their biocompatibility and monodisperse size.29,30 Biocompatible 

NPs with monodisperse size ranges of ~30 nm can be used as nanocarriers in vivo, which 

are optimal for internalization by immature DCs by facilitating endolysosomal pathway, and 

can be trafficked into the draining lymph nodes, thereby enhancing their adjuvanticity.11,20,31-

34 Amine-surface-modified iron oxide NPs (Amine-NPs) were then reacted with Spacer 3 

with an activated ester moiety, to afford Azide-NPs, since azido functionality can be readily 

installed and is highly orthogonal and versatile for further transformations. Finally, Adjuvant 

1 was conjugated by CuI-catalyzed Huisgen 1,3-dipolar cycloaddition reaction and treated 

with 0.1 M Tris buffer (pH 6) to form Adjuvant-NPs (for the details, see the Experimental 

Section and the Supporting Information).  
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Figure 3.2 (A) Synthetic scheme of Adjuvant-NPs (i) HBTU, TEA, DCM, (ii) CuSO4·5H2O, 
sodium ascorbate, DMF, (iii) 0.1 M Tris buffer (pH 6), and (iv) diluted hydrogen chloride solution. (B, 
C) 1H and 13C NMR spectra (MeOD) of Adjuvant 1. 
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 Core- and hydrodynamic sizes of the synthetic nanocomplexes were determined by 

transmission electron microscopy (TEM) and dynamic light scattering (DLS) analyses, 

respectively (Figures 3.3a and 3.3b). TEM image revealed spherical and monodisperse 

particles with ~11 nm core diameters of Adjuvant-NPs without any signs of particle 

aggregation, even after multi-step chemical modifications. DLS data analysis showed an 

effective diameter of 31.6 nm and a narrow size distribution with polydispersity index (PDI) 

= 0.258. Previously NPs having ~30 nm size have been demonstrated to be efficiently 

uptaken by DCs.19,20 Moreover, we carried out spectroscopic studies to examine the 

effectiveness of imidazoquinoline conjugation. UV-Vis spectrum of Adjuvant-NPs showed 

distinct imidazoquinoline peaks at about 225, 246, and 321 nm with slight peak shifts 

(Figure 3.3c). To quantify the loading level, a fluorescence assay was conducted (Figure 

2.3d), since iron oxide NPs are weakly fluorescent. NHS-fluorescein is an amine reactive 

fluorescent probe bearing an activated ester moiety, thus fluorophore can be appended to 

Adjuvant-NPs to generate Fluorescein-Adjuvant-NPs. Based on the standard curve of 

NHS-fluorescein and iron concentration of NPs, the loading amount of imidazoquinolines 

in Adjuvant-NPs was estimated to be 0.139 μmol/[mg Fe] (see Supporting Information, 

Figures S1 and S2). 

 Further, we evaluated DC activation efficacies by using synthetic TLR7 agonists. 

Adjuvant-NPs or free Adjuvant 1' were intraperitoneally injected into mice, and their DCs 

were harvested 18 hours later. DC activation markers including CD80, CD86, MHC I, and 

CCR7 were stained with phycoerythrin (PE)-conjugated antibodies and analyzed by flow 

cytometry. R848,10 Adjuvant-NPs, or Adjuvant 1' effectively increased the expression 

levels of the activation markers (Figure 3.4 and Figures S3-S5). Highly water-soluble 

Adjuvant 1' acted as an effective stimulant of DC activation at 115.6 nmol or even at a 

concentration as low as 69.4 nmol (Figure S3). Amine-NPs showed weak self-adjuvant 

effect (Figure S5). Remarkably, 13.9 nmol of Adjuvant-NPs (concentration in loading 

levels of cognate ligands) and 115.6 nmol of free Adjuvant 1' induced comparable 

immunostimulatory activities. This is attributed to the enhanced avidity as well as effective 

internalization of the nanocomplexes to the endosomal TLR7 of DCs.  

 Since TLR7 is expressed inside endosomal compartments of DCs, effective delivery of 

antigens and adjuvants into DCs is indispensable for their proper activation and subsequent 

immune response. However, free small molecules hardly localize to TLRs; thus, they 

require effective delivery vehicles. To examine cellular internalization of the 

nanocomplexes and their appropriate localization in DCs, we prepared Fluorescein-

Adjuvant-NPs as probes (see Supporting Information) and studied their uptake using 
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Figure 3.3. Characterization of Adjuvant-NPs. (A) TEM image of Adjuvant-NPs, (B) DLS analysis, 
(C) UV−vis spectra, and (D) fluorescence spectra. 
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Figure 3.4 Adjuvant effects on in vivo DC activation: (A) flow cytometry analyses, and (B, C) the 
mean fluorescence intensity (MFI) levels of DC activation markers (CD80, CD86, CCR7, and MHC 
I). The P values of <0.05(*), <0.01(**), and <0.001(***) were considered significant. 
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confocal fluorescence microscopy (Figure 3.5a). The complexes were cultured with 

immature DCs in vitro in the presence of OVA as a model antigen. After 18 hours, the cells 

were fixed, and the nuclei and low pH endosomes were stained with DAPI and LysoTracker, 

respectively. Fluorescein-Adjuvant-NPs were localized within endosomes thanks to their 

suitable particle size (~30 nm) (Figure 3.5b).19,20 Also, properly activated DCs secrete high 

quantity of pro-inflammatory cytokines to activate further immune responses. (Koch, F. et 

al. The Journal of experimental medicine 1996, 184, 741-6.) ELISA assay to detect IL-

12p40 from DC supernatant cultured with adjuvant NPs and OVA suggest almost equal 

secretion of IL-12p40 compared with adjuvant 1 (Figure 3.5c), which can assist 

imidazoquinoline cognate agonists effectively interact with TLR7 within DC endosomes.  

 The efficient DC activation and nanocomplex internalization prompted us to test whether 

these mature DCs can elicit sufficient cytotoxic CD8+ T cell responses. We performed an 

in vivo CTL assay based on the CFSE assay to monitor OVA-specific T cell 

proliferation.35,36 Mice were intraperitoneally immunized with 25 μg of OVA protein as an 

antigen in the presence of PBS, R848, Amine-NPs, or Adjuvant-NPs as TLR7 agonists. 

Groups of mice were primarily immunized for 2 weeks, and additionally boosted for 1 

week. After immunization, mice were intravenously injected with 1:1 mixtures of OT-1 

peptide-pulsed (CFSEhi) and unpulsed (CFSElow) syngeneic splenocytes to evaluate OVA-

specific CTL activity. The population of OT-1 peptide pulsed target cells was analyzed by 

flow cytometry. It is speculated that if OT-1 specific T cells are effectively stimulated by 

mature DCs with OVA protein and adjuvants, the OT-1 peptide-pulsed (CFSEhi) syngeneic 

splenocytes would be lysed and their population decreased. Remarkably, injection of 

Adjuvant-NPs with 27.8 nmol of adjuvant together with OVA protein caused 84% target 

cell lysis (Figure 3.6). In contrast, small-molecule R848 (28.5 or 142.5 nmol) or Amine-

NPs showed negligible to poor (0-25%) cytotoxic responses. It is speculated that superior 

CD8+ T cell efficacy of Adjuvant-NPs at low doses of imidazoquinoline moiety is 

associated with the enhanced avidity of fully synthesized multivalent adjuvant-NPs and 

effective DC internalization. 
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Figure 3.5 Fluorescence imaging studies to examine the internalization of Fluorescein-Adjuvant-
NPs in DCs. (A, B) Samples were characterized by confocal fluorescent microscopy. 
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Figure 3.6 In vivo CTL assay on splenocytes. (A) Percentages of OT-1 peptide unpulsed CFSElow 
(left) and that of pulsed CFSEhigh (right) were analyzed by flow cytometry. Each group was stimulated 
with indicated adjuvants: Sample A: R848 10 μg, 28.5 nmol; sample B: R 848 50 μg, 142.5 nmol; 
sample C: amine-NPs 100 μg Fe; sample D: amine NPs 200 μg Fe; sample E: Adjuvant-NPs (100 μg 
Fe, 13.9 nmol of imidazoquinoline); sample F: Adjuvant-NPs (200 μg Fe, 27.8 nmol of 
imidazoquinoline) along with OVA protein. (B) Conversion of the percentages of CFSEhigh based on the 
negative control of PBS treated group. The P values of <0.01(**) were considered significant. 
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3.5 Discussion 

 

 We chemically synthesized structurally well-defined molecular adjuvant-nanoparticle 

conjugates through multi-step reactions and investigated their potency of their immune-

stimulatory activity. The nanocomplexes displaying multiple low-molecular-weight ligands 

were efficiently internalized by immature DCs, and they subsequently enhanced in vivo DC 

activation by facilitating multivalent interactions between imidazoquinoline moieties and 

endosomal TLR7. In addition, they induced increased expression levels of activation 

markers in the low nanomolar range. Their cellular localization was validated by fluorescent 

labeling of the nanocomplexes. Co-administration of the synthetic adjuvant-nanocomplexes 

and OVA protein elicited unusually robust antigen-specific cytotoxic T cell responses. 

Considering the significant challenges generating cell-mediated immunity via small-

molecule based adjuvant systems, we believe that our synthetic approach can provide a 

versatile platform for the rational designing of next-generation vaccines.  
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4. Conclusion 

 

 In this dissertation, I studied about the novel methods and candidates for enhancing the cancer 

immunotherapy based on the nanotechnology. Unlike conventional and clinical treatment of 

radiation and chemotherapeutics, immunology-based cancer therapeutics are now on the clinical 

trials for clearing the various cancer development and metastasis. Also, these types of approaches 

have importance in prolonged or even permanent immune responses to residual or metastatic 

cancer cells.  

 Here, I proved that engineered nanoparticles could be utilized in DC based vaccination of cancer 

antigens for inducing antigen specific cytotoxic CD8+ T lymphocytes via multi-valently decoration 

of cancer antigens to encapsulin or imidazoquinoline adjuvant to biocompatible IONP, respectively.  

 Encapsulin, protein cage nanoparticles have lots of advantages for additional modification for 

interior or exterior with easy chemical or genetical access. In vitro and in vivo studies with 

nanoparticles provide the evidence of enhancement in adaptive immune responses which came 

from antigen multivalence.  

 Additionally, introducing the synthetic adjuvant to IONP by chemical methods could maximize 

the immune responses inducing the maturation and education of DCs with specific antigens. These 

approaches may induce proper and powerful immune response for the low immunogenic cancer 

immune therapy by generation of antigen specific immune responses via small-molecule based 

adjuvant systems. 

 The adaptive immune responses acquired from both approaches show considerable activation of 

antigen specific cytotoxic CD8+ T lymphocytes for the rejection of cancer cells or solid tumor itself. 

The studies described here may provide opportunities to develop the novel cancer immunotherapy 

that manipulate the DC activation with subsequent cancer antigen-specific cytotoxicity.  

 

  



89 

 

5. Acknowledgement 

유니스트에서 7 년 동안 대학원 생활을 하며 멀게만 느껴졌던 졸업을 눈 앞에 두고 있습니다. 

아마, 여러분들의 도움이 없었다면 저 혼자서는 절대 여기까지 오지 못했을 것입니다. 

마지막으로 감사 인사를 드리면서 제 마음을 전하고자 합니다. 

  우선, 3 년이 조금 넘는 시간 동안 저를 지도해주신 지도 교수님, 강세병 교수님께 진심으로 

감사드립니다. 고 도윤경 교수님의 제자였던 저를 구성원으로 받아들인다는 선택이 지금에 

와서야 얼마나 심사숙고한 어려운 선택이었는지 와 닿습니다. 그 이후로 교수님의 제자로서 

받았던 아낌없는 조언과 가르침은 제가 그 단시간에 실험을 배우고 적응을 할 수 있는 

원동력이 되었습니다. 교수님께서 멘토로서 보여주신 열정과 지도를 가슴 깊이 새기도록 

하겠습니다.  

 그리고 저의 부족함에도 끝까지 믿어 주시고 응원 해 주셨던 고 도윤경 교수님께 감사의 말을 

드립니다. 제가 길을 찾지 못해 방황할 때에는 어김없이 저에게 과학자로서 가져야 될 사고와 

제가 개선해야 할 점, 그리고 지금 당장 할 수 있는 일에 대해 조언해 주셨습니다. 언제나처럼 

다시 돌아오실 것만 같았던 교수님을 더 이상 뵐 수 없지만, 교수님께서 우리에게 바라셨 던 

것처럼 자신의 자리에서 할 수 있는 일을 하겠습니다.  

 또한 제 박사 졸업까지 아낌없는 조언을 해 주신 저의 위원회 교수님들, 이창욱 교수님, 

박찬영 교수님, 홍성유 교수님, 류성호 교수님께 진심으로 감사드립니다. 그리고 실험실을 

옮겨온 저를 빠르게 적응할 수 있게 물심양면으로 도와 주신 문효진 누나에게도 감사드립니다. 

또, 갑자기 들어온 선배 때문에 많이 당황하고 적응하느라 힘들었을 우리 후배들에게도 

고맙다는 말을 전합니다. 매사 덤덤하게 그 자리에서 꾸준하게 해내는 김한솔 후배, 그리고 

영특한 최혁준 후배, 실험실 궂은 일을 도맡아가며 성실한 배윤지 후배, 잘 해 나가고 있는 

막내 박성국 후배, 앞으로의 긴 대학원생활도 충분히 잘 해낼 수 있을 거라 믿습니다.  

 갓 대학원생이 된 어리고 철없는 후배를 가족같이 대하며 아낌없는 지원을 해 주신 신창식 

선배님께 진심으로 감사드립니다. 지금 하시는 고된 미국 생활도 잘 마무리되어 저와 재아, 형 

모두 우스개처럼 이야기했던 높은 데서 다시 만날 수 있으면 좋겠습니다. 또 다른 제 직속 
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선배이신 영지누나, 실험에 철두철미한 전문적인 모습이 너무 존경스러웠습니다. 오래 함께하지 

못했지만 많은 것을 배웠습니다. 감사합니다. 또, 저와 같이 다사다난한 대학원생활을 보낸 

친구이자 또 다른 가족, 한재아 선배님께도 감사드립니다. 그의 날카로운 지적과 자유로운 

언어능력은 언제나 저에게 새로운 자극을 주었고 새로운 시선으로 문제를 해결할 수 있음을 

보여주었습니다. DISNI lab.의 연구원으로 오랜 시간 헌신해주신 라재선 선생님께도 이 기회를 

빌어 감사의 말을 드립니다. 그리고 DISNI lab.에서 인연으로 맺어졌지만 지금은 흩어진 우리 

인턴 학생들에게도 감사 인사 드립니다. 자신의 꿈을 향해 달려간 조용빈 후배, 맡은 바 열심히 

하는 정형민 후배, 소신있게 자신의 길을 택한 홍성준 후배, 한결 같은 밝음과 꾸준함이 장점인 

류은진 후배 모두 응원해 주셔서 고맙고 다들 멋지게 삶을 헤쳐 나갈 것이라 믿습니다.  

 그리고 대학원 동기 송은경 누나, 누나의 밝음과 생기는 언제나 주변 사람들을 즐겁게 

했습니다. 많이 의지하고 많은 도움을 받았습니다. 또, 제 선배이며 친구였던 조주형 선배, 

형한테는 정말 많은 이야기를 했던 것 같습니다. 제가 살갑게 남을 챙기지 못 해 늘 

죄송하지만 형이 있었기 때문에 더 즐겁게 대학원 생활을 했습니다. 또 오랫동안 제 고민을 

함께 해준 임한솔 동생에게도 감사의 말을 전합니다. 박경수 선생님, 박수아 선생님 그리고 

다른 동물실험실 식구들, 여러분께서 주신 많은 도움, 진심으로 감사드립니다.  

 끝으로 무심하고 부족한 아들을 전폭적으로 지지해주시고 믿어 주신 부모님, 멀리서 무심한 

듯 응원하며 마음 써준 누나, 저를 믿어주고 의지해주는 사랑하는 동생, 여동생처럼 응원해준 

처제, 부족한 사위에게 위로와 격려를 아끼지 않으신 장인어른, 장모님께 진심으로 

감사드립니다. 그리고 10 여년의 시간동안 지금까지 곁을 지켜준 친구, 인생 선배이자 존경하는 

제 반쪽 혜림이, 저를 지금까지 믿어주고 격려해 줘서 정말 고맙습니다. 앞으로 우리가 같이 할 

많은 일들도 지금처럼 서로를 아끼며 의지하며 잘 헤쳐 나가길 바랍니다. 언제든 어디에 있든 

항상 마음 한 켠에 있는 친구들 태훈이, 현아, 지환이, 필구, 정민이, 태욱이, 정환이, 창만이 

너희 격려와 조언은 정말 큰 힘이 되었다. 고맙다. 

 여기에 다 언급하지 못 했지만 지난 7 년간 저와 인연을 같이 했던 모든 분들께 고마운 

마음을 전합니다. 이 곳에서 배운 지식과 경험을 바탕으로 앞으로의 제가 가는 길에서 참된 

과학자가 될 수 있도록 노력하겠습니다. 
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