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ABSTRACT 

 

PREPARATION OF VACCINE FORMULATIONS FOR MELANOMA 

USING POTENT ADJUVANT CANDIDATE ASTRAGALOSIDE VII 

AND INVESTIGATION OF ANTI-TUMOR ACTIVITIES OF 

FORMULATIONS IN MOUSE CANCER MODELS 

  

Cancer is a disease caused by the accumulation of point mutations in the genome 

and further progresses by structural alterations. One of the major categories in cancer 

immunotherapy is cancer vaccine, which activates body’s immune system against cancer. 

As traditional therapies are not effective due to safety issues and non-proper immune 

system modulation, the application of nanomedicine-based approaches is a potential 

solution to address these problems. The formulations of immunostimulatory 

agents/adjuvants in a carrier material facilitate uptake by target cells, alter systemic 

exposure, provide a safer profile, and increase the therapeutic efficacy of 

immunotherapeutics. With this perspective, in the context of this thesis, a new adjuvant 

system (MA-NP) containing MonophosphoryllipidA/Astragaloside-VII in Astragalus 

polysaccharide-based nanocarrier was designed and developed. The in vitro and in vivo 

immunomodulatory properties and, subsequently, prophylactic and therapeutic efficacy 

of MA-NP in two murine melanoma models were investigated. Biocompatible, negatively 

charged, and 20-50 nm sized MA-NP with efficient uptake by dendritic cells was 

successfully prepared. MA-NP formulation including multi-peptides activated innate and 

adaptive immune cells, enhanced antigen-specific cytotoxic T lymphocytes primarily 

exhibiting central memory CD8+ T cell response, induced functional IFN-+CD8+ T cells, 

increased intratumoral CD4+, CD8+ T cells and M1-like macrophages, dendritic cells, and 

potently inhibited tumor growth. Moreover, MA-NP eliminated established B16-F10 

tumors when combined with anti-PD-1 treatment. These findings revealed a highly 

effective new saponin-based adjuvant system to be used in cancer vaccines and a 

promising combinatory therapy to improve cancer immunotherapy.  
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ÖZET 

 

POTENT BİR ADJUVAN ADAYI OLAN ASTRAGALOZİT VII 

KULLANILARAK MELANOMAYA YÖNELİK AŞI 

FORMÜLASYONLARININ GELİŞTİRİLMESİ VE 

FORMÜLASYONLARIN ANTİ-TÜMÖR ETKİNLİKLERİNİN FARE 

KANSER MODELLERİNDE ARAŞTIRILMASI 
 

Kanser, genomdaki nokta mutasyonların birikmesi sonucu ortaya çıkan ve yapısal 

değişikliklerle ilerleyen bir hastalıktır. Kanser immünoterapisinin ana kategorilerinden 

biri, vücudun kansere karşı kendi bağışıklık sistemini harekete geçiren kanser aşısıdır. 

Geleneksel tedaviler güvenlik sorunları ve bağışıklık sisteminin uygun olmayan 

modülasyonu nedenleriyle etkili olmadığından, nanotıp temelli yaklaşımların 

uygulanması bu sorunların çözümü için bir potansiyel oluşturmaktadır. Bir taşıyıcı 

malzeme içinde immünostimülatör ajanların/adjuvanların formülasyonları, hedef 

hücreler tarafından alımı sağlar, sistemik etkiyi değiştirir, güvenli bir profil sağlar ve 

immünoterapötiklerin terapötik etkinliğini arttırır. Bu bakış açısıyla bu tez kapsamında, 

Astragalus polisakkariti temelli bir nanotaşıyıcıya MPLA/Astragaloside-VII entegre 

edilerek yeni bir adjuvan sistemi (MA-NP) tasarlanmış ve geliştirilmiştir. MA-NP'nin in 

vitro ve in vivo immünomodülatör özellikleri ve ardından iki fare melanoma modelinde 

profilaktik ve terapötik etkinliği araştırılmıştır. Biyouyumlu, 20-50 nm boyutunda, 

negatif yüklü, dendritik hücreler tarafından etkin bir şekilde alınabilen MA-NP başarılı 

bir şekilde üretilmiştir. Çoklu peptitler ile formülize edilen MA-NP, doğal ve kazanılmış 

bağışıklık hücreleri aktive etmiş, öncelikli olarak merkezi bellek CD8+ T hücre yanıtı 

gösteren antijen spesifik sitotoksik T hücre popülasyonunu arttırmış, fonksiyonel IFN-

+CD8+ T hücrelerini indüklemiş, tümör içi CD4+, CD8+ T hücre, dendritik hücre ve M1 

makrofajlarını arttırmış ve güçlü bir şekilde tümör büyümesini inhibe etmiştir. Ayrıca 

MA-NP ile oluşturulan nanoaşı, anti-PD1 antikorları ile birlikte farelere uygulandığında 

yerleşik B16-F10 tümörlerini ortadan kaldırmıştır. Bu bulgular, kanser aşılarında 

kullanılabilecek yeni bir saponin temelli adjuvan sistemini ve kanser immünoterapi 

yaklaşımını geliştirmek için umut verici bir kombine terapiyi ortaya koymaktadır. 
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1 

 

CHAPTER 1 

 

 

INTRODUCTION 

 

 

Cancer is a disease that comes forth from the accumulation of point mutations in 

the genome and further progresses by structural alterations.1,2 In 2022, 20 million new 

cancer cases have arisen, and approximately 10 million cancer-related mortalities have 

been reported. According to a report released by the International Agency for Research 

on Cancer (IARC), over 35 million new cancer cases are projected in 2050.3 To decrease 

global cancer burden and mortality rates, extraordinary efforts have been made to develop 

effective treatments.  

Conventional cancer therapies, which are surgical interventions, radiotherapy, and 

chemotherapy, have several drawbacks such as toxicity, multidrug resistance, lack of 

specificity, and mainly harmful side effects.4,5 Unlike conventional cancer therapies, 

immunotherapy is an encouraging treatment that modulates the immune system to fight 

against cancer cells. The concept of immunotherapy is not quite new. The idea of treating 

neoplastic disease using an immune system originated in the 19th century. First, Wilhelm 

Busch and Friedrich Fehleisen noticed the spontaneous tumor regression in people with 

a superficial skin infection, most caused by Streptococcus pyogenes. After this 

observation, William Coley hypothesized that this skin infection provided better results 

in patients with sarcoma. To prove that Coley treated patients with heat-inactivated S. 

pyogenes and S. marcescens, and obtained favorable responses in several cancers. 

However, using Coley’s toxins for the treatment of cancer is overlooked with the 

discovery of radiotherapy and chemotherapy.6,7 

In 20th century, Lewis Thomas and Sir Frank Macfarlane declared the “cancer 

immunosurveillance” hypothesis, describing immune system as able to recognize 

neoantigens and eradicate malignant cells to prevent carcinogenesis.8 In addition to 

immunosurveillance, the tumors are capable of escaping immune recognition and 

elimination, promoting a more inclusive immunoediting hypothesis, which covers the 

host-protective and tumor-progressive functions of immune system. The three 

characteristic phases of cancer immunoediting are elimination, equilibrium, and escape 
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(Figure 1.1). In detail, the elimination phase demonstrates the concept of cancer 

immunosurveillance. The immune system and tumor coexist in the equilibrium phase, 

and cancer cells undergo alterations to overcome tumor-suppressive immune control. In 

the escape phase, cancer cells have surpassed immunological barriers in the equilibration 

phase by causing defects in antigen presentation machinery, upregulating negative 

regulatory pathways, and recruiting an immunosuppressive cell population.1,9,10 

 

 

 

 

Figure 1.1. The three phases of cancer immunoediting.9 

 

 

The clinical success stories related immunotherapy have shown that therapy 

induced immunity can control many escaped tumors.11 Therefore, the number of patients 

using immunotherapy as their first choice for cancer treatments is increasing over time. 

Moreover, new combination therapies and druggable targets will take immunotherapy a 

step forward in cancer treatment. 

 

 

1.1. The Major Categories of Cancer Immunotherapy 

 

 

The cancer immunotherapy can be categorized as immune checkpoint inhibitors, 

adoptive cell therapy, oncolytic virus therapy and cancer vaccines according to emerging 

targets and approaches. 
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1.1.1. Immune Checkpoint Therapy 

 

 

Immune checkpoints are evolutionarily conserved negative regulators of T cell 

activation and have a role in the co-inhibitory signaling pathways to regulate 

hyperactivation. The most used immune checkpoint inhibitors (ICIs) are cytotoxic T 

lymphocyte-associated molecule 4 (CTLA4), programmed cell death receptor 1 (PD1), 

and programmed cell death ligand 1 (PDL1). ICIs are designed to interrupt the co-

inhibitory signaling pathway and support the eradication of malignant cells by immune 

cells.1,8,12 

For the first time, James Allison et al. revealed that anti-CTLA4 antibodies 

provided anti-tumoral activity in mice with colon carcinoma and fibrosarcoma; even the 

mice were rechallenged with cancer cells, demonstrating the induction of long-term 

immunological memory. While CTLA4 monotherapy was shown efficacy in brain, 

ovarian, bladder, colon, and prostate cancers, it was not efficacious in SM1 mammary 

carcinoma and B16 melanoma. Although monoclonal antibody (mAb) targeting CTLA4 

did not provide favorable responses in preclinical studies, FDA approved the first human 

IgG1anti-CTLA4 mAb, Ipilimumab, to be used in non-resectable stage III/IV 

melanoma in 2011. In clinical trials, Ipilimumab induced potent tumor necrosis with a 

3.6-month increase in short-term survival.8,13 

In parallel, PD1 was discovered as the mediator of apoptosis, but it was later 

understood its role in the negative regulation of immune responses. Contrary to CTLA4, 

demonstrating its regulatory effect on lymphoid tissue, PD1 reduces T cell activation in 

peripheral tissue. Moreover, PDL1, the ligand of PD1, is expressed in normal tissue and 

suppresses TCR-mediated lymphocyte proliferation when it binds to PD1. Tumor cells 

abnormally express PDL1 to enhance T cell exhaustion and facilitate tumor growth and 

invasion.1,14 

The preclinical studies targeting PD1/PDL1 showed that the blocking PD1/PDL1 

axis provided tumor cytolysis and limited metastasis. Following preclinical and clinical 

success, the humanized (pembrolizumab) and fully human (nivolumab) IgG4 anti-PD1 

mAbs were approved by FDA to be used in refractory and unresectable melanoma in 

2014. Further, in 2016, the first humanized IgG4 anti-PDL1 mAb (atezolizumab) was 

approved for the treatment of urothelial carcinoma.15–17 Remarkable successes achieved 
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by mAbs targeting checkpoint inhibitors led to an immense investigation into discovering 

new mAbs and evaluating their efficacy in different cancer models. Despite their efficacy, 

checkpoint blockage therapy caused autoimmune reactions with loss of naive T cells and 

accumulation of overactive memory T cells, leading to invasion in peripheral organs and 

inflammatory damage.8,18–20 

 

 

1.1.2. Adoptive T Cell Transfer Therapy 

 

 

Adoptive T cell (ATC) therapy utilizes autologous or allogeneic T cells, which 

are isolated or genetically engineered, expanded ex vivo and infused into patients with 

cancer. For the first time, tumor-infiltrating lymphocytes were used in the treatment of 

metastatic melanoma. Lymphocytes isolated from cancer biopsy were expanded with IL-

2, injected into the same patient, and showed therapeutic potency.21 This study 

enlightened the use of genetically engineered T cells to target neoantigens by adoptive 

transfer therapy. T cell receptor (TCR) engineered lymphocytes limitedly respond to 

tumor antigens presented by MHC molecules rather than surface antigens on the tumor. 

To overcome MHC restrictions, chimeric antigen receptor (CAR) T cells are engineered. 

CAR T cells have antigen binding domains linked with signaling domains of TCR and 

different costimulatory molecules, providing direct cytotoxicity to target antigens on the 

surface of malignant cells.22 

Besides efficacious therapeutic effects, the patients treated with ATC experienced 

cytokine release syndrome, having flu-like symptoms with life-threatening ones such as 

hypotension, high fever, coagulopathy, capillary leakage, and multisystem organ failure. 

Neurotoxicities are also observed following ATC treatment, including CAR T cell-related 

encephalopathy syndrome, mainly characterized by delirium and confusion. The patient-

specific ATC design is necessary due to its side effects, but this approach has resulted in 

expensive and limited treatment along with challenging manufacturing processes.23 

Moreover, patients access limited certified laboratories to generate CAR-T cells, which 

are variable due to the lack of standard practices. 
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1.1.3. Oncolytic Virus Therapy 

 

 

Traditional immunotherapy approaches to cancer treatment by enhancing immune 

response similar to those performed in bacterial or viral infections. Oncolytic viruses are 

one of the major categories in cancer immunotherapy, and they use the ability of 

replication-competent viruses to infect and lyse cancer cells. With this perspective, 

oncolytic herpes simplex virus type 1 (HSV1) is engineered to replicate in cancer cells 

and promote an anti-tumor immune response. The efficacy of the engineered virus known 

as Talimogene laherparepvec (T-VEC) was investigated in randomized clinical trials, and 

the results showed that T-VEC provided primary and point of durable response in patients 

having accessible and unresectable melanoma.24 In 2015, T-VEC was approved by FDA 

for use in the treatment of recurrent melanoma after initial surgery. Following impressive 

clinical benefits obtained from melanoma, T-VEC has been investigated as a combination 

therapy in melanoma and a monotherapy in patients suffering from other cancer types. In 

addition to T-VEC, FDA approved a non-oncolytic adenovirus encoding IFN-2b for 

treating Bacillus Calmette-Guering (BCG) unresponsive, non-muscle invasive bladder 

cancer in 2022.25 Despite the potential of oncolytic virus therapy, the challenges including 

physical barriers in solid tumors, anti-viral immunity, immunosuppressive tumor 

microenvironment preventing virus delivery, and oncolysis should be tackled to improve 

the therapeutic benefits of oncolytic viruses.26 

 

 

1.1.4. Cancer Vaccines 

 

 

Cancer vaccines protect the body from cancer by inducing an effective immune 

response. The key time points in the development of cancer vaccines are given in Figure 

1.2. This concept was first emphasized by William Coley with his observation about 

toxin-induced tumor regression. After a long period of time, Bacillus Calmette-Guérin 

vaccines were produced with an attenuated form of Mycobacterium bovis and treated the 

patients with bladder cancer.8 In 1984, Hoover et al. used autologous tumor cells to 

investigate whether these cells would enhance the survival of patients suffering from 
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colorectal cancers. To do that, primary tumors resected from patients were enzymatically 

dissociated and injected into colorectal cancer patients. The encouraging results from the 

pilot trial led to scientists focusing on the tumor cells and their antigens.27 In 1991, the 

first human tumor antigen, melanoma-associated antigen 1 (MAGE-1), was identified and 

brought a new perspective on using tumor antigens in cancer vaccines.28 With this 

approach, Melacine was the first tumor lysate vaccine against melanoma, approved by 

the Canadian Health Protection Brand in 1999. This vaccine consists of whole tumor 

lysate and detoxified bacterial endotoxin adjuvant. Following treatment of melanoma 

patients with Melacine did not show significant survival of patients, but improved the life 

quality of patients compared to chemotherapy.29 

 

 

 

 

Figure 1.2.The key time points for cancer vaccine development. 

 

 

After promising results from tumor cell lysate vaccines, peptide-based vaccines, 

which contain specific epitopes from antigens, emerged to promote immune response 

specifically to tumor antigens. Tumor antigens are categorized into tumor-associated 

antigens (TAA) and tumor-specific antigens (TSA). While TAA is an autoantigen 

expressed in normal tissues and overexpressed in cancer tissues, TSA is only expressed 

in cancer tissues by numerous somatic mutations. MAGE-1 is normally expressed in testis 

and melanoma, whereas human papillomavirus (HPV)-associated cervical and 

oropharyngeal cancers have high expression of E6 and E7 proteins.4 These antigens could 

be used prophylactically to prevent tumor formation or therapeutically to eradicate 

tumors. Prophylactic cancer vaccines developed for HPV-induced cervical cancer 
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(Gardasil and Cervarix) and recently hepatitis B-caused liver cancer (Heplisav-B) 

represent significant milestones in the cancer vaccine development. The safety and 

immunogenicity profiles and long-term protections against HPV infections in women 

make these prophylactic vaccines outstanding.30 The first approved autologous dendritic 

cell vaccine, sipuleucel-T, targets highly expressed TAA in prostate cancer cells. This 

therapeutic vaccine prolonged the survival of patients suffering from metastatic-resistant 

prostate cancer.31 

Preclinical and clinical studies focusing on shared tumor antigens revealed some 

drawbacks due to tumor heterogeneity, poor immunogenicity, and immune tolerance. 

Moreover, cytotoxic T cell-mediated cellular immune response might be induced by 

cancer vaccines to eliminate malignant cells, whereas traditional antigens generally 

provide a humoral immune response. Therefore, further studies are carried out to discover 

efficacious tumor antigens. Neoantigens are not expressed in normal tissues and derived 

from non-synonymous cell mutations in tumor cells. Neoantigen vaccines are promising 

for stimulating cytotoxic T cells to promote effective anti-tumor immune response. The 

first mRNA-based neoantigen vaccine was injected into melanoma patients and 

effectively inhibited melanoma recurrence.32 In recent years, the breakthrough therapy 

reported that personalized mRNA cancer vaccine combined with pembrolizumab 

decreased 44% of melanoma recurrence or death and did not increase the risk of side 

effects. Lastly, FDA granted accelerated approval of lifileucel, a tumor-derived 

autologous T cell immunotherapy, for unresectable or metastatic melanoma patients 

previously treated with anti-PD1.4 These inspiring results are directed to combine 

different immunotherapies against cancer. Designing an optimal delivery platform, 

selecting optimal combinational therapy, avoiding immune escape, and inducing strong 

T cell response are still challenging and might need to be addressed. 

 

 

1.2. Cancer Vaccine Adjuvants and Delivery Platforms 

 

 

Rational vaccine design is challenging due to providing a potent immune response 

while meeting safety standards, leading researchers to develop subunit/peptide-based 

vaccines. Besides their safer profile, these vaccines are poorly immunogenic and need an 
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adjuvant. Adjuvants are chemical/biological compounds that enhance or augment a 

specific immune response to a particular antigen. With the help of vaccine adjuvants, 

cancer vaccines can be processed and presented in antigen-presenting cells (APCs), and 

tumor-antigen-specific T cells can recognize and kill cancer cells. Although the aluminum 

adjuvant was the first adjuvant approved by the FDA in 1939, only a few adjuvants have 

been accepted for use in human vaccines (Table 1.1).33 

 

 

Table 1.1. The vaccine adjuvants approved by FDA.33,34 

 

Adjuvant Ingredient Vaccines 

Aluminum 
Aluminum hydroxide, potassium 

aluminum sulfate 

Anthrax, 

 HPV (Gardasil 9), 

HepB (Engerix-B) 

MF59 Squalene-based oil in water emulsion Influenza (Fluad) 

AS01B 
Monophosphoryllipid A (MPLA),  

QS-21 
Zoster vaccine (Shingrix) 

AS04 MPLA, aluminum salt HPV (Cervarix) 

CpG 1018 Cytosine phosphoguanine Hep-B (Hepsilav-B) 

Matrix-M Saponin 
COVID-19 vaccine 

(Novavax) 

LNP 
DSPC, cholesterol, PEG2000-DMA,  

ALC-0159, ALC-0315 

COVID-19 vaccine  

(BioNTech/Pfizer)  

LNP 
DSPC, cholesterol, PEG2000-DMG,  

SM-102 

COVID-19 vaccine  

 (Moderna) 

 

 

In cancer vaccines, adjuvants can be formulated with tumor antigens to deliver 

antigens, inducing strong and durable innate and adaptive immune responses. Earlier 

studies with traditional adjuvants did not provide an effective anti-tumor immune 

response against tumor antigens. Therefore, a number of new classes of adjuvants/ 

adjuvant systems have been designed and developed for cancer vaccines to deliver tumor 

antigens to APCs, increasing low immunogenicity of tumor antigens, breaking T cell 

tolerance, providing strong cytotoxic T cell and memory responses. Recently, molecular 
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pathogen recognition receptor (PRR) agonists, self-adjuvanting polymers, and lipid 

materials have been developed, evaluated in several cancer models and demonstrated 

superior therapeutic performance (Table 1.2). The ultimate objective of all self-assembled 

nanoparticulate-based cancer nanovaccines is to prime antigen-specific T cells, which are 

essential for an effective immune response against cancer.4 Following injection of cancer 

nanovaccines into the body, these vaccines could passively traffic to lymph nodes or 

internalize by tissue-resident dendritic cells (DCs), resulting in activation and draining of 

DCs to the lymph nodes. Activated DCs upregulate co-stimulatory molecules (CD4, 

CD86, CD80) and present tumor antigens on MHC II molecules. In the lymph node, 

maturated DCs present tumor antigen to naive T cells and furtherly provide antigen-

specific T cell activation. Activated T cells infiltrated into tumor tissue to eliminate cancer 

cells (Figure 1.3). 

 

 

Table 1.2. PRR agonists formulated adjuvant systems for cancer immunotherapy. TLRs: 

Toll-like receptors, CDs: Cyclic dinucleotides, NLRs: Nod-like receptors.33 

 

PRRs Subsets Agonists Adjuvant Design Cancer Model References 

TLRs TLR3 dsRNA DNA nanodevice 
Melanoma 

Colorectal cancer 

33 

 TLR4 MPLA 
Formulated 

nanodiscs with CpG 

Melanoma 

Cervical cancer 

35 

 TLR7 1V209 Liposome 

Colorectal cancer 

Breast cancer, 

Pancreatic ductal 

cancer 

36 

 TLR7/8 
Resiquimod 

(R848) 

Liposome 

Polymeric 

nanosuspension 

Melanoma 

Colorectal cancer 

37 

CDs  cGAMP Polymersomes Melanoma 38 

  cGAMP PLGA NPs 
Melanoma 

Pancreatic cancer 

39 

  
ADU-S100 

(CDA) 

Mn2+self-assembled 

lipid polymers 

Melanoma 

Colorectal cancer 

40 

  
ADU-S100 

(CDA) 

PEGlylated lipid and 

nanodiscs 

Colorectal cancer 

Breast cancer 

Cervical cancer 

41 

NLRs NOD2 Mifamurtide Liposomal Vector Melanoma 42 
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Figure 1.3. The preparation of nanoparticulated cancer nanovaccines and their mechanism 

of action in the body.43 
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1.3. Melanoma and Current Vaccine Development 

 

 

Melanoma is a type of skin cancer originating in melanocytes, the cells 

responsible for pigment production in the body. The main cause of this cancer is exposure 

to ultraviolet light.44 Skin cancer was the most diagnosed cancer group in 2020, where 

325000 new malignant melanoma cases were estimated, and 57000 people died because 

of the disease. The number of newly diagnosed melanoma cases is projected to be 510000 

in 2040.45 The primary treatment for melanoma is surgical resection. On the other hand, 

chemotherapy is favorable for advanced melanoma, but overall survival has not 

improved. Melanoma is one of the cancers that respond reasonably to immune 

modulations. Several factors have been found for its sensitivity to immune system 

activation, including high tumor mutational load because of UV exposure, expression of 

cancer-testis antigens, and mimicking melanocyte lineage proteins with pathogen-

associated antigens. Therefore, immunotherapeutic approaches have been widely 

recognized as effective treatments for melanoma. The approval of T-VEC and ICIs 

represents significant milestones for the development of new immunotherapeutics and 

combination therapies for melanoma.46,47 

Extensive research efforts are underway to develop nanoparticulate cancer 

vaccines, highlighting a significant trend toward using nanotechnology to enhance cancer 

immunotherapy. In addition to TLR 2-5, 7, and 9 agonists, which are widely used in 

melanoma nanovaccines, ISCOMATRIX prepared with Quillaja saponins, QS-21, and 

adjuvants system developed with QS-21 and TLR agonists have been investigated for 

their anti-tumor potency in cancer vaccines. Silva et al. developed a saponin/MPLA 

nanoparticulate adjuvant system and investigated its immunomodulatory activities 

compared to ISCOMs and AS01.48 This new adjuvant system provided a pro-

inflammatory immune response by stimulating germinal center B cells and Tfh (Figure 

1.4A). Sun et al. designed an adjuvant system by using STING (stimulator of interferon 

genes) agonist cyclic dinucleotide (CDN) and manganese (Mn2+) ion, having the ability 

of metal ions could modulate immune response. In this study, the presence of Mn2+ ions 

enhanced the effects of STING agonist by 77-fold and provided a strong anti-tumor 

response (Figure 1.4B).40 Park et al. aimed to prepare personalized vaccines by producing 

PEI-PEG based nanoparticular platform and integrating CpG and neoantigens. Following 
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injection with STING agonist into B16F10 mice, the developed nanovaccine provided 

CD8 T cell infiltration into the tumor microenvironment, eliminating tumor tissue and 

providing long-term memory response (Figure 1.4C).49 Lynn et al. established a vaccine 

platform (SNP-7/8a) with charge-modified peptide-TLR-7/8a conjugates, which is self-

assembled to 20 nm nanoparticles. These NPs were substantially taken by dendritic cells 

in lymph nodes, further promoted T cell immunity, and significantly decreased tumor 

growth in B16-F10 murine tumor model (Figure 1.4D).37 

One of the other approaches in cancer vaccine development is the built-in adjuvant 

concept, which includes the self-assembly of peptide antigens corresponding to CD8 or 

CD4 T cell epitopes and adjuvants. In this perspective, Kakwere et al. produced 20 nm in 

sized, amphiphilic hyperbranched polymer-peptide bioconjugate based on Clec9a (for 

targeting dendritic cells), gp100 (melanoma antigen), Trp-2 (melanoma antigen) and 

PADRE (universal CD4 T cell epitope). The anti-tumor efficacy of nanovaccines was 

evaluated in B16-OVA tumor model, and the results showed that bioconjugate vaccines 

provided T cell infiltration into the tumor microenvironment in addition to increasing 

survival ratio of mice compared to unvaccinated counterparts (Figure 1.4E).50 Recently, 

mRNA vaccines have become very popular due to the success of the COVID-19 

pandemic. Ben-Akiva et al. engineered a polymeric NP platform containing poly(beta-

amino ester) (PBAE) and CpG or poly I: C adjuvants to facilitate efficient mRNA delivery 

into DCs and investigate its potency as cancer vaccines. In B16-F10 model, mRNA 

encoding Trp2 and gp100 antigens were administrated into mice. The mice treated with 

this vaccine platform and anti-PD1 showed a decrease in tumor burden and increased 

median survival time (Figure 1.4F).51 Overall, nanoparticulated peptide vaccines have 

shown promising results for use in clinical studies due to robust anti-tumor and 

immunomodulatory activities. 

In the clinic, numerous completed or ongoing cancer vaccine trials for melanoma 

have been conducted, as outlined in Table 1.3. The clinical trials related to neoantigen 

encoding mRNA integrated with lipid nanoparticles and autologous DC vaccines have 

been continued. Moreover, peptide vaccines adjuvanted with TLR3 agonist (poly-ICLC) 

and Montanide, ISA-51 are also one of the ongoing trials. Allogenic tumor cell or lysate 

vaccines were investigated with BCG and Detox adjuvants when completed vaccine trials 

were evaluated. In peptide-based vaccines, tyrosinase, gp100, MART-1, MAGE-A3, and 

ganglioside (GM2) antigens were widely used with Montanide, ISA-51, QS-21 and QS-

21 containing adjuvant system (AS15) (Table 1.3).52 
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Figure.1.4..Developing cancer vaccine adjuvant platforms and evaluating their efficacy in 

vivo tumor models. (A) Saponin/TLR4 agonist adjuvant systems,48 (B) 

immunotherapeutic potency of STING agonist and manganese 

nanoparticles,40 (C) nanoparticulate vaccines with TLR9 agonist and STING 

agonists,49 (D) a vaccine platform with charge-modified peptide-TLR7/8a 

conjugates,37 (E) multi-peptide self-assembly nanovaccines and investigating 

anti-tumor activities with CpG adjuvant,50 (F) lipophilic polymeric mRNA 

nanoparticles with CpG or poly (I:C).51 
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Table 1.3. Completed and ongoing cancer vaccine trials for melanoma.4,52 

 

Vaccine/  

Clinical trial 

Vaccine Type Target Antigen Adjuvant Status 

NCT05933577 mRNA Neoantigen mRNA LNP Ongoing 

NCT03815058 mRNA Neoantigen mRNA LNP Ongoing 

NCT02410733 mRNA 
NY-ESO-1,  

MAGE-A3, TPTE 
LNP Ongoing 

NCT01302496 mRNA 

MAGE-A3,  

MAGE-C2, 

tyrosinase, gp100 

Autologous 

DC  

CD70, CD40 

ligands, TLR4 

agonist 

Ongoing 

NCT02897765 Peptide Neoantigen  Poly-ICLC Ongoing 

NCT01846143 Peptide pIRRS2, BRCA3 

Montanide, 

IFA, ISA-51,  

Poly-ICLC 

Ongoing 

Peptide 

Vaccine 
Peptide 

Tyrosinase, gp100, 

MART-1 

Montanide, 

 ISA-51,  

GM-CSF 

Completed 

MDX-1379 Peptide gp100 
Montanide, 

ISA-51 
Completed 

Gp100:209-

217 (210M) 
Peptide gp100 IL-2 Completed 

GSK 

1572932A 
Peptide MAGE-A3 AS15 Completed 

GM2-KLH Ganglioside Ganglioside, GM2 QS-21, KLH Completed 

CancerVax 

(CANVAXIN) 

Allogenic 

tumor cells 
- BCG Completed 

Melanoma 

Vaccine 

Allogenic 

tumor cell 
- BCG Completed 

Melanicine 
Allogenic 

tumor lysate 
- Detox Completed 
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The vaccine formulations containing GM2-KLH (ganglioside-keyhole limpet 

hemocyanin), GD2-KLH (GD2 lactone), GD3-KLH (GD3-lactone) antigens, and QS-21 

provided antibody response with flu-like side effects in phase I and II trials. Moreover, 

GM2-KLH and QS-21 vaccines also demonstrated antibody response in melanoma 

patients in phase III trials.  

QS-21 is a natural product and the golden standard for saponin-based adjuvants. 

Saponins are plant- or marine-derived natural products and demonstrate several 

pharmacological properties. While the adjuvant activity of saponins has been extensively 

investigated, the primary focus for saponin-based adjuvants has been established with the 

triterpenoid glycosides extracted from the bark of Quillaja saponaria. One of the isolated 

compounds, QS-21, demonstrates effective antigen-specific antibody and CD8+ T cell 

responses along with Th1-mediated cytokine productions. The mechanism of action 

studies revealed that QS-21 intercalates with cell membrane cholesterol, resulting in pore 

formation, enhancing cross-presentation of antigen, and inducing inflammasome 

activation.53,54 Then, GSK developed adjuvant systems (AS0X) by combining traditional 

adjuvants with TLR agonists and QS-21. AS04 contains alum and MPLA and is approved 

for the vaccine against HPV (Cervarix). AS01, a liposomal formulation containing MPLA 

and QS-21, has been approved for malaria (Mosquirix) and shingles (Shingrix).55 On the 

other hand, AS02 formulation was produced with MPLA and QS-21, but squalene-based 

oil-in-water emulsion was chosen as a delivery system.56 

The strong immunomodulatory properties of AS01 and AS02 encouraged 

researchers to investigate their efficacy against cancer. AS02 adjuvant system combined 

with MAGE-A3 and applied to melanoma patients. This vaccine-induced humoral 

immunity, but no apparent clinical benefit was achieved. In a randomized phase II trial, 

AS15 adjuvant system, the form of AS01 combined with CpG, was formulated with 

MAGE-A3 and demonstrated robust humoral and CD4 T cell response and prolonged 

survival and clinical benefits. Unfortunately, the patients treated with this vaccine 

formulation did not show clinical benefit in follow-up trials.57 Moreover, another 

nanoparticulate saponin adjuvant ISCOMATRIX formulated with NY-ESO-1 antigen 

and phase II trial for III-stage melanoma patients was conducted by Ludwig Institute.58 

The drawbacks of using QS-21 in adjuvant systems, including scarcity, heterogenicity, 

hydrolytic instability, and dose-limiting toxicity, have been limited its clinical 

advancement55 and led to the researcher to find new potent and less toxic adjuvants and 

new formulations for cancer vaccines. 
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1.4. Astragaloside VII and its Potential as a Vaccine Adjuvant 

 

 

Astragalus saponins have been extensively used in Chinese Traditional Medicine 

for their pharmacological properties, including immunomodulatory, anti-oxidant, anti-

tumor, and anti-viral. While researchers have primarily focused on the anti-tumor 

activities of Astragalus saponins, there have been few studies reporting their potency as 

a vaccine adjuvant.59 One compound in Astragalus saponins, Astragaloside VII (AST-

VII), has gained attention due to its strong ability to induce IL-2 production in human 

whole blood.60 As shown in Figure 1.5A, AST-VII is a cycloartane-type triterpenoid 

glycoside isolated from Astragalus trojanus. Preliminary in vivo studies have been 

conducted to reveal its potential as a vaccine adjuvant. Firstly, AST-VII was 

administrated into mice in combination with bovine serum albumin (BSA). AST-VII (120 

g) induced the production of BSA-specific antibodies comparable to Freund’s adjuvant 

and remarkable IFN- production (Figure 1.5B).61 When AST-VII was administrated with 

lipopolysaccharide (LPS), it enhanced the stimulation index in concanavalin A- (con A) 

and LPS-treated splenocytes and the production of IFN-, IL-2, and TGF-

Moreover,the expression of activation markers (CD69, CD25) were investigated by 

immunohistochemistry and the results showed that AST-VII was able to upregulate these 

markers at lymph nodes (Figure 1.5C).62 

Early in vivo studies demonstrated that AST-VII has the potential to be used as a 

vaccine adjuvant and further studies were conducted using viral antigens in vaccine 

formulations. Firstly, the adjuvant nanocarrier system (ANS) was developed by using 

AST-VII and Astragalus polysaccharide (APS), which is the root partner of AST-VII in 

the plant. AST-VII and ANS were formulated with seasonal influenza antigen (H3N2) 

and subcutaneously injected into mice. In this study, ANS substantially enhanced the 

stimulation index in splenocytes and increased H3N2-specific IgG and IgG1 responses 

along with AST-VII (Figure 1.5D).63 In another study, AST-VII was formulated with 

TLR4 agonist and squalene-based oil in water (o/w) emulsion (ASE), and their efficacy 

was investigated in the Newcastle disease vaccine (NDV). AST-VII and ASE 

significantly increased HI titers and splenocyte proliferation, where only AST-VII was 

able to augment NDV-specific IgG, IgG1, and IgG2b titers (Figure 1.5E).64 
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Figure.1.5..AST-VII and its potential as a vaccine adjuvant. (A) The chemical structure 

of AST-VII, (B) the effect of AST-VII on BSA-specific antibody production 

and IFN-/IL-4 secretion,61 (C) the effects of AST-VII combination with LPS 

on splenocyte proliferation (SP), cytokine productions and activation status of 

immune cells by immunohistochemistry,62 (D) development of adjuvant 

nanocarrier system for seasonal influenza vaccine and evaluation its efficacy 

in terms of SP and neutralizing antibody productions,63 (E) development of 

new adjuvant systems combining TLR4 agonist and squalene o/w emulsion 

and investigation their adjuvant potential for Newcastle disease virus by SP 

and neutralizing antibody production,64 (F) the mechanism of action studies 

of AST-VII and the characterization of self-assembling AST-VII molecules.65 
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Following the demonstration of AST-VII’s efficacy as a vaccine adjuvant, an 

attempt was made to reveal its mechanism of action in dendritic cells. As saponins are 

amphiphilic compounds due to the presence of a water-soluble sugar chain and lipid-

soluble aglycone,66 they tend to form micelles or aggregates in aqueous solutions. Thus, 

firstly, the self-assembling ability of AST-VII was investigated. The results showed that 

AST-VII formed self-assembled structures in an aqueous solution above its critical 

micelle concentration (3.37 mM), and its immunomodulatory activity depended on its 

micelle formation concentration. When AST-VII was administrated alone to dendritic 

cells, there was no alteration in the activation status of cells. However, co-treatment with 

AST-VII and LPS resulted in a remarkable increase in the production of IL-1and IL-12 

and the upregulation of MHCII, CD86, and CD80 expressions on the surface of dendritic 

cells (Figure 1.5F).65 These findings represent a substantial contribution to enhancing the 

applicability of AST-VII as a vaccine adjuvant.  

Besides inducing cellular and humoral immune responses, a crucial aspect of 

adjuvant development is the accessibility and ease of production of the adjuvant itself. 

Many saponin-based adjuvants encounter challenges, including the low isolation yield 

from the plant material, inadequate purity, and inconsistent composition.67 In contrast, 

AST-VII can be isolated with high purity and high yield, is stable, soluble in water, and 

demonstrates mild hemolytic activity at higher concentrations. These attributes position 

AST-VII as a favorable alternative to other saponin-based adjuvants. 

 

 

1.5. Aims and Objectives of Thesis 

 

 

The immune system modulation represents a critical therapeutic approach, 

particularly in the longstanding pursuit of vaccine development. In recent years, 

immunotherapy has emerged as a favorable treatment for many cancers. Thus, extensive 

preclinical and clinical studies have been conducted to develop new immunotherapies 

that effectively direct the immune system to the right place and time without inducing 

unacceptable toxicity. One of the approaches is engineering the delivery of 

immunotherapeutics by using nanomedicine. Formulation of immunotherapeutics in 

nanoparticles prepared by lipids or polymers prevents systemic exposure, promotes 
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accumulation in target tissues (tumors or draining lymph nodes), enhances uptake in 

innate immune cells, and activates cells to elicit desired immune response.68,69 With this 

perspective, this thesis aims to design and develop new Astragalus-based nanoparticulate 

adjuvant systems and cancer nanovaccines and evaluate their anti-tumor and 

immunomodulatory activities in murine melanoma models. 

The objectives of this thesis can be listed as: 

(i) Design and development of new Astragalus-based nanoparticulate adjuvant 

systems composed of Astragalus polysaccharide, AST-VII, and TLR4 agonist by 

using statistical design of experiment tools, 

(ii) Obtaining proper formulations of cancer nanovaccines with adjuvant systems 

and tumor antigens, SIINFEKL (CD8 T cell epitope for B16-OVA), Trp-2 (CD8 

T cell epitope for B16F10) and PADRE (universal CD4 T cell epitope), 

(iii) Investigating cytotoxic and immunomodulatory activities of developed 

adjuvant systems and nanovaccines, examining cellular uptake of adjuvant 

systems by dendritic cells in vitro, 

(iv) Demonstrating in vivo immunogenicity of cancer nanovaccines by 

investigating vaccine-induced cellular and humoral immunity, 

(v) Revealing anti-tumor and immunomodulatory activities of cancer 

nanovaccines in prophylactic and therapeutic murine melanoma models. 
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CHAPTER 2 

 

 

MATERIALS & METHODS 
 

 

2.1. Materials 

 

 

Monophosphoryllipid A (MPLA) (Avanti Polar Lipids), lipopolysaccharide 

(LPS)(Sigma), and QS-21 (Desert King) were purchased. Astragaloside VII (AST-VII) 

was donated by Bionorm Doğal Ürünler, TR. Antigen peptides, including Trp-2 peptide 

SVYDFFVWL and PADRE peptide AKFVAAWTLKAA (SB-Peptide), OVA257-264 

peptide SIINFEKL (Anaspec) were purchased. HPLC grade solvents, acetonitrile, 

methanol, chloroform, and isopropanol were purchased from Merck. Dansyl chloride 

(Sigma Aldrich), Pur-A-Lyzer™ Midi Dialysis Kit (MWCO: 3.5 kDa) (Sigma Aldrich), 

ACK Lysing buffer, and brefeldin A (BioLegend) were purchased. 

 

 

2.1.1. Materials for Bioactivity Studies 

 

 

RPMI 1640 medium (Gibco), Fetal Bovine Serum (FBS)(Gibco), Dulbecco’s 

Phosphate Buffer Saline (DPBS)(Gibco), Penicillin/Streptomycin (Gibco), MEM Non-

Essential Amino Acids Solution (Thermo Fisher Scientific), 2-Mercaptoethanol 

(Aldrich), Trypsin-EDTA (Gibco) were purchased for in vitro cell culturing. Flow 

cytometry antibodies, including mouse ELISA antibodies including purified anti-mouse 

IL-1, purified anti-mouse IL-6, purified anti-mouse IL-12p70, biotin anti-mouse IL-1, 

biotin anti-mouse IL-6, biotin anti-mouse IL-12p70 (Biolegend), and mouse IFN-, IL-2, 

IL-10 and IL-4 ELISA kits (Invitrogen) were purchased. Thiazolyl blue tetrazolium 

bromide (MTT) (Acros) for in vitro cellular toxicity, DAPI (Biolegend), LysoTraker Red 

DND-99 (Invitrogen) for subcellular localization were purchased. 
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2.1.1.1. Flow Cytometry Antibodies 

 

 

The panel for BMDCs maturation and activation: L/D Fixable Near-IR, anti-

mouse PE/Cy7-CD11c (N418), APC-CD86 (GL-1), PE-CD80 (16-10A1), FITC-CD40 

(3-23)(BioLegend), BV510-I-A/I-E (269)(eBioscience) 

The panel for splenic T cell phenotyping: L/D Fixable Near-IR, anti-mouse FITC-

CD45 (30-F11), PerCpCy5.5-TCR (H57-597), APC-CD8 (53-6.7), PE/Cy7-CD4 

(RM4-5), APC-CD25 (PC61), PE-Foxp3 (MF-14)(BioLegend) 

The panel for splenic innate cell phenotyping: L/D Fixable Near-IR, anti-mouse 

FITC-CD45 (30-F11), PerCP/Cy5.5-CD11b (M1/70), PE/Cy7-CD11c (N418), PE-F4/80 

(BM8), APC-NK1.1(S17016D)(BioLegend) 

The panel for tetramer staining in PBMCs: DAPI, anti-mouse PE-SIINFEKL, 

APC-CD8 (53-6.7), PE/Cy5-CD44 (IM7), APC/Cy7-CD62L (MEL14)(BioLegend) 

The panels for T cell phenotyping in tumor microenvironment (TME):  

(i) DAPI, anti-mouse FITC-CD45 (30-F11), AF700-CD3 (17A2), PE-Cy5-CD4 (GK1.5), 

APC-CD8 (53-6.7), BV711-CD25 (PC61), BV421-CXCR3 (CXCR3-173), PE-Cy7-

PD1 (29F.1A12)(BioLegend) 

(ii) DAPI, anti-mouse FITC-CD45 (30-F11), PE-CD3 (17A2), PE-Cy5-CD4 (GK1.5), 

APC-CD8 (53-6.7), BV711-CD25 (PC61), PE-Cy7-PD1 (29F.1A12)(BioLegend) 

The panels for innate immune cell phenotyping in TME:  

(i) DAPI, anti-mouse BUV805-CD45 (30-F11)(eBioscience), FITC-CD11c (N418), 

AF700-CD11b (M1/70), PE-F4/80 (BM8), APC-CD86 (GL-1)(BioLegend) 

(ii) DAPI, anti-mouse FITC-CD45 (30-F11), PE-Cy7-CD11c (OX-42), AF700-CD11b 

(M1/70), PE-F4/80 (BM8), APC-CD86 (GL-1)(BioLegend) 

The panel for splenic memory T cell phenotyping: DAPI, anti-mouse FITC-CD45 

(30-F11), PE-CD3 (17A2), PE-Cy7-CD4 (RM4-4), APC-CD8 (53-6.7), PE/Cy5-CD44 

(IM7), BV605-CD62L (MEL-14)(BioLegend) 

 

 

 

 

https://www.biolegend.com/en-us/search-results?Clone=17A2
https://www.biolegend.com/en-us/search-results?Clone=29F.1A12
https://www.biolegend.com/en-us/search-results?Clone=17A2
https://www.biolegend.com/en-us/search-results?Clone=29F.1A12
https://www.biolegend.com/en-us/search-results?Clone=17A2
https://www.biolegend.com/en-us/search-results?Clone=RM4-4
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2.1.2. Cells 

 

 

B16-F10 melanoma (ATCC, CRL-6475) and DC2.4 dendritic cells (Sigma 

Aldrich, SCC142) were derived from C57BL/6 mice. Both cell lines were maintained at 

37°C with RPMI-640 cell media supplemented with 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin and 50 M -mercaptoethanol, and additionally 1% non-essential 

amino acids for DC2.4 cell line. The cells were used after reaching 80% confluency. 

 

 

2.1.3. Experimental Animals 

 

 

Female C57BL/6 mice for in vivo immunogenicity assays were provided by 

International Biomedicine and Genome Center (IBG). The mice were housed in 

microisolator cages in a pathogen-free animal facility at IBG and maintained in groups of 

5 under standard conditions of temperature 22 ± 1° C with regular 12 h light and 12 h 

dark cycles and free access to standard laboratory food and water. The Local Ethics 

Review Committee approved the experimental protocol for Animal Experimentation of 

IBG (2020-043).  

Female C57BL/6 mice used for melanoma tumor models were conducted in 

accordance with the approval by the Institutional Animal Care and Use Committee at the 

University of Michigan (Ann Arbor, MI, USA). 

 

 

2.1.4. Instruments 

 

 

The following instruments were mainly used in the context of this thesis: 

 Zetasizer Nano ZS (Malvern Panalytical) 

 FT-IR (Perkin Elmer – Uatr Two) 

 UV-Vis Spectroscopy (Peltier, Shimadzu-UV 2450) 

 High-Pressure Liquid Chromatography (Agilent 1200) 



23 

 

 Flow Cytometry (FACSCanto, BD; Cytek Aurora) 

 Fluorescence Microscopy (ZEISS – Observer Z1) 

 Plate-reader (THERMO, Vario Skan Flash) 

 Scanning Electron Microscopy (SEM) (FEI Quanta 250 FEG) 

 Transmission Electron Microscopy (TEM) (JEOL JEM 1220) 

 

 

2.2. Methods 

 

 

2.2.1..Design and Development of MPLA and AST-VII Integrated 

Nanoparticulate Adjuvant Systems 

 

 

The major active constituents found in Astragalus plants are polysaccharides and 

saponins.59 Our preliminary studies conducted with Astragalus polysaccharide (APS) and 

AST-VII have shown promise that these compounds can be used in an adjuvant 

system.59,63,64 Moreover, early mechanism of action studies revealed that AST-VII alone 

did not maturate and activate dendritic cells but cooperatively worked with TLR4 agonist, 

lipopolysaccharide (LPS), to enhance dendritic cell activation.65 Therefore, we designed 

an adjuvant system where Astragalus polysaccharide is used as a delivery system, and 

AST-VII and monophosphoryllipid A (MPLA), TLR4 agonist and detoxified form of 

LPS, as immunostimulating agents co-integrated into the adjuvant system (Figure 2.1.). 

 

 

2.2.1.1. Preparation of Nanoparticulate Adjuvant System 

 

 

pH jump methodology, which involves a quick transient increase in pH up to 10-

12, was followed to self-assemble building blocks into nanostructures.70 A series of trial 

experiments were done to analyze the formation of nanostructures. Based on previous 

studies, Astragalus polysaccharide, MPLA and AST-VII concentrations in NPs were 

determined as 500 g/mL, 100 g/mL and 500 g/mL, respectively.62,71  
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Figure.2.1. Design of MPLA/AST-VII integrated nanoparticulate (MA-NP) adjuvant 

system. APS: Astragalus polysaccharide, AST-VII: Astragaloside VII, 

MPLA: Monophosphoryllipid A. 

 

 

Following the illustration for MA-NP preparation (Figure 2.2), (i) APS was 

dissolved in PBS (1X) at 60°C under continuous sonication. Afterward, (ii) MPLA and 

(iii) AST-VII were added with 10 min intervals of sonication. (iv) pH was jumped to 11 

by adding 0.1 M NaOH, and then (v) pH was immediately adjusted to 5.5 by adding 0.1 

M HCl. When the solution temperature reached to room temperature, (vi) the 

nanoparticles (NPs) were purified and collected by MWCO: 100 kDa centrifugal filters 

(Amicon, Millipore Sigma) (Figure 2.2).  
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Figure 2.2.The schematic representation of MA-NP adjuvant system preparation. 

 

 

Concentrated NPs were characterized in terms of their hydrodynamic particle size, 

zeta potential, and polydispersity index (PDI) by Zetasizer Nano ZS (Malvern 

Panalytical), their particle morphology by TEM (JEOL 1220) and SEM (Quanta 250), 

and the surface characteristics by FT-IR (Perkin Elmer – Uatr Two). The filtrate obtained 

from the centrifugal filter was analyzed by RP-HPLC (Agilent 1200). The entrapment 

efficiencies of AST-VII and MPLA were calculated by the following formula (2.1):  

 

 

𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐸𝐸)(%) =  
𝐴−𝐵

𝐴
 𝑥 100        (2.1) 

A: Total concentration of immunomodulator in NPs 

B: The concentration of free immunomodulator in the filtrate 

 

 

2.2.1.2. Optimization of Medium pH 

 

 

In MA-NP adjuvant system preparation methodology, pH was increased to 11 and 

immediately decreased to 5.5. As MPLA contains an ester bond in its chemical structure, 
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to understand whether the ester bond would be cleaved upon an increase in pH or not, 

MPLA was dissolved in PBS with varying pH conditions (5, 7, 9, 11) and then, the 

samples were analyzed by FT-IR. 

 

 

2.2.1.3. Optimization of NPs Operation Parameters 

 

 

To elucidate optimum operation conditions for NP formation, the roles of (i) pH 

jump time (jt), which corresponds to a time interval between pH value, (ii) duration of 

equilibrium time after pH jump (eq), and (iii) operation temperature (To)70 must be 

investigated in terms of physicochemical properties of NPs such as particle size, zeta 

potential, and PDI. 

Design-Expert® Software version 7.0 was used for NPs operation parameter 

optimization experiments. The upper and lower levels of numeric factors (temperature, 

pH jumping time, equilibration time) and related responses (particle size, zeta potential, 

and PDI) were selected and entered into BBD optimization tool (Iteration A) (Table 2.1).  

 

 

Table 2.1. The upper and lower levels of numeric factors used in Iteration A. 

 

Experimental Inputs 

Numeric Factors Symbols Units -1 level +1 level 

Temperature A °C 25 45 

pH jumping time B min 0 30 

Equilibration time C min 0 30 

Experimental Outputs 

Responses Symbols Units Constraints 

Particle Size Y1 nm 20 – 50 nm 

Zeta Potential Y2 mV minimize 

PDI Y3 - minimize 
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A Box-Behnken design (BBD) of 15 runs, three factors at two levels (32), with 

three replicates at the center point, was created to elucidate the roles of different factor 

variables on the NP formation and their physicochemical characteristics. 

Fifteen runs obtained from BBD demonstrated each condition for NP formation 

(Table 2.2). NPs were prepared with APS (500 g/mL), MPLA (10 g/mL), and AST-

VII (50 g/mL) following operation conditions designed for each run. Then, the particle 

size, zeta potential, and PDI values of NPs were measured by Zeta-sizer, and the results 

for each response were subsequently analyzed in Design Expert software.  

 

 

Table 2.2. The list of NP operation parameter conditions explored for Iteration A. 

 

Run 

Factor 1 

A: Temperature 

(°C) 

Factor 2 

B: pH Jumping Time 

(min) 

Factor 3 

C: Equilibration Time 

(min) 

4 25 15 30 

6 25 0 15 

9 25 30 15 

14 25 15 0 

1 35 15 15 

2 35 30 0 

3 35 0 0 

5 35 15 15 

7 35 30 30 

12 35 15 15 

15 35 0 30 

8 45 30 15 

10 45 0 15 

11 45 15 30 

13 45 15 0 
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A confirmation experiment was conducted to evaluate the reproducibility of the 

model designed for the NP formation with respect to operation parameters. In the 

confirmation experiment, BBD ensured the solutions to achieve 20 nm-sized NPs, to 

increase zeta potential and decrease PDI values. Based on these solutions, the most 

desirable solution was selected (Table 2.3), and further confirmation experiments were 

performed (n=3). 

 

 

Table.2.3..The most desirable solution of the confirmation experiment obtained from NP 

..operation parameters (Iteration A). 

 

Temperature 

(°C) 

pH 

Jumping 

Time 

(min) 

Equilibration 

Time 

(min) 

Particle 

Size 

(nm) 

Zeta 

Potential 

(mV) 

PDI Desirability 

38.04 2.31 30 20.3 -5.77 0.537 0.498 

 

 

2.2.1.4. Optimization of Material Concentrations in NPs 

 

 

As the concentration of each material in NPs affects the particle formation and its 

physicochemical characteristics, a BBD design, having 15 runs, three factors at two levels 

(32), and three replicates at the center point, was created to evaluate these effects on NP 

formation. The upper and lower concentration levels for each material were determined 

according to a literature search62,71 (Table 2.4) and entered into BBD optimization tool 

(Iteration B) in Design-Expert® Software version 7.0.  

Three responses were chosen as particle size, zeta potential, and entrapment 

efficiency (EE) of AST-VII, and the software created a recipe containing 15 runs (Table 

2.5). NPs were produced according to the concentrations of materials given in Table 2.5 

following optimized operation conditions (38°C, pH jumping time: 2.31 min, 

equilibration time: 30 min). Prepared NPs were analyzed by Zeta-sizer for particle 

physicochemical characteristics and by RP-HPLC for quantification of AST-VII and 

MPLA. 
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Table 2.4. The numeric factors and related min and max values used for Iteration B. 

 

Experimental Inputs 

Numeric Factors Symbols Units -1 level +1 level 

APS Concentration  g/mL 500 2000 

MPLA Concentration  g/mL 0 100 

AST-VII Concentration C g/mL 0 1200 

Experimental Outputs 

Responses Symbols Units Constraints 

Particle Size Y1 nm 20 – 50 nm 

Zeta Potential Y2 mV minimize 

Entrapment Efficiency AST-VII Y3 % maximize 

 

 

 

Table 2.5. The list of NP material concentration variations explored for Iteration B. 

 

Run 

Factor 1 

A: APS 

Concentration 

(g/mL) 

Factor 2 

B: MPL 

Concentration 

(g/mL) 

Factor 3 

C: AST VII 

Concentration 

(g/mL) 

4 2000 0 600 

5 1250 0 0 

12 500 0 600 

15 1250 0 1200 

1 1250 50 600 

2 2000 50 1200 

3 1250 50 600 

7 500 50 1200 

9 500 50 0 

10 1250 50 600 

13 2000 50 0 

(cont. on next page) 
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Table 2.5. (cont.). 

6 1250 100 1200 

8 500 100 600 

11 2000 100 600 

14 1250 100 0 

 

 

Following the recipe given above, each response (particle size, zeta potential, 

EE% AST-VII) entered BBD, and further, a confirmation experiment was conducted to 

evaluate the reproducibility of the models designed for the material concentrations 

driving NP formation. In the confirmation experiment, BBD provided the solutions to 

obtain 20-50 nm-sized NPs, increase zeta potential, and maximize the entrapment 

efficiencies of AST-VII. The preferable solutions were selected with respect to the 

desirability score (Table 2.6), and further confirmation experiments were performed 

following the instructions in the solutions (n=3). 

 

 

Table 2.6. The recipe of solutions designed for the confirmation experiments of material 

.concentration in NPs. 

 

Solution 

# 

APS 

Concentration 

(g/mL) 

MPLA 

Concentration 

(g/mL) 

AST-VII 

Concentration 

(g/mL) 

Particle 

Size 

(nm) 

EE% 

AST 

VII 

Desirability 

1 2000 31 1200 20 55.47 0.971 

6 500 84 1200 35 54.23 0.949 

 

 

2.2.1.5. Preparation of blank NP, MPLA NP, and AST-VII NP 

 

 

The adjuvant systems prepared only APS (blank NP), MPLA loaded NPs (MPLA 

NP), and AST-VII loaded NPs (AST-VII NP) were prepared according to operation 

conditions and material concentrations optimized for MA-NPs (Table 2.7). APS (2 mg) 
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was dissolved in PBS (1X) at 60°C under continuous sonication for 1 hour. Based on the 

presence/absence of MPLA or AST-VII, MPLA (31 g/mL) and AST-VII (1200 g/mL) 

were added into the particular adjuvant system and sonicated for 15 min. pH of the 

solution was jumped to 9 by adding 0.1 M NaOH, and then adjusted to 5.5 by 0.1 M HCl. 

When the solution temperature reached room temperature, NPs were collected by an 

Amicon centrifugal filter (MWCO: 100 kDa). All NPs were characterized in terms of 

their hydrodynamic particle size, zeta potential by Zeta-sizer, and the entrapment 

efficiencies of AST-VII and MPLA by RP-HPLC. 

 

 

Table 2.7..The material concentrations for the preparation of blank NP, MPLA NP, and 

..AST-VII NP. 

 

Adjuvant  

Systems 

APS 

Concentration 

MPLA 

Concentration 

AST-VII 

Concentration 

Blank NP 2000 g/mL - - 

MPLA NP 2000 g/mL 31 g/mL - 

AST-VII NP 2000 g/mL - 1200 g/mL 

 

 

2.2.2. Integration of Antigens into Adjuvant Systems 

 

 

2.2.2.1. Integration of SIINFEKL Peptide 

 

 

To determine the antigen adsorption capacity of MA-NP adjuvant system, CD8 T 

cell epitope of OVA257-264 peptide, SIINFEKL (Anaspec), was chosen as a model antigen. 

One mg MA-NP adjuvant system was dissolved in PBS at different pHs (3, 5, 7, 9). 

SIINFEKL peptide at the various concentrations (5, 10, 20 g) was added into the solution 

and incubated for two hours at room temperature with continuous shaking at 350 rpm. At 

the end of incubation, the solution was centrifuged using MWCO 100 kDa centrifugal 

filters (Amicon, Millipore Sigma) at 4000 rpm and 4C° for 20 min. The zeta potential of 



32 

 

MA-NPs and SIINFEKL adsorbed MA-NPs were analyzed by Zeta-sizer. The filtrate was 

concentrated with a speed vacuum with no temperature. The amount of free SIINFEKL 

in the filtrate was measured by BCA assay (Takara) according to the manufacturer’s 

instructions. 

 

 

2.2.2.2. Integration of Trp-2 and PADRE Peptides 

 

 

To develop prophylactic/therapeutic vaccines for melanoma, Tyrosinase-related 

protein 2 (Trp-2180-188, SVYDFFVWL) and pan DR T-helper epitope (PADRE, 

AKFVAAWTLKAAA) (SB Peptide) peptides were used. As in the literature, 10-50 g 

Trp-2 and PADRE peptides were injected into mice,50,72–74 and two different peptide 

concentrations (30 and 50 mg) were selected. Moreover, the integration of peptides on 

MA-NP was performed on the various pH levels (3 and 5) in terms of the net charge of 

peptides in the particular pH range. One mg MA-NP adjuvant system was dissolved in 

PBS at different pHs (3, 5). Trp-2 and PADRE peptides at different concentrations (30 

and 50 g) were added into the solution and incubated for two hours at room temperature 

with continuous shaking at 350 rpm. The solution was centrifuged using an Amicon 

centrifugal filter (MWCO: 100 kDa) at 4000 rpm and 4° for 20 min. The zeta potential of 

MA-NPs and Trp-2 and PADRE adsorbed MA-NPs were analyzed by Zeta-sizer. The 

amount of free Trp-2 and PADRE in the filtrate was measured by HPLC-DAD and BCA 

assay according to the manufacturer’s instructions. 

 

 

2.2.3. Characterization of Nanoparticulate Adjuvant Systems 

 

 

2.2.3.1. Particle Size and Zeta Potential Characterization 

 

 

The particle size and zeta potential of nanoparticulate adjuvant systems were 

measured using Malvern ZetaSizer Nano-ZS (Malvern Panalytical) with a detector angle 
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of 173°. Zeta potential measurements were carried out using disposable capillary cells. 

Standard deviations were calculated from several independent experiments that measured 

at least three replicates. 

 

 

2.2.3.2. Transmission and Scanning Electron Microscopy 

 

 

The morphology of nanoparticulate adjuvant systems was examined under 

scanning electron microscopy (SEM) (FEI Quanta 250 FEG) and transmission electron 

microscopy (TEM) (JEOL JEM 1220) with an acceleration voltage of 100 V. In TEM 

analysis, a drop of samples was placed onto a formvar/carbon-coated copper grid and 

allowed to dry before imaging. For SEM analysis, the samples were coated with a thin 

gold layer, and imaging was performed. 

 

 

2.2.3.3. Fourier Transform Infra-Red Spectroscopy (FT-IR) 

 

 

Liquid samples were analyzed using an FT-IR spectrometer (Perkin Elmer – Uatr 

Two) equipped with an ATR accessory. The samples were placed on the ATR, and the 

solvent was slowly evaporated to form a thin film before scanning. The number of scans 

was set at 64 and recorded at a resolution of 4 cm-1 at room temperature. 

 

 

2.2.3.4..Reversed Phase-High Performance Liquid Chromatography 

...(RP-HPLC) 

 

 

The quantification of AST-VII in the NPs was assessed by RP-HPLC (Agilent 

1200). To quantify AST-VII, the samples and AST-VII standards were dissolved in 

ultrapure water (UPW) and analyzed on a Chromolith RP-C18 column (4.6 mm x 100 

mm; particle diameter: 2 m) using a constant flow rate (0.75 mL/min, 25 °C). Gradient 
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conditions of A flow [UPW] and B flow [acetonitrile (ACN)] were followed as shown in 

Table 2.8. AST-VII was detected using a DAD (diode array detection) detector in the 203, 

210, and 254 nm wavelengths. 

 

 

Table 2.8. RP-HPLC methodology to quantify AST-VII. 

 

Retention time 

(min) 

Flow rate 

(mL/min) 

A (%)  

UPW 

B (%)  

ACN 

0.00 0.75 70 30 

1.50 0.75 70 30 

11.50 0.75 45 55 

13.00 0.75 45 55 

13.01 0.75 70 30 

15.00 075 70 30 

 

 

The amount of MPLA in the filtrate of NPs was assessed by RP-HPLC by 

modifying the published procedure.75 To quantify MPLA, samples and MPLA standards 

were dissolved in HPLC grade methanol and analyzed on Chromolith RP-C18 column 

(4.6 mm x 100 mm; particle diameter: 2 m) using a constant flow rate (0.5 mL/min, 25 

°C). Gradient conditions of Buffer A [95% methanol (MeOH), 5% ultrapure water 

(UPW), 0.1% TFA] and B [100% isopropanol (IPA), 0.1% TFA] were followed as shown 

in (Table 2.9). MPLA was detected using an evaporative light scattering detector 

(ELSD)(65°C, gain: 11). 

The quantification of Trp-2 and PADRE peptides in adjuvant systems was 

analyzed by RP-HPLC. The samples obtained from peptide adsorption studies and Trp-2 

and PADRE standards were dissolved in UPW containing 0.1 % TFA and subsequently 

analyzed on Phoneix RP-C18 column (4.6 mm x 150 mm; particle diameter: 300 A) using 

a constant flow rate (1 mL/min, 25°C). Gradient conditions of A flow [ACN] and B flow 

[UPW] were followed, as shown in Table 2.10. Peptides were detected using a DAD 

detector at a wavelength of 210 nm. 
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Table 2.9. RP-HPLC methodology to quantify MPLA. 

 

Retention 

time (min) 

Flow rate 

(mL/min) 

A (%): 95 % MeOH + 

5 % UPW + 0.1 % TFA 

B (%): 100 % IPA +   

0.1 % TFA 

0 0.5 95 5 

5 0.5 60 40 

7 0.5 20 80 

16 0.5 20 80 

17 0.5 95 5 

 

 

 

Table 2.10. RP-HPLC methodology to quantify Trp-2 and PADRE peptides. 

 

Retention time 

(min) 

Flow rate 

(mL/min) 

A (%) 

ACN 

B (%) 

UPW 

0 1 1 99 

20 1 50 50 

30 1 50 50 

 

 

2.2.3.5. In vitro Release of Antigens  

 

 

The in vitro antigen (Trp-2 and PADRE) release from antigen-adsorbed MA-NP 

was investigated in terms of time (0-96 h) and pH (5.5 and 7.4). One mg nanovaccine was 

dissolved in 1 mL PBS and mixed well. The solutions were placed in a dialysis bag 

(Spectra/Pore membrane MWCO:14 kDa, 16 mm flat width, Spectrum Medical 

Industries) and incubated in PBS (pH 5.5 and pH 7.4), stirring continuously at 37°C for 

96 h. At certain time points, 1 mL aliquots of dialysis solution were taken and replaced 

by 1 mL fresh buffer at 37°C. The antigen release in the samples was measured using a 

BCA assay to calculate the cumulative antigen release (%) over time.  
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2.2.4..Investigation of in vitro Cytotoxic and Immunomodulatory 

Activities of NPs  

 

 

2.2.4.1. Assessment of in vitro Cytotoxicity of Adjuvant Systems 

 

 

Blank NP, AST-VII NP, MPLA NP, and MA-NPs were dissolved in PBS and 

filtered through a 0.22 m syringe filter. DC2.4 (1x105 cells/mL) and B16-F10 cells 

(2x104 cells/mL) were plated into 96-well tissue culture plates and incubated with 

adjuvants systems (0.032, 0.063, 0.125, 0.25, 0.5, 1 mg/mL) for either 24 or 48 hours at 

37°C in a 5 % CO2 incubator. After the end of the incubation period, MTT reagent was 

added to the media at a final concentration of 0.5 mg/mL, and the cells were incubated 

for 4 hours at 37 °C in a 5% CO2 incubator. The formazan crystals were dissolved in 

DMSO, and the absorbance at 570 nm and 650 nm was measured by Multiskan™ GO 

Microplate Photometer (Thermo Scientific).  

 

 

2.2.4.2..Cellular Uptake and Subcellular Localization of MA-NP in 

Dendritic Cells 

 

 

Dansyl chloride (DNS-Cl) was integrated into MA-NP (DNS-MA-NP) to track 

particles in dendritic cells. MA-NP was dissolved in dH2O, and the pH of the solution 

was adjusted to 9 by adding 0.1 M NaOH. DNS-Cl was mixed with MA-NP and sonicated 

for one hour. The pH of the solution was adjusted to 5 by adding 0.1 M HCl. Free DNS-

Cl was removed using a dialysis membrane (MWCO: 3.5 kDa) against PBS for four days. 

The integration of DNS-Cl onto MA-NP was analyzed using UV-Vis spectroscopy.  

For cellular uptake studies, DC2.4 cells were incubated with DNS-MA-NP (0.1 

mg/mL) for different periods (30 min to 24 h) at 37°C. Cells were washed thrice with 

PBS and imaged using a fluorescence microscope (ZEISS – Observer Z1).  

To visualize the subcellular localization of DNS-MA-NP, DC2.4 cells were 

incubated with DNS-MA-NP (0.1 mg/mL) for six h at 37°C. Then, the cells were 
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incubated 50 nM Lysotracker Red DND-99 for 30 min with to stain endolysosomal 

compartments. Then, the cells were fixed with 4 % paraformaldehyde for 15 minutes, 

stained with 300 nM DAPI for 10 minutes, and visualized by fluorescence microscope. 

 

 

2.2.4.3. Investigating DC Maturation and Activation 

 

 

To investigate pro-inflammatory cytokine production, DC2.4 cells (105 cells/mL) 

were treated with blank NP, MPLA NP, AST-VII NP, and MA-NP (0.063 – 0.25 mg/mL) 

or MPLA (0.4 g/mL) and AST-VII (6.75 g/mL) for six hours (IL-1) or 48 h (IL-6, 

IL-12). The cell supernatants for each well were collected and stored at -20°C for ELISA.  

Bone marrow-derived dendritic cells (BMDCs) were used and prepared as 

described previously to assess DC maturation and activation.76 BMDCs (2.5x105 

cells/mL) were treated with blank NP (0.1 mg/mL), MA-NP (0.1 mg/mL), MPLA (0.4 

g/mL) + AST-VII (6.75 g/mL) and MPLA (0.4 g/mL) + QS-21 (2 g/mL) for 24 h. 

At the end of incubation, the cells were stained with anti-mouse CD40, CD86, CD80, and 

MHCII, and their expression levels were analyzed by flow cytometry (Cytek Aurora). 

 

 

2.2.5. Evaluation of in vivo Immunogenicity of NPs 

 

 

To evaluate in vivo immunogenicity of nanovaccines, female C57BL/6 mice (6-8 

weeks old) were vaccinated following the immunization schedule given in Figure 2.3.  

Briefly, mice were subcutaneously (s.c) injected with vaccination groups (Table 

2.11) on day 0 (D0) and D7. Two weeks after the boosting immunization (D21), mice 

were anesthetized with an intraperitoneal injection of ketamine/xylazine cocktail (kx 

mouse cocktail 0.1mL/20g mouse; 87.5 mg/kg ketamine and 12.5 mg/kg xylazine). The 

blood was collected using cardiac puncture methodology. The blood samples were 

centrifuged at 1500 rpm for 15 min, and the mice sera were stored at -20°C for subsequent 

ELISA analysis. After that, the mice were sacrificed by cervical dislocation, and the 

spleens for each mouse were collected for immunophenotyping and ELISA analysis.  
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Figure 2.3. The immunization schedule for in vivo immunogenicity assessment of Trp-2 

.and PADRE loaded NPs. 

 

 

 

Table 2.11. The vaccination groups for in vivo immunogenicity study (n = 7-8). 

 

Group Name Description Dose/mouse 

PBS Negative Control - 

Trp-2 + PADRE 
MultiAntigen 

(MultiAgs) 
38  g Trp-2 + 34 g PADRE/mouse 

MA-NP Peptide free NP 
1 mg NP/mouse 

(contains 3 g MPLA, 86 g AST-VII) 

MA-NP: 

MultiAgs 

MultiAgs loaded 

NP vaccine 

1 mg NP/mouse 

(contains 3 g MPLA, 86 g AST-VII and 

38 g Trp-2 + 34 g PADRE) 

Blank NP 

:MultiAgs 

MultiAgs loaded 

delivery system 

1 mg NP/mouse 

(contains 38 g Trp-2 + 34 g PADRE) 

MPLA+AST-VII 

+MultiAgs 
Soluble vaccine 

3 g MPLA + 86 g AST-VII + 38 g 

Trp-2 + 34 g PADRE 

MPLA+QS-21 

+MultiAgs 
Positive Control 

3 g MPLA + 3 g QS-21 + 38 g Trp-2 + 

34 g PADRE 
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2.2.6..Investigating Anti-tumor Activities of MA-NP in Murine 

Melanoma Models 

 

 

2.2.6.1. Prophylactic Murine B16-OVA Model 

 

 

To reveal the efficacy of MA-NP adjuvant system in B16-OVA model, OVA257-

264 peptide (SIINFEKL) was adsorbed on MA-NP. Female C57BL/6 mice (6-8 weeks old) 

were vaccinated following the immunization schedule given in Figure 2.4. 

Briefly, mice (n=5) were subcutaneously (s.c) injected with vaccination groups 

(Table 2.12) on days 0 (D0) and D7. One week after each vaccination, the blood samples 

were collected by submandibular bleeding, and peripheral blood mononuclear cells 

(PBMCs) were analyzed following tetramer staining. On D14, mice were subcutaneously 

challenged with B16-OVA cells (5x105 cells) on the right-side flank. Tumor growth and 

body weight were monitored every other day. The tumor volume was measured by digital 

capillary and calculated by the formula: tumor volume= length*width2*0.52.74 Animals 

were euthanized when the tumor masses reached 1.5 cm in diameter or when animals 

became moribund with severe weight loss or ulceration. Tumor masses and spleen 

samples were collected at D33 to analyze immune cell populations. 

 

 

 

 

Figure 2.4. The immunization schedule for the prophylactic murine B16-OVA model. 
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Table 2.12..The vaccination groups for the prophylactic B16-OVA murine melanoma 

..model. 

 

Group Name Description Dose/mouse 

PBS Negative Control - 

SIINFEKL  Antigen  10 g/mouse 

MA-NP 
SIINFEKL adsorbed 

NP vaccine 

1 mg NP/mouse 

(contains 3 g MPLA, 86 g AST-VII 

and 10 g SIINFEKL) 

MPLA+AST-VII 

+SIINFEKL 
Soluble Form 

3 g MPLA + 86 g AST-VII + 10 g 

SIINFEKL 

MPLA+QS-21 

+SIINFEKL 
Positive Control 

3 g MPLA + 3 g QS-21 + 10 g 

SIINFEKL 

 

 

2.2.6.2. Prophylactic Murine B16-F10 Model 

 

 

To investigate the efficacy of multiAgs adsorbed MA-NP in B16-F10 model, 

female C57BL/6 mice (6-8 weeks old) were vaccinated following the immunization 

schedule given in Figure 2.5. Briefly, mice (n=5) were subcutaneously (s.c) injected with 

the vaccinations group (Table 2.13) on days 0 (D0) and D7.  

 

 

 

 

Figure 2.5. The immunization schedule for the prophylactic murine B16-F10 model. 
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Table 2.13. The vaccination groups for prophylactic B16-F10 murine melanoma model. 

 

Group Name Description Dose/mouse 

PBS Negative Control - 

MA-NP 

Trp-2 and PADRE 

adsorbed NP 

vaccine 

1 mg NP/mouse 

(contains 3 g MPLA, 86 g AST-VII 

and 34 g Trp-2 and 34 g PADRE) 

MPLA+AST-VII 

+Trp-2+PADRE 
Soluble Form 

3 g MPLA + 86 g AST-VII + 34 g 

Trp-2 and 34 g PADRE 

MPLA+QS-21 

+Trp-2+PADRE 
Positive Control 

3 g MPLA + 3 g QS-21 + 34 g Trp-2 

and 34 g PADRE 

 

 

The blood samples were collected by submandibular bleeding on D14, and 

peripheral blood mononuclear cells (PBMCs) were analyzed for functional assessment of 

T cells. One week after the last immunization (D14), mice were subcutaneously 

challenged with B16-F10 cells (105 cells) on the right-side flank. Tumor growth and body 

weight were monitored every other day. The tumor volume was measured by digital 

capillary and calculated by the following formula: tumor volume= length*width2*0.52.74 

Animals were euthanized when the tumor masses reached 1.5 cm in diameter or when 

animals became moribund with severe weight loss or ulceration. Tumor masses and 

spleen samples were collected at D33 to analyze immune cell populations. 

 

 

2.2.6.3. Therapeutic Murine B16-F10 Model 

 

 

The efficacy of multiAgs adsorbed MA-NP and combinatory immunotherapy 

with anti-PD1 was investigated in the therapeutic murine B16-F10 model. Female 

C57BL/6 mice (6-8 weeks old) were vaccinated following the immunization schedule 

given in Figure 2.6. 
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Figure 2.6. The immunization schedule for the therapeutic murine B16-F10 model. 

 

 

For therapeutic murine melanoma model, B16-F10 cells (105 cells) were 

subcutaneously inoculated to mice (n= 5) on the right-side flank (D0). Three days after 

tumor inoculation, PBS, MA-NP: MultiAgs and MPLA+QS-21+MultiAgs vaccination 

groups were subcutaneously administered into mice at one-week intervals (D3 and D10) 

(Table 2.14). For combinatory immunotherapy, anti-mouse PD-1 (100 g/mouse) 

antibody was intraperitoneally injected on days 2 and 5 after each vaccination of MA-

NP: MultiAgs (D5, D8, D12, D15).74  

 

 

Table 2.14. The vaccination groups for therapeutic B16-F10 murine melanoma model. 

.ICI: Immune checkpoint inhibitor. 

 

Group Name Description Dose/mouse 

PBS Negative Control - 

MA-NP: MultiAgs 
Trp-2 and PADRE 

adsorbed NP vaccine 

1 mg NP/mouse 

(contains 3 g MPLA, 86 g AST-

VII, 34 g Trp-2, 34 g PADRE) 

MPLA+QS-21 

+MultiAgs 
Positive Control 

3 g MPLA + 3 g QS-21 + 34 g 

Trp-2 and 34 g PADRE 

Anti-PD1 ICI therapy 100 g/mouse 

MA-NP:MultiAgs+ 

anti-PD1 

Combinatory 

therapy 

1 mg MA-NP/mouse +  

100 g anti-PD1/mouse 
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Tumor growth and body weight were monitored every other day following tumor 

inoculation. Animals were euthanized when the tumor reached 1.5 cm in diameter or 

when they became moribund with severe weight loss or unhealing ulceration. Tumor 

masses and spleen samples were collected at D21 to analyze immune cell populations. 

 

 

2.2.7. Tetramer Staining Assay 

 

 

PBMCs were analyzed for the percentages of SIINFEKL-specific CD8+ T cells 

using tetramer staining assay as described previously77. The blood samples collected via 

submandibular bleeding were incubated with lysing buffer to remove red blood cells. 

After centrifuging samples at 1500xg for 5 min, the cell pellet was suspended in FACS 

buffer. After washing, PBMCs were incubated with mouse CD16/32 antibody for 10 min 

at RT, H-2Kb OVA Tetramer-SIINFEKL-PE for 30 min on ice, and CD8-APC, CD44-

PE-Cy5, CD62L-APC-Cy7 antibodies for 20 min on ice, respectively. Following washing 

two times with FACS buffer, the final pellet was dissolved in FACS buffer containing 

DAPI and then analyzed by flow cytometry. 

 

 

2.2.8. Functional Assessment of T cells 

 

 

To assess the functionality of primed CD8+ T cells, PBMCs were stimulated ex 

vivo with 5 M Trp-2 and 5 M PADRE peptides in the presence of brefeldin A solution 

for 6 h at 37°C78. The cells were stained with APC-CD8 antibody following cell surface 

staining protocol, then fixed, permeabilized and stained with PE-IFN- antibody using 

intracellular staining protocol. Then, IFN-+CD8+ T cell populations were analyzed by 

flow cytometry. 
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2.2.9. ELISA 

 

 

The cytokine concentrations of mouse IL-1, IL-6, IL-12, and IFN-, IL-2, IL-10, 

and IL-4 ELISA kits were measured in accordance with the manufacturer’s instructions. 

Briefly, to analyze IL-1, IL-6, and IL-12p70, Nunc-Immunoplates were coated with 

capture antibodies in a coating buffer and incubated overnight at 4°C. After the washing 

steps, the plate was blocked by assay buffer for one hour at RT. The samples and 

standards were diluted, added to the appropriate well, and then incubated for two hours 

at RT. The detection antibody for the corresponding cytokine was added and incubated 

for one hour. Avidin-HRP as a secondary antibody was added and incubated for 30 min. 

After washing, a TMB substrate was added, and the plate was incubated for 15 minutes 

in the dark. At the end of the incubation period, the reaction was stopped by adding 2 N 

H2SO4. The absorbance at 450 nm and 570 nm was measured with Varioskan. 

 

 

2.2.10. Flow Cytometry 

 

 

For cell surface or intracellular staining, cells were suspended in FACS buffer 

(PBS, 1% BSA, 0.025% NaN3). The cells were blocked with CD16/32 blocking antibody 

for 10 min and stained with a cell surface staining cocktail for 30 min at 4°C in the dark. 

A Live/Dead Fixable Near IR viability kit or DAPI was used to analyze cell viability. For 

intracellular staining, cells were fixed with 4% paraformaldehyde for 15 min and 

permeabilized with Foxp3 Staining Buffer Set after the cell surface staining. Then, cells 

were stained with PE anti-mouse Foxp3 for 30 min at 4°C in the dark. The cells were run 

using BD FACS Canto or Aurora Cytek spectral analyzer. The data were analyzed with 

FlowJo software version 10.
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CHAPTER 3 

 

 

RESULTS & DISCUSSION 

 

 

3.1..Design and Development of MPLA and AST-VII Integrated 

..Nanoparticulate (MA-NP) Adjuvant Systems 

 

 

3.1.1. Pre-experiments for Adjuvant System Preparation 

 

 

Pre-experiments were conducted following the conditions in Table 3.2 to 

determine the formation of nanoparticles using APS, MPLA, and AST VII. After NPs 

were prepared, their physicochemical properties were characterized by using Zetasizer 

and TEM. 

 

 

Table 3.1. The conditions followed in the pre-experiments for particle formation. 

 

Rxn materials Rxn conditions 

Compounds Concentration Trial 1 (T1) Trial 2 (T2) 

APS 500 g/mL Temperature 

(°C) 

pH 

at 9 

pH 

at 5 

Temperature 

(°C) 

pH 

at 9 

pH 

at 5 MPLA 100 g/mL 

AST-VII 500 g/mL RT 
30 

min 

30 

min 
45 0 

25 

min 

 

 

The hydrodynamic particle sizes were measured as 45.6 ± 13 nm and 32 ± 9.5 nm 

for T1 and T2, respectively (Figure 3.1A). The hydrodynamic particle size decreased by 

increasing the operation temperature to 45°C and decreasing the pH jumping time (at pH 
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9). The negatively charged NPs were obtained -8.4 ± 0.99 mV and -7.5 ± 0.41 mV for T1 

and T2, respectively (Figure 3.1B). The presence of carboxylic acid groups of 

galacturonic acids in APS and phosphate groups in MPLA contribute to the negative 

characteristic of MA-NP adjuvant system. The operation conditions in the pre-experiment 

did not have a statistically significant effect on the zeta potential of NPs. The PDI values 

were in the interval of 0.7 and 0.9, indicating a polydispersity index higher than 0.5, 

attributed to heterogeneous size distribution (Figure 3.1C). The morphology of NPs 

dominantly existing on the TEM grid was shown in Figure 3.1D, spherical-shaped 

nanoparticulate structures with defined borders were observed. 

 

 

 

 

Figure.3.1..The characterization of adjuvant systems prepared using different 

...experimental setups. (A) the hydrodynamic particle size of T1 and T2 (B) 

...zeta potentials (mV), (C) PDI, (D) TEM images of T1 (left) and T2 (right). 
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These data indicated that the nanoparticulate adjuvant systems were successfully 

prepared. However, the operation conditions and material concentrations needed to be 

optimized to prepare homogeneously distributed 20-100 nm in-sized NPs.  

 

 

3.1.2. Optimization of Medium pH 

 

 

pH jump methodology was used to prepare MA-NP adjuvant system, which 

includes increasing the pH of the medium to 11 and immediately decreasing the pH to 5. 

As MPLA contains an ester bond in its chemical structure, the stability of MPLA in 

different medium pH was investigated to decide the optimum medium pH. For this 

purpose, MPLA was dissolved in PBS with different medium pH’s, and then the samples 

were analyzed by FT-IR. The stretching vibrations corresponding to C=O of the ester 

groups were observed at 1737 cm-1 in the solution with pH 5, 7, 9, and 10 (Figure 3.2). 

 

 

 

 

Figure 3.2. The FT-IR spectrum of MPLA with different medium pH (5 to 11). 
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When the pH of the solution was higher than 9, the intensity of the peak at 1737 

cm-1 decreased, and another peak appeared at 1428-1433 cm-1 (Figure 3.2). This peak 

intensity increased parallel to the increase in the pH solution. In literature, the symmetric 

carboxylate stretch band is reported to appear at 1423 cm-1.79 Therefore, the peak 

observed at 1428-1433 cm-1 was assigned as a symmetric carboxylate stretch of sodium 

myristate (C14).  

Based on these results, the ester bonds in MPLA started to cleave in an aqueous 

solution at pH > 9, causing the formation of sodium myristate (C14) in the solution. 

Therefore, the solution of pH was jumped to 9 and then decreased to 5 in the NPs 

preparation methodology.  

 

 

3.1.3. Optimization of NP Operation Parameters 

 

 

In the adjuvant market, new adjuvant/adjuvant systems and immunostimulators 

are needed to develop efficient immunotherapies for cancer or infectious diseases. 

Besides new immunostimulators, there is also a need to model the immune system by 

replacing empirical adjuvant screening with statistical design of experiments (DoE) to 

improve the efficiency of adjuvant selection and development processes.80 DoE provides 

an optimal set of experiments by giving multiple input parameters, allowing the use of 

empirical data to extrapolate toward the larger output space.80,81 Box-Behnken design 

(BBD) defines an experimental domain in the optimization process by providing 

minimum and maximum values for each factor.82 

 To investigate the effect of operation parameters (temperature, pH jumping time, 

and equilibration time) on the physicochemical properties of MA-NP adjuvant system, 

iteration A was conducted with 15 runs, three factors at two levels (32), with three 

replicates at the center point. The desirable NPs should have the following 

physicochemical characteristics: (i) particle size diameter of 20-100 nm for optimal 

circulation time,83 (ii) negatively charged NPs, (iii) PDI smaller than 0.5. 
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3.1.3.1. Particle Size 

 

 

NPs were prepared following the operation conditions given in iteration A, and 

NPs were collected by Amicon centrifugal filter (MWCO: 100 kDa) for further particle 

size analysis by Zeta-sizer. The hydrodynamic particle sizes were 10-30 nm in all 15 runs 

(Figure 3.3). ANOVA and 2FI models were used to evaluate the main and pairwise 

interaction effects in iteration A.  

 

 

 

 

Figure.3.3..The particle size distributions obtained from the experiments following 

.Iteration A. Represented distribution graphs demonstrated average of 

.triplicate measurements. 
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In ANOVA table (Table 3.2), p-value for the reduced 2FI model is lower than 

0.05, indicating the model was significant. Lack of fit value compares the variation 

between actual data and the predicted value to the variation between replicates. The “Lack 

of Fit-F value” of 0.8433 implied that lack of fit was not significant relative to pure error, 

which was desirable in the model. The predicted R2 of 0.8050 was in reasonable 

agreement with the adjusted R2 of 0.8754, showing good predictive power with observed 

values of each run by the model. 

 

 

Table 3.2..ANOVA results analyzed by response surface reduced 2FI model for NP 

particle size (nm) iteration A. 

 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 269.73 5 53.95 19.27 0.0003* significant 

A-Temperature 26.99 1 26.99 9.64 0.0146*  

B-pH jumping time 17.63 1 17.63 6.30 0.0364*  

C-Equilibration 

time 
58.86 1 58.86 21.03 0.0018*  

AxC 116.64 1 116.64 41.67 0.0002*  

BxC 41.60 1 41.60 14.86 0.0048*  

Lack of Fit 12.07 6 2.01 0.39 0.8433 
not 

significant 

Pure Error 10.32 2 5.16    

Notes: R-Squared=0.9233 ; Adj R-Squared = 0.8754 ; Pred R-Squared = 0.8050 

 

 

The influence of temperature (T) and equilibration time (eq) on the particle size 

was exhibited by response surface plots (Figure 3.4A). In this model, the main factors 

(temperature, pH jumping time, and equilibration time) and their pairwise interactions 

(temperature x pH jumping time and pH jumping time x equilibration time) had a 

statistically significant effect on the particle size of NPs (Table 3.2, Figure 3.4A). 

Moreover, the observed particle size was a good fit with the resultant model of the data 

(Pearson correlation r = 0.96) (Figure 3.4B). 
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Figure 3.4. Response surface and regression analysis for particle size (iteration A). (A) 

.Response surface plot for particle size (nm). Pink points indicate the local 

.maxima and minima for particle size. Red points indicate the desired points 

.for particle size (20 nm). (B)  The 14-point model accurately predicts particle 

.size with respect to observed values. 

 

 

3.1.3.2. Zeta Potential 

 

 

NPs were prepared following Iteration A, and the zeta potential of each run was 

measured by a Zeta-sizer. All NPs had a zeta potential of -4 and -8 mV (Figure 3.5). These 

negative characteristics of NP are due to carboxylic groups on galacturonic acid at the 

structure of APS and ionized phosphate groups at the structure of MPLA.  

To evaluate main and pairwise interaction effects, ANOVA and quadratic models 

were applied to zeta potential values obtained from iteration A. In ANOVA table (Table 

3.4), the quadratic model was significant, and the lack of fit value of 0.8823 was not 

significant relative to pure error. The predicted R2 of 0.8934 was in reasonable agreement 

with the adjusted R2 of 0.9409, indicating the powerful model for zeta potential is 

applicable.  
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Figure 3.5. The zeta potentials (mV) of different runs from the experiments performed 

following iteration A. 

 

 

 

Table 3.3. ANOVA results analyzed by response surface reduced quadratic model for 

zeta potential (mV). 

 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 11.31 6 1.89 32.81 0.0002* significant 

A-Temperature 1.43 1 1.43 24.94 0.0025*  

B - pH jumping time 0.00067 1 0.00067 0.012 0.9175  

C- Equilibration 

time 
0.0044 1 0.0044 0.076 0.7919  

AxB 0.19 1 0.19 3.29 0.1195  

A2 7.71 1 7.71 134.17 <0.0001*  

C2 0.23 1 0.23 3.94 0.0945  

Lack of Fit 0.12 4 0.030 0.26 0.8823 
not 

significant 

Pure Error 0.23 2 0.11    

Notes: R-Squared=0.9704 ; Adj R-Squared = 0.9409 ; Pred R-Squared = 0.8934 
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Only temperature had a quadratic effect on the zeta potential of NPs (Figure 3.6A). 

Moreover, the observed and predicted values for zeta potential were also well-fitted 

(Pearson correlation r = 0.98) (Figure 3.6B). 

 

 

 

 

Figure 3.6. Response surface and regression analysis for zeta potential (iteration A). (A) 

.Response surface plot corresponding zeta potential (mV). Pink points indicate 

.the local maxima and minima for particle size. Red points indicate the desired 

.points for zeta potentials. (B) The 13-point model accurately predicts zeta 

.potential of NPs with respect to observed values. 

 

 

3.1.3.3. PDI 

 

 

NPs prepared following iteration A demonstrated PDI values ranging from 0.5 to 

1, indicating heterogeneous size distributions (Figure 3.7).  

The ANOVA and quadratic effects were applied to PDI values. In ANOVA table 

(Table 3.4), the quadratic model was significant, and the lack of fit value of 0.8612 was 

not significant relative to pure error. The predicted R2 of 0.8293 was in reasonable 

agreement with the adjusted R2 of 0.8889, indicating the model for PDI is applicable. 
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Figure 3.7. PDI of different runs from the experiments performed following Iteration A.  

 

 

 

Table 3.4. ANOVA results analyzed by response surface reduced quadratic model for 

PDI. 

 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 0.084 7 0.012 14.72 0.0046* significant 

A-Temperature 0.0034 1 0.0034 4.12 0.0981  

B - pH jump time 0.0077 1 0.0077 9.39 0.0280*  

C- Equilibration 

time 
0.014 1 0.014 17.59 0.0085*  

AxC 0.0045 1 0.0045 5.47 0.0664  

BxC 0.0036 1 0.0036 4.45 0.0888  

A2 0.013 1 0.013 15.63 0.0108*  

B2 0.0094 1 0.0094 11.49 0.0195*  

Lack of Fit 0.0011 3 0.00037 0.24 0.8612 
not 

significant 

Pure Error 0.003 2 0.0015    

Notes: R-Squared=0.9537 ; Adj R-Squared = 0.8889 ; Pred R-Squared = 0.8293 
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In this model, pH jumping time and equilibration time showed main effect on PDI, 

while temperature and pH jumping time had quadratic effects (Table 3.4, Figure 3.8A). 

In addition to the response surface plot, predicted and actual PDI values were in a good 

assignment (Pearson correlation r = 0.97) (Figure 3.8B). 

 

 

 

 

Figure 3.8. Response surface and regression analysis for PDI (iteration A). (A) Response 

surface plot corresponding PDI. Pink points indicate the local maxima and 

minima for particle size. Red points indicate the desired points for PDI. (B)  

The 13-point model accurately predicts PDI values with respect to observed 

values. 

 

 

3.1.3.4. Confirmation Experiment for Iteration A 

 

 

To validate the robustness and accuracy of the developed prediction models, a 

confirmation experiment was performed following the solution for iteration A, setting the 

particle size to 20 nm, maximizing zeta potential, and minimizing PDI values. For this 

purpose, NPs were prepared at 38°C under continuous sonication with 2.31 min for pH 

jumping time and 30 min for equilibration time in triplicates. Then, NPs were analyzed 

for their physicochemical properties by Zeta-sizer. 

Twenty-three nm-in-sized, negatively charged, and polydisperse NPs were 

achieved (Table 3.5). As the mean of particle size and zeta potential values were in the 

interval of 95% predictive interval (PI) low and 95% PI high, the prediction models for 
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particle size and zeta potential were a good fit with experimental data, except for PDI, 

resulting polydisperse population due to coagulative properties of polymeric material 

(APS).84 Overall, the optimum operation parameters for obtaining 20 nm-sized NPs were 

38°C for operation temperature, 2.31 min for pH jumping time, and 30 min for 

equilibration time. pH jumping time and equilibration time were also consistent with the 

operation parameters for forming lipid nanoparticles.70,85 

 

 

Table 3.5. Model predictions and experimental values of particle size (nm), zeta potential 

(mV) and PDI values for the NP operation parameters. PI: Predictive Interval. 

 

 Particle Size (nm) Zeta Potential (mV) PDI 

Run 1 32.7 ± 14.7  -6.39 ± 0.77 0.684 

Run 2 11.7 ± 6.4  -5.95 ± 1.49 0.659 

Run 3 23.7 ±7.7  -5.98 ± 0.29 0.899 

Mean 22.7 ± 9.6  -6.11 ± 0.25 0.747 

95% PI low 15.58 -6.49 0.45 

95% PI high 25.05 -5.05 0.63 

 

 

3.1.4. Optimization of Material Concentrations in NPs 

 

 

After the optimization of operation conditions for NP preparation, the effects of 

material concentrations on NP formation were investigated and optimized through BBD 

analysis tool. Fifteen runs, three factors at two levels (32), with three replicates at the 

center point, were set up and analyzed in terms of particle size, zeta potential, and 

entrapment efficiency (EE) of AST VII (iteration B). The entrapment efficiency of MPLA 

was excluded from the model due to out of the detection limit of MPLA in RP-HPLC. 
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3.1.4.1. Particle Size 

 

 

NPs were prepared following the conditions given in iteration B, and each run was 

separated by an Amicon centrifugal filter (MWCO: 100 kDa) for further particle size 

analysis by Zeta-sizer. Seven to 25 nm, 5 to 53 nm, and 18 to 116 nm-sized NPs were 

prepared in the conditions of no MPLA, MPLA with 50 g/mL, and MPLA with 100 

g/mL, respectively (Figure 3.9). 

 

 

 

 

Figure 3.9. The particle size distributions obtained from the experiments following 

iteration B. Represented distribution graphs demonstrated the average of 

triplicate measurements. 
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The linear model was selected to give the highest-order polynomial where 

additional terms are not significant, and the model was not aliased. In the ANOVA table 

(Table 3.6), the p-value for the reduced linear model is 0.0034, lower than 0.05, showing 

the mathematical model for particle size was significant. The “Lack of Fit-F value” of 

0.6139 implied no significant lack of fit value, which was desirable in the model.  

 

 

Table 3.6. ANOVA results analyzed by response surface linear model for NP particle size 

(nm) in Iteration B. 

 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 0.0038 1 0.0038 12.73 0.0034* significant 

B–MPLA 

Concentration 
0.0038 1 0.0038 12.73 0.0034*  

Lack of Fit 0.0033 11 0.0003 0.96 0.6139 
not 

significant 

Pure Error 0.0006 2 0.0003    

Notes: R-Squared=0.4947 ; Adj R-Squared = 0.4558 ; Pred R-Squared = 0.3632 

 

 

In this model, only MPLA concentration had a statistically significant effect on 

the particle size of NPs (Table 3.6, Figure 3.10A). Despite the variations in the actual and 

predicted particle size (Pearson correlation r = 0.78) (Figure 3.10B), the modest predictive 

model for particle size (adjusted R2 = 0.46) could be derived to predict the responses. In 

the preparation steps, the fluidity of the hydrophobic tails of MPLA increases at the 

applied temperature (60°C), which facilitates the lipid structures to curl into the core of 

APS-based nanoparticles.70 Increasing the concentration of MPLA provided a chance to 

curl more MPLA into the core of nanoparticles, resulting an increase in the particle size 

of NPs. 
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Figure 3.10..Response surface and regression analysis for particle size (iteration B). (A) 

.Response surface plot corresponding particle size (nm). (B) The 14-point 

.model accurately predicts particle size with respect to observed values. 

 

 

3.1.4.2. Zeta Potential 

 

 

NPs were prepared following iteration B and the zeta potential of each run was 

measured by Zeta-sizer. NPs showed varying zeta potentials from -8 to -11 mV (Figure 

3.11). 

ANOVA and linear model were used to evaluate the main and interaction effects 

of each factor in iteration B. In the ANOVA table (Table 3.7), the p-value for the reduced 

linear model is 0.0026 and the lack of fit values (0.1894) was desirable in this model.  

In this model, only MPLA concentration had a statistically significant effect on 

the zeta potential of NPs (Table 3.7, Figure 3.12A). Because of the amphiphilic nature of 

phospholipids,86 the hydrophobic lipid tails can intercalate with the inner core of APS-

based NPs and extend their phosphate head groups to the external surface of the NPs. 

Therefore, increasing the concentration of MPLA in the solution resulted in an increase 

of NP’s zeta potential. Moreover, the linear model for zeta potential provided modest 

prediction (adjusted R2 = 0.54) with moderately fitted response in actual and predicted 

zeta potential (Pearson correlation r = 0.76) (Figure 3.12B). 
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Figure 3.11. The zeta potentials (mV) of different runs from the experiments performed 

following iteration B. 

 

 

 

Table 3.7. ANOVA results were analyzed using a response surface reduced linear model 

..for zeta potential (mV) in iteration B. 

 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 3.66 1 3.66 14.96 0.0026* significant 

B – MPL 

Concentration 
3.66 1 3.66 14.96 0.0026*  

Lack of Fit 2.67 10 0.27 16.51 0.1894 
not 

significant 

Pure Error 0.016 1 0.016    

Notes: R-Squared=0.5762 ; Adj R-Squared = 0.5377 ; Pred R-Squared = 0.3764 
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Figure 3.12. Response surface and regression analysis for zeta potential (iteration B). (A) 

...Response surface plot for zeta potential (mV). (B) The 13-point model 

...accurately predicts zeta potential with respect to observed values. 

 

 

3.1.4.3. PDI 

 

 

Some of the nanoparticles prepared in accordance with iteration B demonstrated 

lower PDI values than 0.05, indicating homogeneous size distributions (Figure 3.13). 

When the PDI values were analyzed by ANOVA in BBD design, there was no direct 

correlation between the main and interactive factors in iteration B. Therefore, BBD did 

not produce a model, and PDI was excluded from the response in the confirmation 

experiment. 

 

 

3.1.4.4. Quantification of AST-VII and MPLA in NPs 

 

 

NPs were prepared following iteration B, centrifuged using Amicon centrifugal 

filters (MWCO: 100 kDa), and finally, the sample filtrate was collected to quantify AST-

VII and MPLA by RP-HPLC through indirect methodology.  
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Figure 3.13. PDI of different runs from the experiments performed following Iteration B. 

 

 

To detect AST-VII, the Chromolith RP-C18 column was used with the following 

gradient flow of mobile phases, ultrapure water, and acetonitrile, and subsequently, AST-

VII was detected using a DAD detector in the 203, 210, and 254 nm wavelengths. In the 

HPLC chromatograms, AST-VII eluted as a single peak with a retention time of 5.32 min, 

while the peak seen at 2.1 min was assigned as a solvent peak (UPW) (Figure 3.14). In 

the HPLC chromatogram, the peak area for AST-VII was estimated, and the entrapment 

efficiencies (EE %) of AST-VII for each run were calculated (Figure 3.15). The 

considerable EE for AST-VII was achieved in Run 4 (APS: 2000 g/mL, No MPLA), 

Run 2 (APS: 2000 g/mL; MPLA: 50 g/mL) and Run 6 (APS: 1250 g/mL; MPLA: 

100 g/mL) as 57.2 %, 52.9%, and 53.5 %, respectively. 

To investigate the main and interaction effects of each factor on the EE of AST-

VII, ANOVA and 2FI models were used. The insignificant terms were excluded from the 

2FI model, and the model was modified. In the ANOVA table, the model was significant 

(p = 0.0009), and AST-VII concentration, the pairwise interaction between APS and 

MPLA has shown a statistically significant effect on the EE (%) of AST-VII (Table 3.8) 

(Figure 3.16A). Moreover, the predicted and actual values for EE of AST-VII were fitted 

(Pearson correlation r = 0.86) (Figure 3.16B) in the robust predicted model (adjusted R2 

= 0.79). By keeping APS concentration constant, increasing MPLA concentration in NP 
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also increased the entrapment efficiency of AST VII. AST-VII is also an amphiphilic 

compound, so MPLA may provide a lipophilic core to integrate more AST-VII into NP 

by interacting with the aglycone backbone of AST-VII. 

Triterpenoid and steroidal saponin could form a stable complex with cholesterol 

in the cell membrane and generally cause hemolysis.87 Inspired by this phenomenon, the 

lipophilic structures were integrated into the nanoparticle formulations when saponins 

were involved in the NP structures. Consistent with our previous results, AST-VII 

integrated APS nanocarriers could not protect its structure without a lipophilic compound, 

resulting in the nanoparticle's dissipation. These results also implied the importance of 

MPLA in MA-NP formation. 

 

 

 

 

Figure 3.14..HPLC-DAD chromatograms of MA-NP adjuvant systems were prepared 

following iteration B and AST-VII standard (1000 ppm) at 210 nm. 
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Figure 3.15..The entrapment efficiency (EE %) AST-VII in MA-NP adjuvant systems 

prepared following iteration B. 

 

 

 

Table 3.8. ANOVA results were analyzed using the response surface reduced 2FI model 

.for EE (%) of AST-VII in Iteration B. 

 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
 

Model 5863.67 4 1465.92 12.89 0.0009* significant 

A- APS Concentration 203.41 1 203.41 1.79 0.2140  

B- MPLA Concentration 40.99 1 40.99 0.36 0.5631  

C- ASTVII Concentration 4015.47  4015.47 35.30 0.0002*  

AxB 1632.97 1 1632.97 14.36 0.0043*  

Lack of Fit 385.61 7 55.09 0.17 0.9672 
not 

significant 

Pure Error 638.19 2 319.10    

Notes: R-Squared=0.8514 ; Adj R-Squared = 0.7853 ; Pred R-Squared = 0.7675 
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Figure 3.16. Response surface and regression analysis for EE of AST-VII (iteration B). 

(A) Response surface plot for EE (%) of AST-VII. (B) The 13-point model 

accurately predicts EE of AST-VII with respect to observed values. 

 

 

Besides quantifying AST-VII, the DAD detector was also used to detect MPLA, 

but MPLA did not detect below the 100 µg/mL concentration. An ELSD (Evaporative 

Light Scattering Detector) detector was used in the RP-HPLC system to quantify MPLA 

in low concentrations. ELSD is compatible with most solvents and chromatographic 

techniques employing gradient elution; it is sensitive and capable of detecting any 

compound as long as it is less volatile than the mobile phase. Moreover, the ELSD 

detector has high sensitivity and applicability for different classes of lipophilic 

compounds.88  

MPLA standard (250 ppm) and Run 1 obtained from iteration B, a representative 

MA-NP sample, were analyzed in RP-HPLC-ELSD. The peak that appeared in 3.44 min 

both in MPLA and Run 1 samples was assigned as the solvent peak, which is PBS (Figure 

3.17). The corresponding peak for MPLA was seen in 13.1 min. However, no peak 

corresponding to MPLA was observed in Run 1 or the other runs.  

An attempt was made to degrade MA-NP to release MPLA for further 

quantification in RP-HPLC. For this purpose, two different methodologies were followed. 

MA-NPs were dissolved in acetonitrile or 1 % acetic acid containing UPW and extracted 

with chloroform for analysis in HPLC-ELSD. Unfortunately, the MPLA peak did not 

appear in HPLC-ELSD chromatograms. 
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Figure 3.17. HPLC-ELSD chromatograms of Run 1 prepared following iteration B and 

MPLA standard (250 ppm) at 65°C drift tube temperature and gain 11. 

 

 

The failure in the detection of MPLA using NP disruption methodology led to 

think that the very low amount of MPLA in the samples might fall below the detection 

limit of ELSD. Therefore, the spiking methodology was followed. Spiking in analytical 

chemistry refers to adding a known amount of a known substrate to a sample.89 To 

evaluate the performance of the methodology, 25 ppm of MPLA standard was added into 

25 ppm MPLA, and the spiked standard was analyzed in RP-HPLC-ELSD. After HPLC 

analysis, the amount of MPLA in the spiked MPLA standard (final 50 ppm) was 

calculated as 47.1 ppm based on HPLC-ELSD chromatograms. The recovery (%) was 

calculated according to the formula given below (3.1). The corresponding recovery was 

88.4 %, which is in the acceptable range (80-120 %)(Table 3.9).89 It was decided to apply 

the spiking methodology in NP samples for further MPLA quantification. 

 

 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
𝐶 𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒−𝐶 𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝐶 𝑎𝑑𝑑
      (3.1) 
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Table 3.9. Calculation for the recovery (%) of spiked MPLA standard. 

 

After spike C spiked C unspiked C add 
Recovery 

(%) 

MPL 25 ppm +25 ppm 

(50 ppm) 
47.1 ppm 25 ppm 25 ppm 88.4 

 

 

3.1.4.5. Confirmation Experiment for Iteration B 

 

 

The confirmation experiment was conducted to obtain 20-50 nm in sized, 

negatively charged particles with a maximum EE % of AST-VII. NPs were prepared with 

given material concentrations (Table 2.6) and optimized operation conditions. After 

preparation and collection of NPs, the physicochemical properties of NPs were evaluated 

by Zeta-sizer, and the entrapment efficiency of AST-VII was analyzed by RP-HPLC-

DAD. 

Thirty-two nm and 40 nm-sized NPS were obtained following the methodology 

given in solution 1 (Sol 1) and solution 6 (Sol 6), respectively (Figure 3.18A). Negatively 

charged NPs (-19.3 for Sol1, -18.7 for Sol6) were obtained, demonstrating that the zeta 

potential of NPs was maximized (Figure 3.18B). The EE of AST-VII were 47.5 % and 

39 % for Sol 1 and Sol 6, respectively (Figure 3.18C). NPs prepared in Sol 1 (CAPS: 2000 

g/mL, CMPLA: 31 g/mL) provided a statistically significant increase in the entrapment 

of AST-VII than NPs prepared in Sol 6 (CAPS: 500 g/mL, CMPLA:84 g/mL). 

The model predictions and experimental values for each response are given in 

Table 3.11. Based on these results, the average values of particle size and the EE % AST 

VII were 95% PI low and 95% PI high in both optimal conditions and maximizing the 

zeta potential of NPs. Overall, Sol1 was chosen for optimal conditions in NP preparation 

as it showed smaller particle size, higher zeta potential, and EE % of AST-VII compared 

to Sol 6.  
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Figure 3.18..The physicochemical characterization of NPs prepared in iteration B. (A) 

The particle size distribution and (B) zeta potential of NPs prepared with 

Solution 1 (Sol1) and Solution 6 (Sol6 (C) EE (%) of AST-VII in NPs 

analyzed by RP-HPLC-DAD. Statistically significant differences between 

Sol1 and Sol6 were analyzed using the Student’s-test. ***p ≤ 0.001. 

 

 

 

Table.3.10. Model predictions and experimental values of particle size (nm), zeta 

potential (mV), and EE % AST-VII for iteration B. PI: Prediction Interval. 

 

 Particle Size Zeta Potential EE % ASTVII 

Solution 1 32 ± 20.3 nm -19.3 ± 2.9 mV 47.55 ± 0.55 

95% PI low 11.93 -9.57 18.46 

95% PI high 73.50 -7.30 92.48 

Solution 6 40 ± 22.3 nm -18.7 ± 1.3 mV 39 ± 0.92 

95% PI low 24.43 nm -10.32 15.55 

95% PI high 62.93 -8 92.92 
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To quantify MPLA in Sol1, the spiking methodology was applied. As the recovery 

of spiked MPLA standard (88.4 %) was in the acceptable recovery range, 25 ppm MPLA 

was added to the samples. The samples were analyzed by RP-HPLC-ELSD, and the 

amount of MPLA was estimated based on the ELSD area in the HPLC chromatogram. 

Finally, the EE of MPLA in Sol1 was calculated as 99.22 %. 

 

 

3.1.5. Preparation of Blank NP, MPLA NP, and AST-VII NP 

 

 

Blank NP, MPLA NP, and AST-VII NP were also prepared following a 

methodology optimized for MA-NP adjuvant system and subsequently characterized for 

their physicochemical properties. According to DLS analysis, 10-27 nm in sized NPs, 

blank NP (23 ± 21 nm), AST-VII NP (9.4 ± 6.5 nm), MPLA NP (27.4 ± 25 nm) and MA-

NP (21 ± 20 nm), were obtained (Figure 3.19A). The incorporation of MPLA into NPs 

increased the particle size, while the addition of AST-VII into NPs decreased the particle 

size of NPs.  

There was no statistically significant difference in the zeta potential of NPs (-19 

to -20 mV) in terms of whether a single immunostimulating agent (MPLA or AST-VII) 

was present or not in NPs. However, the integration of both MPLA and AST-VII into 

NPs significantly decreased the zeta potential (-16 mV) (Figure 3.19B). Moreover, the 

EE of AST-VII in AST-VII NP and MA-NP was calculated as 8.4 % and 67.2 %, 

respectively (Figure 3.19C). As clearly indicated that MPLA and AST-VII interaction 

affected the entrapment of AST-VII into NPs in the Box-Behnken model, the absence of 

MPLA resulted in a decrease in the EE of AST-VII. Consistent with BBD model, the 

presence of MPLA in NPs by interacting with AST-VII provided the entrapment of AST-

VII into NPs more effectively than NPs prepared without MPLA. Therefore, MPLA in 

NPs maximized the EE of AST-VII. Lastly, the morphology of each NP was examined 

by scanning electron microscopy (SEM). All NP adjuvant systems produced spherical-

elliptical structures (Figure 3.19.D). Overall, all NP combinations were successfully 

prepared following optimized conditions and characterized.  
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Figure 3.19. The physicochemical characterization of blank NP, MPLA NP, AST-VII NP, 

and MA-NP. (A) The particle size distributions and (B) zeta potentials of 

NPs were analyzed by Zeta-sizer, (B) Entrapment efficiency (EE) (%) of 

AST-VII in AST-VII NP and MA-NP was calculated in terms of the peak 

area in HPLC-DAD chromatograms, (D) the morphology of NPs were 

examined by SEM. Data are shown as the mean ± SEM of two independent 

experiments. Data were analyzed by one-way ANOVA (C) with Tukey’s 

multiple comparison test and Student-t test (D) *p ≤ 0.05, **p ≤ 0.01, ***p 

≤ 0.001. 

 

 

3.1.6. Integration of Antigens into Adjuvant Systems 

 

 

Therapeutic and prophylactic cancer vaccination aims to activate and augment 

anti-tumor T cell immunity by providing antigenic and costimulatory signals to 

professional antigen-presenting cells (APCs).90 Free soluble vaccines exhibited limited 

efficiency due to the rapid clearance of free antigens upon in vivo administration and poor 

co-delivery of antigens and adjuvants to APCs. At this point, NP-based delivery systems 

provide improved pharmacological properties, targeted delivery, and controlled and 

localized release of immunomodulatory agents and antigens for the efficient modulation 
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of specific immune cells.91 In light of this information, MA-NP adjuvant systems 

combined with several peptide antigens such as OVA257-264 peptide, tyrosinase-related 

protein 2 (Trp-2180-188), and pan DR T-helper epitope (PADRE) to furtherly evaluate their 

anti-tumor activities. 

 

 

3.1.6.1. Integration of OVA257-264 Peptide 

 

 

OVA257-264 peptide, SIINFEKL, which is CD8 T cell epitope92 was used as a 

model antigen to evaluate the antigen adsorption capacity of MA-NP adjuvant system as 

well as the anti-tumor efficacy of MA-NP adjuvant systems in murine B16-OVA model.  

SIINFEKL peptide is neutrally charged in physiological pH (Figure 3.20). 

Considering the positively and negatively charged state of SIINFEKL in an acidic and 

alkaline environment (Figure 3.20), an antigen adsorption experiment was conducted at 

various pH levels (3,5,7,9).  

 

 

 

 

Figure 3.20. pH vs net charge isotherms for OVA257-264 (SIINFEKL) peptide.93 
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Moreover, the effect of antigen concentration on the adsorption capacity of MA-

NP was also investigated with respect to different peptide concentrations (5, 10, and 20 

µg). Following incubation of MA-NP adjuvant system with SIINFEKL peptide, the 

entrapment efficiency of SIINFEKL in MA-NP was measured by BCA assay.  

Considerable entrapment efficiencies were obtained in PBS solution at pH 3 with 

SIINFEKL concentration at 5 µg (76 %) and 10 µg (74 %) (Figure 3.21). When the 

SIINFEKL concentration was kept constant, there was a statistically significant increase 

in the entrapment efficiency of SIINFEKL at pH 3 compared to other pH levels. Even if 

SIINFEKL concentration was increased to 20 g, the EE % of SIINFEKL decreased 

compared to other SIINFEKL concentrations at the pH 3.  

 

 

 

 

Figure 3.21. The entrapment efficiency (EE) (%) of SIINFEKL in MA-NPs in terms of 

different pH (3,5,7,9) and peptide concentrations (5, 10, and 20 µg). Data 

are shown as the mean ± standard deviation of triplicates. Statistically 

significant differences between groups were analyzed by Two-way ANOVA 

and Tukey’s multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

 

As SIINFEKL at pH 3 has a positive net charge, and MA-NPs were negatively 

charged, promoting electrostatic interaction between SIINFEKL and MA-NPs. 
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Consequently, the adsorption of SIINFEKL at pH 3 surpassed that at other pH levels due 

to the attraction of oppositely charged materials. 

In order to obtain more information about the location of the SIINFEKL peptide, 

the zeta potential measurements were performed as a function of the peptide 

concentration and pH of the solution. If the peptide is preferentially located inside the 

particles or if the positively charged peptide is fully neutralized by the negative surface 

charges of NPs, a more minor change in the zeta potential towards more positive values 

is to be expected.94 Blank MA-NPs demonstrated a negative charge in all pH levels. As 

the highest EE of SIINFEKL was obtained at pH 3, the zeta potential of SIINFEKL 

adsorbed MA-NPs was compared, and the addition of SIINFEKL peptide at pH 3 resulted 

in a slight decrease in the zeta potential of MA-NPs (-7.5 to -6.5 mV) towards a positive 

way (Figure 3.22).  

 

 

 

 

Figure 3.22. The zeta potential of peptide-free MA-NPs and SIINFEKL (5, 10 and 20 µg) 

adsorbed MA-NPs in different pH levels (pH 3,5,7,9). 

 

 

It can be concluded that the physical adsorption of SIINFEKL peptide onto 

negatively charged MA-NPs resulted in the neutralization of negative charges on the 

surface of MA-NPs. Moreover, when the zeta potential of SIINFEKL (5 µg) adsorbed on 
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MA-NPs at pH 9 was investigated, the zeta potential was increased to -22.3, possibly due 

to the contribution of negatively charged SIINFEKL peptide at pH 9. The lowest 

SIINFEKL adsorptions in MA-NPs were obtained in pH 9, concluding the importance of 

opposite charges between MA-NPs and peptides for the physical adsorption. 

 

 

3.1.6.2. Integration of Trp-2 and PADRE Peptides 

 

 

To provide multi-epitope T cell responses against B16-F10 melanoma model, 

multiple antigens (multiAgs), melanoma-associated tyrosinase-related protein 2 (Trp-

2180-188) (SVYDFFVWL) for CD8 T cell epitope and pan DR T-helper epitope (PADRE) 

(AKFVAAWTLKAAA) for CD4 T cell epitope,73 were selected and loaded on MA-NP 

adjuvant system.  

The peptide adsorption optimization studies by SIINFEKL peptide demonstrated 

that the opposite charges between nanoparticle and antigen affected the adsorption 

efficiency of antigen onto NPs. The zeta potential results showed that all adjuvant 

systems, including blank NP, MPLA NP, AST-VII NP, and MA-NP, were negatively 

charged. The Trp-2 peptide is negatively charged at the physiological pH, whereas 

PADRE peptide is positively charged (Figure 3.23). In light of this information, the 

peptide adsorption studies on MA-NP were carried out in different Trp-2 and PADRE 

concentrations (30 and 50 g) and pH levels (3 and 5). 

To evaluate the efficiency of antigen adsorption, free Trp-2 and PADRE peptides 

were analyzed by RP-HPLC-DAD. In the RP-HPLC-DAD chromatograms, the peaks 

corresponding to Trp-2 and PADRE were not detected in the MA-NPs solution (Figure 

3.24), as the concentrations of the peptides were out of the detection limit of HPLC 

device. Therefore, a BCA assay was carried out to determine the total antigen 

concentration in MA-NP. 
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Figure 3.23. pH vs. net charge isotherms for Trp-2 and PADRE peptides.93 

 

 

 

 

 

Figure 3.24. RP-HPLC-DAD chromatograms of antigen (Trp-2 and PADRE) adsorbed 

on MA-NP at different antigen concentrations (30 and 50 g) and pH levels 

(3 and 5), Trp-2 and PADRE standards (1000 ppm) at 210 nm. 
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Based on BCA results, there were no statistically significant differences in the 

entrapment efficiency of total antigen where the antigen concentration was kept constant. 

In the case of constant pH (pH 3), MA-NP incubated with 50 µg peptide concentration 

provided higher entrapment efficiency (73.5 %) compared to 30 µg peptide concentration 

(60.7 %) (Figure 3.25). Therefore, 50 µg peptide concentration and pH 3 were chosen as 

optimum conditions for Trp-2 and PADRE integration onto MA-NP.  

 

 

 

 

Figure 3.25. The entrapment efficiency (EE) of total antigen (Trp-2+PADRE) adsorbed 

on MA-NPs at different antigen concentrations (30 and 50 g) and pH levels 

(3 and 5). The data was presented as mean ± SEM. The statistically 

significant differences were shown by Two-way ANOVA Tukey’s multiple 

comparison test. *p ≤ 0.05. 

 

 

To prove the physical adsorption of peptides on MA-NP, the zeta potential of 

peptide-free and peptide-adsorbed MA-NPs was analyzed by Zeta-sizer. Following 

peptide adsorption, the zeta potential of peptide-adsorbed MA-NPs prepared with 30 g 

and 50 g peptide concentrations at pH 3 were decreased to -3.2 and -2.6 mV from -7.5 

(Figure 3.26). In the case of antigen adsorption at pH 5, the zeta potential of peptide-

adsorbed MA-NPs prepared with 30 and 50 g peptide concentrations was -8.7 and -8.4 
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mV, where free MA-NPs showed -16 mV. Overall, Trp-2 and PADRE peptides 

neutralized the zeta potential of MA-NPs during the adsorption process at pH 3 due to the 

net charges of each peptide, which were 0 for Trp-2 and +2 for PADRE. Based on these 

results, Trp-2 and PADRE peptides were successfully adsorbed onto MA-NP adjuvant 

system. 

 

 

 

 

Figure 3.26..The zeta potential of multiAgs-adsorbed on MA-NP adjuvant system at 

different antigen concentrations and pH levels The data was presented as 

mean ± SEM. The statistically significant differences were shown by Two-

way ANOVA, Sidak’s multiple comparison test. ***p ≤ 0.001. 

 

 

Following optimization of adsorption conditions for Trp-2 and PADRE peptides, 

these peptides (50 g) were loaded on other adjuvant systems at pH 3. Blank NP and 

MPLA NP demonstrated 85% EE of total antigen, while integration of AST-VII into NPs 

resulted a decrease in the EE % of total antigen (Figure 3.27). Comparing the zeta 

potential of multiAgs-free NPs, all adjuvant systems loaded with multiAgs demonstrated 

a statistically significant decrease in their zeta potential, indicating successful adsorption 

of multiAgs on the NPs (Figure 3.28).  
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Figure.3.27..The entrapment efficiency of multiAgs-adsorbed NPs. The data was 

presented as mean ± SEM. The statistically significant differences were 

shown by One-way ANOVA, Tukey’s multiple comparison test. *p ≤ 0.05, 

**p ≤ 0.01. 

 

 

 

 

 

Figure 3.28. The zeta potential (mV) of multiAgs-loaded NPs. The data was presented as 

mean ± SEM. The statistically significant differences were shown by One-

way ANOVA, Tukey’s multiple comparison test. ***p≤ 0.001. 
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3.1.6.2.1. In vitro Antigen Release Study 

 

 

The in vitro release profile of antigens from MA-NP was investigated by dialysis 

at pH 5.5 and pH 7.4 against PBS at 37°C over a period of 96 h. There was a burst release 

of antigen from MA-NP adjuvant system up to 20 % against pH 5.5 and pH 7.4 in 2 h 

dialysis. Then, the antigen release slowed but gradually increased over time (Figure 3.29). 

pH of the buffer did not statistically alter the antigen release with respect to time. These 

results showed that MA-NP adjuvant system started to release antigens in early times and 

sustained the release of antigens over time, which is essential to obtain long-term 

immunity.95 

Following injections of multiAgs-adsorbed MA-NP into mice, 20% of antigens 

were released to skin tissue. However, within 24 h, multiAgs-adsorbed MA-NPs could 

be drained to lymph nodes,96 where 80% of antigens could be presented to T cells for 

priming. 

 

 

 

 

Figure 3.29. The time and pH-dependent release of multiAgs adsorbed on MA-NP against 

PBS at 37°C. 
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3.2. Investigating in vitro Cytotoxic and Immunomodulatory Activities 

..of Adjuvant Systems 

 

 

3.2.1. Assessment of in vitro Cytotoxicity of Adjuvant Systems 

 

 

The materials used in biological systems must have low or no cellular toxicity; 

thus, the adjuvant systems and multiAgs-loaded vaccines were evaluated for their toxicity 

against DC2.4 dendritic and B16-F10 melanoma cell lines in vitro. DC2.4 and B16-F10 

cells were treated with serial dilutions of NPs solutions (1 to 0.032 mg/mL) and incubated 

for 24 h or 48 h. At the end of the incubation period, the cell viability was assessed via 

an MTT cell viability assay. DC2.4 cells incubating with NPs for 24 h showed 

inconsistent cell viability with respect to NP concentration (Figure 3.30A).  

On the other hand, following 48 h incubation period, the dose-dependent response 

to NP treatment was achieved in DC2.4 cells. In this incubation period, the relative cell 

viability for all NPs was higher than 65% at the concentration of 0.032-0.125 mg/mL 

(Figure 3.30B). In B16-F10 cells, the treatment with NPs did not demonstrate toxicity in 

either 24 h or 48 h incubations (Figure 3.30C-D). The cell viability after treatment with 

NPs was approximately 70% following 48 h incubation, excluding blank NP (1 mg/mL) 

and MA-NP (0.063 mg/mL) treatments. 

Nanoparticulate adjuvant systems showed higher than 60% cell viability at the 

concentrations ≤ 0.25 mg/mL. Therefore, subsequent cellular viability studies were 

conducted with multiAgs (Trp-2+PADRE peptides) loaded NPs at 0.016 – 0.25 mg/mL 

concentrations. MultiAgs loaded NPs were applied to DC2.4 and B16-F10 cells and 

incubated for 24 and 48 h. MultiAgs loaded NPs demonstrated cell viability ≥ 80% on 

DC2.4 cells at 24 h and 48 h incubation periods (Figure 3.31A-B).  

At 48 h, multiAgs loaded AST-VII NPs provided less viability in DC2.4 cells than 

other NPs, especially at 0.25 mg/mL. In the case of B16-F10 cells, no toxicity was 

observed following the treatment with multiAgs loaded NPs in either 24 or 48 h 

incubations (Figure 3.31C-D). Only MPLA NP (0.016 mg/mL) decreased the cell 

viability by around 60% in B16-F10 cells at 48 h incubation. AST-VII NP without antigen 

demonstrated higher cellular viability in dendritic cells than other NPs, especially in 48 
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h. On the other hand, AST-VII NPs formulated with multiAgs led to a decrease in the 

cellular viability compared to multiAgs free form and other multiAgs-loaded NPs. 

Overall, these results demonstrated that nanoparticulate adjuvant systems and 

their multiAgs-loaded vaccines did not show cellular toxicity at particular concentrations 

and could be used safely in the applications of biological systems. 

 

 

 

 

Figure 3.30. The relative cell viabilities (%) of DC2.4 cells in (A) 24 h, (B) 48 h, and 

B16-F10 cells in (C) 24 h, (D) 48 h incubation periods. The cells were 

treated with blank NP, MPLA NP, AST-VII NP, and MA-NP at the 

concentration of 0.032-1 mg/mL for 24 and 48 h. The cell viability was 

evaluated using an MTT assay. Data are shown as the mean ± SEM of two 

independent experiments. 
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Figure 3.31. The relative cell viabilities (%) of DC2.4 cells in (A) 24 h, (B) 48 h, and 

B16-F10 cells in (C) 24 h, (D) 48 h incubation periods. The cells were 

treated with multiAgs-loaded NPs at the concentration of 0.016-0.25 mg/mL 

for 24 and 48 h. The cell viability was evaluated using an MTT assay. Data 

are shown as the mean ± SEM of two independent experiments.  

 

 

3.2.2..Cellular Uptake and Subcellular Localization of MA-NP in 

Dendritic Cells 

 

 

Engineered NPs should be efficiently taken by the target cell to show its functions. 

NPs have different uptake kinetics and mechanisms due to their various size and 

physicochemical properties. While NPs have improved the cellular uptake of compounds 

over their soluble form by interacting with biomolecules on the cell surface, this effect 
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has also contributed to the adsorption of proteins onto NPs, forming protein corona, 

causing some aggregates and affecting the uptake process. Therefore, it is important to 

investigate the cellular uptake of engineered NPs in target cells in vitro.97 

In light of this information, dansyl chloride (DNS-Cl), a widely used green 

fluorescent probe in immunofluorescence assays,98 was loaded into MA-NP to visualize 

its cellular uptake and subcellular localization. The excess amount of free DNS-Cl in MA-

NP solution was removed by dialysis. The integration of DNS-Cl in MA-NP (DNS-MA-

NP) was first investigated using UV-Vis spectroscopy (Peltier, Shimadzu-UV 2450). UV-

Vis spectra of DNS-Cl and DNS-MA-NP resulted in three overlapping maximum 

absorbance peaks at 230, 278, and 327 nm, indicating the successful integration of DNS-

Cl in MA-NP (Figure 3.32).  

 

 

 

 

Figure 3.32. UV-Vis spectra of free DNS-Cl and DNS-MA-NP in DMF. 

 

 

After successfully integrating DNS-Cl into MA-NP, DC2.4 cells were incubated 

with DNS-MA-NP (0.1 mg/mL) and visualized time-dependent by fluorescence 

microscopy (ZEISS – Observer Z1). DNS-MA-NP uptake was started as early as 30 min 

and continued for 2 h. However, the uptake rate slowed during 24 h incubation period 

(Figure 3.33).  
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Figure 3.33. Time-dependent cellular uptake of dansyl chloride integrated MA-NP (DNS-

MA-NP). DNS-MA-NP (0.1 mg/mL) was applied to DC2.4 cells and 

incubated for 24 h. DC2.4 cells were visualized at indicated time points by 

fluorescence microscopy.  BF: Brightfield, F: Fluorescence. 

 

 

Besides visualizing the cellular uptake of DNS-MA-NP by fluorescence 

microscopy, DNS-MA-NP uptake was also indirectly quantified by Varioskan measuring 

https://tureng.com/tr/turkce-ingilizce/fluorescence
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the fluorescence intensity of the cell media. Consistent with fluorescence images, DNS-

MA-NP was taken at 6.8% by dendritic cells in 30 min and reached its maximum in 2 h 

(12.6%). After 2 h, there was no alteration in cellular uptake till 24 h, reaching its maxima 

(Figure 3.34), showing the saturation of dendritic cells with DNS-MA-NP. Another 

possible explanation for this phenomenon could be the adsorption of proteins in the cell 

media onto DNS-MA-NP, and further formation of aggregates could prevent the cellular 

uptake of NPs. 

 

 

 

 

Figure 3.34. Time-dependent relative uptake (%) of DNS-MA-NP by DC2.4 cells. DC2.4 

cells were incubated with DNS-MA-NP (0.1 mg/mL) at different time 

points. The fluorescence intensity in cell supernatant was measured by 

Varioskan Flash (Thermo), and interpreted relatively in terms of the 

fluorescence intensity at 0 h. Data are shown as the mean ± SEM of two 

independent experiments.  

 

 

To investigate subcellular localization of DNS-MA-NP, DC2.4 cells were 

incubated with DNS-MA-NP (0.1 mg/mL) for 6 h, and then stained with Lysotracker Red 

and DAPI to visualize endolysosomal pathway and nuclei, respectively. As clearly seen 

in Figure 3.35, DNA-MA-NP (green fluorescence) accumulated primarily in the cytosol 
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with minimal overlap with the Lysotracker signal. As there was no overlap with the DAPI 

signal, it could be stated that DNS-MA-NP did not enter the nuclei. Overall, these data 

indicated that DNS-MA-NP was successfully taken by dendritic cells and co-localized 

with endolysosomal compartments by 6 h.  

 

 

 

 

Figure 3.35. The subcellular localization of DNS-MA-NP in DC2.4 cells incubated for 6 

h. DC2.4 cells were incubated with DNS-MA-NP (0.1 mg/mL) for 6 h, 

stained with Lysotracker and DAPI, and then visualized by fluorescence 

microscopy. BF: Brightfield, D: DAPI, L: Lysotracker 

 

 

3.2.3. Investigating in vitro Immunomodulatory Activities of Adjuvant 

Systems 

 

 

Dendritic cells are antigen-presenting cells that play a role in both innate and 

adaptive immunity. When immature DCs located in the periphery encounter a foreign 

antigen (viruses, cancer cells, etc.), these antigens are internalized and processed by DCs. 

During this process, immature DCs become mature by increasing the synthesis of major 

histocompatibility complex (MHC) II molecules and co-stimulatory molecules such as 

CD40, CD86, and CD80 and secrete pro-inflammatory cytokines.99,100 Upon maturation, 
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DCs drain to adjacent lymph nodes to present antigens to naive T cells and differentiate 

them into specific T cell subsets to elucidate their anti- or pro-inflammatory 

functions.101,102 

 

 

3.2.3.1. Assessment of Pro-inflammatory Cytokine Production 

 

 

In this thesis, dendritic cell maturation and activation were first investigated by 

the secretion of pro-inflammatory cytokines such as IL-1, IL-6, and IL-12. IL-1 

signaling plays a central role during the activation of the innate immune system, driving 

upregulation of co-stimulatory molecules to release pro-inflammatory cytokines such as 

IL-6.99 IL-6, in combination with transforming growth factor (TGF)-β, is indispensable 

for Th17 differentiation from naive CD4+ T cells, but IL-6 also inhibits TGF-β-induced 

Treg differentiation. In addition, IL-6 induces the differentiation of CD8+T cells into 

cytotoxic T cells.103 On the other hand, one of the essential pro-inflammatory cytokines, 

IL-12, is critical for the induction of Th1-mediated immune response and priming naive 

CD8 T cells, indicating effective anti-tumor immune response in cancer vaccines.49 

DC2.4 cells were treated with developed adjuvant systems (0.063 – 0.25 mg/mL), 

and the cell supernatant was collected to measure cytokines by ELISA. Blank NP and 

AST-VII NP did not increase IL-1 production as expected from the previous studies.65 

Incorporation of MPLA into the adjuvant systems led to statistically significant 

production of IL-1(Figure 3.36), indicating the need for a TLR4 agonist. In the case of 

IL-6, only MA-NP demonstrated statistically significant augmentation in IL-6 production 

(Figure 3.37). IL-1 and IL-6 data obtained from Astragalus-based NPs were consistent 

with those obtained from QS-21 studies. Marty-Roix et al. demonstrated that QS-21 did 

not produce either IL-1 or IL-6 in dendritic cells; however, co-stimulation of dendritic 

cells with QS-21 and MPLA resulted in the production of both IL-1 and IL-6.53 
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Figure 3.36. IL-1 production in DC2.4 cells treating with adjuvant systems. Dendritic 

cells were treated with nanoparticulate adjuvant systems (0.063–0.025 

mg/mL) and soluble adjuvants (M+A, MPLA: 0.4 g/mL and AST-VII: 

6.75 g/mL) for 6 h. The cell supernatant was collected to measure IL-1 

by using ELISA. The data was presented as mean ± SEM of two independent 

experiments. The statistically significant differences between treatment 

groups and RPMI were shown by One-way ANOVA, Dunnett’s multiple 

comparison test. ***p<0.001. 

 

 

In the case of Th1-mediated cytokine, IL-12, Blank NP increased IL-12 

production dose-dependently. MPLA NP (0.125 mg/mL) and MA-NP (0.063 mg/mL) 

provided statistically significant IL-12 augmentation, while AST-VII NP did not show 

any alteration in IL-12 levels (Figure 3.38). In a previous study, BMDCs were treated 

with AST-VII alone, but AST-VII did not increase IL-12 levels in the cell supernatant. 

As blank NP has the ability to boost IL-12 production, integration of AST-VII into blank 

NPs did not contribute to the production of IL-12 in dendritic cells. 

Besides NP forms, DCs were also treated with active compounds in NPs (MPLA 

and AST-VII) with the same concentration in NP forms; however, the soluble form did 
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not enhance IL-1IL-6 and IL-12 productions, indicating the efficiency of NPs (MA-

NP) over its soluble form. 

 

 

 

 

Figure 3.37. IL-6 production in DC2.4 cells treating with adjuvant systems. Dendritic 

cells were treated with nanoparticulate adjuvant systems (0.063–0.025 

mg/mL) and soluble adjuvants (M+A, MPLA: 0.4 g/mL and AST-VII: 

6.75 g/mL) for 48 h. The cell supernatant was collected to measure IL-6 

by using ELISA. The data was presented as mean ± SEM of two independent 

experiments. The statistically significant differences between treatment 

groups and RPMI were shown by One-way ANOVA, Dunnett’s multiple 

comparison test. ***p<0.001. 

 

 

Overall, blank NP was effective in IL-12 production, consistent with literature.104 

MPLA NP has shown promise in IL-1 and IL-12 production. Combining all active 

components in one system, MA-NP, induced the production of IL-1, IL-6, and IL-12. 

Therefore, further studies were continued with MA-NP.  
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Figure 3.38. IL-12 production in DC2.4 cells treating with adjuvant systems. Dendritic 

cells were treated with nanoparticulate adjuvant systems (0.063–0.025 

mg/mL) and soluble adjuvants (M+A, MPLA: 0.4 g/mL and AST-VII: 

6.75 g/mL) for 48 h. The cell supernatant was collected to measure IL-12 

by using ELISA. The data was presented as mean ± SEM of two independent 

experiments. The statistically significant differences between treatment 

groups and RPMI were shown by One-way ANOVA, Dunnett’s multiple 

comparison test. *p<0.05, **p<0.01, ***p<0.001 

 

 

3.2.3.2. Investigating Dendritic Cell Maturation 

 

 

Functional maturation of dendritic cells is essential for successfully priming naive 

T cells and further induction of antigen-specific adaptive immune response.101 In light of 

this information, adjuvant systems should primarily be taken up by DCs to demonstrate 

their immunomodulatory activities further. Therefore, the maturation and activation of 

DCs following treatment with an adjuvant system are investigated in terms of CD40, 

CD86, and CD80 expressions by flow cytometry. BMDCs were treated with 



91 

 

nanoparticulate adjuvant systems (MA-NP and blank NP, 0.1 mg/mL) and soluble 

adjuvants (MPLA+AST-VII and MPLA+QS-21, MPLA: 0.4 g/mL, AST-VII: 6.75 

g/mL and QS-21: 2 g/mL) for 24h. The cells were stained with anti-mouse PE-Cy7-

CD11c, APC-Cy7-IA/IE, FITC-CD40, APC-CD86 and PE-CD80 antibodies and 

analyzed by flow cytometry (Cytek Aurora).  

MA-NP adjuvant system increased the expression of all co-stimulatory molecules 

CD40, CD86, and CD80 on the surface of MHCII+CD11c+ BMDCs (Figure 3.39A-C). 

Blank NP is also capable of upregulating CD86 and CD80. Several studies have shown 

that APS itself could promote DC maturation and increase the expression of CD86 and 

CD80.105–107 Hwang et al. showed that intranasal administration of Astragalus 

membranaceus polysaccharide into mice induced the CD86, CD80, and CD40 

expressions and the production of IL-6, IL-12, and TNF-cytokine in mediastinal lymph 

node redisent-DCs.108 Obtaining different cytokine profiles following APS treatment may 

result from the varying polysaccharide content extracted from different Astragalus 

species. Moreover, soluble adjuvant (MPLA+AST-VII) also enhanced the expression of 

CD86 and CD80, similar to LPS+AST-VII-induced DCs.65 On the other hand, 

MPLA+QS-21 did not increase the co-stimulatory molecules on BMDCs even if the 

concentrations for QS-21 were used as Marty-Roix et al. indicated.53 Another Quillaja 

saponin containing nanoparticulated adjuvant system, ISCOMATRIX, enhanced the 

upregulation of CD86 and CD80 and provided the production of IL-5, IL-6 and 

macrophage inflammatory protein-a (MIP-a) on DCs in vivo.109  

Overall, these results indicated that MA-NP, blank NP and MPLA+AST-VII 

provided dendritic cell maturation and activation by expressing co-stimulatory molecules 

CD86 and CD80, and producing pro-inflammatory cytokines. Saponin adjuvants alone 

did not induce dendritic cell maturation, but in combination with TLR agonists or 

integration into APS nanocarriers enhanced their maturation and activation.  

Additionally, the upregulation of CD40 on DCs is important due to the interaction 

of CD40-CD40L between DCs and CD8+ T cells, providing indirect support for CD8+ T 

cell expansion as these precursor populations are relatively rare in cancer vaccinations.110 

Therefore, CD40 upregulation besides CD86/CD80 on DCs following MA-NP treatment 

encourages further investigation of cytotoxic T cell response activation against tumor 

antigens.  
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Figure 3.39. The effects of MA-NP and soluble adjuvants on dendritic cell maturation 

and activation. BMDCs were treated with MA-NP, blank NP (0.1 mg/mL), 

and soluble adjuvants (MPLA: 0.4 g/mL, AST-VII: 6.75 g/mL, QS-21: 2 

g/mL) for 24h. The cells were stained with fluorochrome-conjugated 

antibodies and analyzed by flow cytometry. Bar graphs show the expression 

of (A) CD40, (B) CD86, and (C) CD80 on the surface of MHCII+CD11c+ 

cells. Data are pooled from two independent experiments with similar results 

(mean ± SEM). The statistically significant differences were shown by One-

way ANOVA and Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, 

***p < 0.001. 

 

 

3.3. Evaluating in vivo Immunogenicity of NPs 

 

 

MA-NP adjuvant system demonstrated desirable biological responses in vitro, 

providing dendritic cell maturation and activation by upregulating the co-stimulatory 

molecules and secreting pro-inflammatory cytokines with no cellular toxicity. Thus, in 
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vivo immunogenicity of MA-NP was investigated in female C57BL/6 mice. The mice 

were vaccinated twice with soluble and NP forms of peptide vaccine, and two weeks after 

the last immunization, the blood and spleen samples were collected for further analysis.  

Identifying the primary cell population following vaccinations is essential to 

develop effective cancer immunotherapies. Thus, the immunophenotyping studies were 

conducted in spleen samples. In immune cell populations, while CD4+ Th1 cells, CD8+ T 

cells, natural killer (NK) cells, and M1 macrophages have a crucial role in fighting against 

tumors, M2 macrophages and Tregs support tumor progression. On the other hand, 

dendritic cells (DCs), neutrophils, and NKT cells have been shown to exert both tumor-

suppressive and -promoting activities.111 NKT cells, in particular, have the ability to 

rapidly produce large quantities of cytokines and directly cause cell death in tumor,112 

making them favorable cells in cancer immunotherapeutics.  

The spleen is one of the favorable lymphoid organs for investigating the efficacy 

of immunotherapeutics. Immunophenotyping studies carried out in spleen collected from 

MA-NP injected mice revealed that MA-NP significantly increased the frequencies of 

CD4+ T cells, CD8+ T cells, NKT cells, and NK cells populations compared to PBS 

injected mice while decreasing the frequencies of macrophages and dendritic cells (Figure 

3.40). In general, the frequencies for immune cell populations were consistent with the 

literature, and even the splenic immune cell population is altered in a sex- and age-

dependent manner. The mouse spleen contains B cells (50%), monocytes (7%), 

neutrophils (1.8%), NK cells (3%), CD4+ T cells (12%) and CD8+ T cells (9%).113 

No significant differences were observed in Tregs population between MA-NP 

and PBS. As Tregs suppress the expansion of anti-tumor effector cells, including NK cells 

and CD4+ T cells,114 an increase in the frequency of CD4+, CD8+ T cells, and NK cells 

after MA-NP immunization could be explained by the decrease in the Tregs population.  

Injection of ISCOMATRIX adjuvant into mice increased the number of 

neutrophils, monocytes, NK, and NKT cells in lymph nodes.115 As ISCOMATRIX is also 

used to evaluate saponin-based adjuvant systems, these results show that the MA-NP 

adjuvant system could be effective in priming strong T-cell-mediated anti-tumor immune 

responses. 
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Figure 3.40. The immune cell populations in the spleen following vaccination with MA-

NP. MA-NP was subcutaneously injected into C57BL/6 mice (n=7) twice at 

a one-week interval. After two weeks, the spleen was collected to analyze 

the immune cell profile by flow cytometry. Bar graphs show the frequencies 

(%) of CD4+ T cells, CD8+ T cells, NKT cells, NK cells, macrophages, 

dendritic cells (in % of live cells), and Tregs (in % of CD4+ T cells) in the 

spleen. Data are pooled from two independent experiments with similar 

results (mean ± SEM). The statistically significant differences were shown 

by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

 

3.3.1..Immunophenotyping Studies in Spleen Following Vaccination 

with MultiAgs Integrated Adjuvant Systems  

 

 

MA-NP without peptide demonstrated promising results by increasing the tumor-

fighting cell populations in the spleen. Therefore, it was decided to evaluate the in vivo 
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immunogenicity of multiAgs (Trp-2 + PADRE) integrated adjuvant systems. To show the 

effect of the delivery system, multiAgs were integrated into blank NP with the same 

methodology applied to MA-NP. On the other hand, to reveal the importance of NP 

system, MA-NP was compared with its soluble form (MPLA + AST-VII) and the golden 

standard for saponin-based adjuvants (MPLA + QS-21). C57BL/6 mice (n = 7-8) were 

immunized subcutaneously with vaccination groups twice, with a one-week interval 

between each administration. Two weeks after the last immunization, the spleens were 

collected using flow cytometry to analyze immune cell populations. 

To analyze T cell populations, the cells were gated in accordance with the general 

leukocyte marker (CD45) and then subdivided into CD4+ T cells (TCR+CD4+), CD8+ T 

cells (TCR+CD8+) and Tregs (TCR+CD4+CD25+Foxp3+) (Figure 3.41A). MultiAgs 

did not make a difference in CD4+ T cell population compared to PBS-treated mice. 

However, when multiAgs adsorbed on MA-NP and blank NP, CD4+ T cell population 

significantly increased compared to multiAgs (Figure 3.41B). On the other hand, 

multiAgs led to an increase in CD8+ T cell population compared to PBS. Only MA-NP 

adjuvanted multiAgs demonstrated statistically significant augmentation on CD8+ T cell 

population over multiAgs (Figure 3.41C). Both in CD4+ and CD8+ T cell populations, 

soluble adjuvants did not alter the cell frequencies compared to multiAgs, indicating MA-

NP was superior to its soluble form (MPLA+AST-VII) or commercially alternative form 

(MPLA+QS-21). 

Tregs have control over several immune cell populations, such as T cells, B cells, 

NK cells, dendritic cells, and macrophages, promoting tumor progression by suppressing 

anti-tumor immunity. Thus, manipulating Tregs or immunosuppressive factors produced 

by these cells is one of the promising anti-cancer strategies.114 As clearly seen in Figure 

3.41D, while multiAgs adsorbed on MA-NP and blank NP decreased Tregs populations, 

soluble saponin adjuvants increased the frequency of Tregs compared to multiAgs. APS 

is effective in the reduction of CD4+CD25+ Treg activity through binding to TLR4 on 

Tregs.116,117 As nanoparticulated adjuvants were prepared using APS, a significant 

reduction in Treg population induced by NP adjuvants compared to soluble forms could 

result from the regulatory activities of APS. 
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Figure 3.41. MultiAgs loaded MA-NP increased CD4 and CD8 T cell populations and 

decreased Tregs. (A) Gating strategies to identify CD4+ T, CD8+ T cells, and 

Tregs in the spleen. (B-D) Bar graphs show the frequencies (%) of CD4+ T 

cells, CD8+ T cells (in CD45+ cells), and Tregs (in CD4+ T cells). Data are 

pooled from two independent experiments (mean ± SEM). The statistical 

analyses were performed between multiAgs and vaccination groups using 

One-way ANOVA and Tukey’s multiple comparison test. ns: non-

significant, *p < 0.05, **p < 0.01, ***p < 0.001. 

 

 

NK cells are one of the critical cells in the innate immune system, showing 

cytotoxic and cytokine-producing effector functions against several types of tumor and 

microbial infectious.120 To investigate NK cell population, cells were gated for general 

leukocyte marker (CD45) and then sub-gated into NK cells (NK1.1+) and NKT cells 
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(NK1.1+TCR+) (Figure 3.42A). The frequencies of NK and NKT cells only increased 

with vaccination by multiAgs loaded MA-NP (Figure 3.42B-C). As clearly observed in 

T cell populations, the integration of MPLA/AST-VII into NP adjuvant system evidently 

enhanced the populations of tumor-fighting NK and NKT cells compared to its soluble 

form (MPLA+AST-VII). A chemically similar adjuvant system to MA-NP, AS01, which 

is the licensed MPLA/saponin-containing adjuvant system, was investigated for its 

adjuvant activities with RTS,S vaccine in mice. The results showed that administration 

of AS01 elicited polyfunctional CD4+ T cell response, activated NK cells, and induced 

CD8+ T cell responses in lymph nodes.118 MA-NP adjuvanted multiAgs vaccine 

demonstrated similar T cell and NK cell responses compared to AS01, indicating its 

strong potency as a new saponin-based adjuvant system. 

 

 

 

 

Figure 3.42. MultiAgs loaded MA-NP enhanced NKT cell population. (A) Gating 

strategies to identify NK cells and NKT cells in the spleen. (B-C) Bar 

graphs show the frequencies (%) of NK and NKT cells (in CD45+ cells) in 

the spleen. Data are pooled from two independent experiments (mean ± 

SEM). The statistical analyses were performed between multiAgs and 

vaccination groups using One-way ANOVA and Tukey’s multiple 

comparison test. ns: non-significant, *p < 0.05. 
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Dendritic cells and macrophages are other innate immune cells found in the 

spleen. These cells were gated in general with a leukocyte marker (CD45) and then 

subgated into macrophages (CD11b+F4/80+) and dendritic cells (CD11b+F4/80-CD11c+) 

(Figure 3.43A). Interestingly, none of the adjuvanted multiAgs vaccines could increase 

macrophages and dendritic cell populations while significantly reducing macrophage 

populations compared to multiAgs (Figure 3.43B-C).  

In summary, MA-NP adjuvant systems augmented tumor-fighting immune cells 

while decreasing tumor-suppressive immune cells in the spleen. Therefore, MA-NP 

adjuvant systems demonstrated a potential for use in cancer immunotherapy.  

 

 

 

 

Figure.3.43..MultiAgs loaded MA-NP decreased macrophage and dendritic cell 

populations in the spleen. (A) Gating strategies to identify macrophages and 

dendritic cells in the spleen. (B-C) Bar graphs show the frequencies (%) of 

macrophages and dendritic cells (in CD45+ cells). Data are pooled from two 

independent experiments (mean ± SEM). The statistical analyses were 

performed between multiAgs and vaccination groups using One-way 

ANOVA and Tukey’s multiple comparison test. ns: non-significant, **p < 

0.01. 
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3.3.2. Assessment of Cytokine Production Following Vaccination with 

MultiAgs Integrated Adjuvant Systems  

 

 

Antigen-specific memory T cell responses are subdivided phenotypically and 

functionally as effector and central memory T cells by producing different cytokines.119 

To evaluate functional T cell responses, Th1-mediated (IFN-and IL-2) and Th2-

mediated cytokines (IL-10 and IL-4) were measured in splenocytes obtained from mice 

(un)vaccinated with multiAgs and adjuvant systems. For this purpose, the splenocytes 

were restimulated with multiAgs (10 g/mL) for 24 h (IL-4) or 72 h (IFN-IL-2 and IL-

10). After that, the cell supernatant was analyzed by ELISA to elucidate cytokine 

responses. 

Upon antigenic restimulation, soluble saponin adjuvants significantly increased 

IFN- levels compared to multiAgs (Figure 3.44A). In particular, MPLA+QS-21 

adjuvanted multiAgs vaccine was more potent than MPLA+AST-VII adjuvanted 

multiAgs. In the case of IL-2, multiAgs augmented IL-2 levels compared to PBS. On the 

other hand, soluble saponin adjuvants were able to enhance IL-2 productions in contrast 

to multiAgs (Figure 3.44B). NP adjuvant systems did not alter the production of IFN- 

and IL-2. Th2-mediated cytokines were not detected in the cell supernatant by ELISA. 

As IFN- is predominantly produced by effector T cells while IL-2 is produced by central 

memory T cells,119 these results showed that soluble saponin adjuvants were effective on 

memory T cell responses compared to NP form. 

The administration of AS01 adjuvant system into mice showed that MPLA and 

QS-21 contributed to the synergistic production of IFN-in the spleen seven days after 

the last immunization.120 In our study, soluble saponin adjuvant, MPLA+QS-21 

demonstrated IFN- and IL-2 production in the spleen, even 14 days after the last 

immunization. Furthermore, there are reports showing that APS also improved IFN- and 

IL-2 productions in mice sera.121 To better evaluate the cytokine response induced by NP 

adjuvant systems, cytokine kinetic studies could be conducted, as Th1-mediated 

cytokines were not significantly elevated following injection of NP adjuvant systems 14 

days after final immunization. 
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Figure.3.44..Soluble saponin adjuvants increased the production of Th1-mediated 

cytokines in the spleen. The splenocytes obtained from (un)vaccinated 

C57BL/6 mice were restimulated with multiAgs (10 g/mL) for 72 h. The 

cell supernatant was collected to analyze IFN- and IL-2 by ELISA. The 

statistical analysis was performed between multiAgs and vaccination groups 

using One-way ANOVA and Tukey’s multiple comparison test. ns: non-

significant, *p < 0.05, ***p < 0.001. 

 

 

3.3.3. Investigating Humoral Immune Response Following Vaccination 

with MultiAgs Integrated Adjuvant Systems 

 

 

Monoclonal antibodies (mAbs) can specifically bind to a target antigen and induce 

cytotoxicity by showing pro-apoptotic effects in cancer cells. This effect is promoted by 

innate immune response through antibody-dependent cellular cytotoxicity (ADCC), 

complement-dependent cytotoxicity (CDC), and antibody-dependent cellular 

phagocytosis (ADCP). Thus, determining antibody responses to specific tumor antigens 

as a measure of the anti-tumor activity is essential, and there have been enormous mAbs 

studies currently carried out in clinical trials.122,123 In light of this information, the 

production of Trp-2 and PADRE-specific antibodies following vaccination with multiAgs 



101 

 

integrated adjuvant systems has been investigated in mice sera by ELISA. In all IgG 

subsets, multiAgs did not make any difference compared to PBS. For Trp-2 specific IgG 

response, MA-NP and MPLA+QS-21 adjuvanted multiAgs increased IgG titers (Figure 

3.45A).  

 

 

 

 

Figure.3.45..MA-NP adjuvanted multiAgs enhanced humoral immune response. The 

blood samples were obtained from (un)vaccinated C57BL/6 mice on day 21. 

Trp-2 specific (A) IgG, (B) IgG1, (C) IgG2a, and (D) PADRE-specific IgG 

titers in mice sera were measured by ELISA. The statistical analyses were 

performed between multiAgs and vaccination groups using One-way 

ANOVA and Tukey’s multiple comparison test. ns: non-significant, *p < 

0.05, **p < 0.01. 
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Trp-2 specific IgG1 titers were detected in MA-NP, blank NP, and MPLA+AST-

VII adjuvanted multiAgs, demonstrating Th2-mediated immune response as IgG1 is an 

indicator of this response (Figure 3.45B).124 On the other hand, IgG2a production, which 

represents Th1-mediated response,124 was only enhanced by MA-NP adjuvanted 

multiAgs (Figure 3.45C). In addition to Trp-2 specific IgG responses, MA-NP and 

MPLA+QS-21 adjuvanted multiAgs augmented PADRE-specific IgG response 

compared to multiAgs (Figure 3.45D). These results indicated that the MA-NP 

adjuvanted vaccine enhances Th1/Th2 balanced humoral immune response. 

QS-21 saponin adjuvant and the nanoparticulate adjuvant system containing 

Quillaja saponins (ISCOMATRIX, AS01, etc.) promote high antigen-specific antibody 

response in pre-clinical and clinical studies.4,115,120,125 A comparable antigen-specific 

antibody response in MA-NP vaccinated mice was observed in those treated with 

MPLA+QS-21, highlighting the potential of MA-NP as a candidate for vaccines that 

require a robust humoral immune response. 

In summary, multiAgs integrated MA-NP demonstrated promising results, 

particularly in increasing the tumor-fighting immune cells and decreasing tumor-

promoting immune cell populations. Additionally, this adjuvant system enhanced the 

production of multiAgs-specific Th1/Th2 balanced antibody responses. On the other 

hand, soluble saponin adjuvants provided Th1-mediated cytokine productions upon 

antigen restimulation, signifying memory T cell responses. Therefore, it was decided to 

investigate the efficacy of MA-NP and soluble saponin adjuvants in murine melanoma 

models. 

 

 

3.4..Investigating Anti-tumor Efficacy of Antigen Loaded NPs in 

..Murine Melanoma Models 

 

 

The murine B16 melanoma model is a metastatic clone of B16 cell line derived 

from spontaneous melanoma of C57BL/6 mice and a widely used subcutaneous model 

for in vivo evaluation of cancer immunotherapies. B16-F10 cells are highly aggressive, 

poorly immunogenic, and hard to treat with conventional cancer vaccines.74,126 Thus, the 

initial step in elucidating the efficacy of cancer immunotherapies involves establishing a 
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B16-OVA melanoma model, which expresses ovalbumin (OVA). This model is utilized 

to facilitate robust immune responses to tumor antigens. Therefore, in this thesis, the anti-

tumor efficacy of MA-NP adjuvant system formulated with tumor antigens was 

investigated, initially using B16-OVA model and, subsequently B16-F10 model. 

 

 

3.4.1. Prophylactic B16-OVA Model 

 

 

MA-NP nanoparticulate and soluble adjuvants (MPLA+AST-VII and 

MPLA+QS-21) were formulated with SIINFEKL peptide. The vaccine formulations were 

subcutaneously administrated into C57BL/6 mice twice at one-week intervals. One week 

after the last immunization, the mice were challenged with B16-OVA cells. Tumor 

growth and body weight were measured every other day. Following vaccinations, there 

was no body weight loss observed in mice (Figure 3.46).  

 

 

 

 

Figure 3.46. The body weight measurement of pre-vaccinated mice after B16-OVA tumor 

cell inoculation. 
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The tumor volume in SIINFEKL-injected mice remarkably increased compared 

to PBS injected group, showing the low immunogenicity of the peptide itself. MA-NP 

adjuvanted vaccine statistically slowed the tumor growth compared to PBS and 

SIINFEKL injected groups (Figure 3.47). Furthermore, MA-NP adjuvanted vaccine 

demonstrated superior anti-tumor response in terms of tumor progression over soluble 

saponin adjuvants (MPLA+AST-VII and MPLA+QS-21) (p<0.01), indicating the 

effectiveness of nanoparticulate form over soluble form. As shown in individual B16-

OVA tumor growth curves (Figure 3.48), the tumor progression exhibited a sharp peak, 

especially in MA-NP vaccinated group 13 days after tumor inoculation. Luo et al. 

developed a nanoadjuvant with Saponin D, formulated with OVA antigen, and evaluated 

its anti-tumor efficacy in E.G7-OVA murine thymic lymphoma model. Similar to the data 

obtained from MA-NP:SIINFEKL, the tumor growth was significantly inhibited in 

saponin nanoadjuvant:OVA compared to OVA alone.127 

 

 

 

 

Figure 3.47. MA-NP reduced the tumor growth in B16-OVA prophylactic model. Pre-

vaccinated mice were challenged with subcutaneous flank injection of B16-

OVA cells, and tumor growth was measured over time. The data shown 

mean ± SEM from two independent experiments (n=5). The statistically 

significant differences between MA-NP and PBS or SIINFEKL were shown 

by One-way ANOVA, Dunnett’s multiple comparisons, and Student-t tests. 

***p≤0.001. 
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Figure 3.48. Individual tumor growth curves corresponding to each vaccination group in 

the prophylactic B16-OVA tumor model. 

 

 

To clarify IFN-/IL-10 response following vaccinations, the blood samples were 

taken from pre-vaccinated mice 24 h after vaccinations. The blood sera were analyzed for 

IFN-, IL-10 and CXCL-10. Comparable IFN- levels between vaccination groups and 

PBS were detected in blood sera, whereas MPLA+QS-21+SIINFEKL vaccination 

significantly increased the level of anti-inflammatory cytokine IL-10 compared to PBS, 

MA-NP and MPLA+AST-VII+SIINFEKL (Figure 3.49A). As IL-10 has a prominent role 

in the down-regulating pathways for anti-tumor immune response,128 comparable levels 

between MA-NP and PBS provided a promising result for its anti-tumor activity.  

CXCL-10 chemokine and its receptor CXCR3 are important for the infiltration of 

effector T cells to tumor tissue.129 Therefore, CXCL-10 level in mice sera was measured, 

and a substantial CXCL-10 induction following vaccination with MPLA+QS-

21+SIINFEKL was achieved (Figure 3.49B), indicating the potential role of this soluble 

adjuvant in T cell infiltration into the tumor. This result is also consistent with literature 

demonstrating that the nanoparticulate form of MPLA+QS-21, AS01, induced CXCL-10 

chemokine at the injection site and draining lymph nodes. Taken together, these results 

showed that MA-NP did not alter systemic IFN-/IL-10/CXCL-10 levels in mice sera.  
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Figure 3.49..The levels of (A) IL-10 and (B) CXCL-10 in mice sera. The mice were 

subcutaneously injected with vaccination groups. 24 h after vaccinations, 

the blood samples were collected, and the mice sera were analyzed for IL-

10 and CXCL-10 by ELISA. The data shown mean ± SEM from a 

representative experiment (n = 5). The statistically significant differences 

between MPLA+QS-21+SIINFEKL and PBS or treatment groups were 

shown by One-way ANOVA, Tukey’s multiple comparison test. *p≤0.05, 

**p≤0.01, ***p≤0.001. 

 

 

To elucidate the immune cell populations involved in the effective anti-tumor 

response, immune cell populations in PBMCs and tumor tissue were analyzed both 

phenotypically and functionally. Tumor antigen-specific cytotoxic T cells (CTLs) are 

fundamental effector cells in TME, providing recognition and elimination of tumor cells; 

thus, augmenting the number of functional CTLs is a key objective in developing cancer 

immunotherapeutics. Considering this knowledge, SIINFEKL-specific effector CTL 

response was investigated in PBMCs following tetramer staining. Only MA-NP 

adjuvanted SIINFEKL vaccine demonstrated a statistically significant increase in the 

frequency of SIINFEKL+CD8+ T cell population compared to SIINFEKL vaccine on day 

7 (Figure 3.50A).  
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Figure 3.50..MA-NP enhanced SIINFEKL-specific CD8 T cells with central memory 

response. The mice were vaccinated twice with nanoparticulate and soluble 

saponin adjuvants. The blood samples were collected one-week after each 

vaccination. The frequencies of (A) SIINFEKL+CD8+ and (B) 

CD44+CD62L+ T cells in PBMCs were analyzed by flow cytometry. The 

data shown mean ± SEM from two independent experiments (n = 5). The 

statistically significant differences between vaccination groups and 

SIINFEKL were shown by One-way ANOVA, Tukey’s multiple 

comparison test. *p≤0.05, **p≤0.01. 

 

 

Moreover, there was a decreasing pattern in the frequencies of SIINFEKL+CD8+ 

T cells following boosting injections on day 14. Raaijmakers et al. revealed that the mice 

treated with cryoablation and immunized with saponin-based adjuvant, ISCOMS, and 

CpG showed an increase in OVA antigen-specific T cells compared to saponin adjuvant 

alone.130 These data, consistent with the literature, indicate that TLR agonist-inserted 

nanoparticulate saponin-based adjuvants demonstrated strong antigen-specific CTL 
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responses compared to their soluble forms.  

Selective generation of central memory T cells (Tcm), having a role in viral and 

tumor models to provide protective and therapeutic immunity, is one of the important cell 

populations in the field of cancer immunotherapy.131 Within this context, the frequency 

of CD44+CD62L+ cell population in SIINFEKL+CD8+ T cells, a phenotype for central 

memory T cells, was investigated in PBMCs. On day 7, MA-NP and soluble saponin 

adjuvants enhanced CD44+CD62L+ cells compared to SIINFEKL alone (Figure 3.50B). 

Although MA-NP demonstrated superior Tcm response over soluble saponin adjuvants 

on day 7, MPLA+AST-VII increased Tcm populations compared to MA-NP on day 14. 

These data suggest that MA-NP adjuvant provided SIINFEKL-specific CTLs primarily 

exhibiting central memory CD8 T cell response. 

Next, the effect of immunomodulation on the anti-tumor response elicited by the 

treatment of MA-NP and soluble saponin adjuvants was investigated within the tumor 

microenvironment (TME). MA-NP vaccination led to significantly higher intratumoral 

infiltration of total CD3+ T and CD4+ T cells than SIINFEKL (Figure 3.51A-B). As hot 

tumors are characterized by a high infiltration of lymphocytes, MA-NP vaccination 

turned the local TME into a more inflamed TME.132 On the other hand, there were no 

significant changes in the population of CD25+CD4+ T, CD8+ T, and CD25+CD8+ T cells 

following the treatment of vaccination groups (Figure 3.51C-F). However, an increase in 

the CD4+ T cell population by MA-NP could result in the induction of effector function 

of CD8+ T cells like cytotoxic activity on tumor cells and secretion of tumoricidal 

cytokines. Silva et al. showed that ISCOMATRIX-OVA vaccine provided significant 

protection in B16-OVA tumor model with long-term memory CD8+ T cell response. In 

contrast to MA-NP:SIINFEKL vaccine, a CD4+ T cell response is not required to achieve 

protection following ISCOMATRIX-OVA vaccination.133 

Recent studies showed that immunization with synthetic long peptides induced a 

sustained CD8+ T cell response due to CD4+ T cell help, whereas immunization with 

antigenic epitope for CD8+ T cells provided fleeting CD8+ T cell response.134 Here, 

adjuvant type and formulation also contributed to CD4+ T cell and CD8+ T cell responses 

besides peptide length and type. 

 

 

 

 



109 

 

 

 

Figure 3.51. MA-NP increased the population of total CD3+ and CD4+ T cells in TME. 

The mice were immunized twice with vaccination groups and challenged 

with B16-OVA tumor cells. Intratumoral immune cell phenotypes were 

analyzed by flow cytometry. (A-F) Particular immune cell populations and 

(D, G) PD1 expression on T cells were shown. The data shown mean ± SEM 

from two independent experiments (n = 4). The statistically significant 

differences between vaccination groups were shown by One-way ANOVA, 

Student-t test, and Tukey’s multiple comparison test. *p≤0.05, **p≤0.01. 
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Programmed cell death-1 (PD-1) is one of the major immune checkpoint 

pathways. The interactions between PD-1 on T cells and PD ligand-1 (PD-L1) on tumor 

cells or APCs silence T cell activation and T cell-mediated tumor cell killing.135 

Therefore, TME could lead to upregulation of PD-1 on tumor antigen reactive T cells, 

eventually contributing to impaired anti-tumor immune response.136 For that reason, PD-

1 expression on CD4+ and CD8+ T cells was also investigated in TME.  

The comparable PD-1 expression on CD4+ T cells was observed between 

vaccination groups and PBS (Figure 3.51D). On the other hand, MA-NP treatment 

substantially decreased PD-1 expression on CD8+ T cells compared to PBS (Figure 

3.50G), indicating the active status of CTLs. Taken together, MA-NP adjuvanted vaccine 

provided CD4+ T and CD8+ T cell-mediated anti-tumor response. 

Meanwhile, macrophage and dendritic cell populations in TME were also 

investigated. The vaccination groups demonstrated comparable macrophage populations 

in TME with PBS (Figure 3.52A). There was an increase in CD86 expression on 

macrophages, especially in response to soluble saponin adjuvants (Figure 3.52B). In the 

case of DCs, these cells could cross-present tumor antigens to naive T cells, making them 

crucial in the generation of antigen-specific T cell-mediated anti-tumor response in the 

control of tumor growth and tumor cell elimination. However, an immunosuppressive 

TME can impair the effector functions of DCs.137 In light of this information, only MA-

NP significantly induced the frequency and expression of CD86 on dendritic cells in TME 

(Figure 3.52C-D), indicating the presence of functional DCs in TME. 

den Brok et al. demonstrated that saponin-based adjuvants provided cross-

presentation of antigen, the induction of tumor-specific CTL responses and long-lasting 

tumor protection.54,138 Inspired by this work, it could be concluded that MA-NP may be 

effective in the cross-presentation of tumor antigen by intratumoral DCs and further 

enhances CTL response, reducing tumor growth. 

Overall, these results suggest that vaccination with MA-NP amplifies antigen-

specific cytotoxic T cell and central memory responses and potently activates 

intratumoral total CD3+, CD4+ T cells, and DCs, thus leading to regression of established 

tumors in prophylactic B16-OVA melanoma model. With these encouraging results, it 

was decided to investigate the anti-tumor efficacy of MA-NP with a melanoma-associated 

antigen in a highly aggressive prophylactic B16-F10 melanoma model.  
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Figure 3.52..MA-NP increased functional DC populations in TME. (A) Macrophage 

population (%) in live cells, (B) CD86 expression on macrophages, (C) DCs 

population (%) in live cells, (D) CD86 expression on DCs. The data shown 

mean ± SEM from two independent experiments (n = 4). The statistically 

significant differences between vaccination groups were shown by One-way 

ANOVA, Student-t test, and Tukey’s multiple comparison test. *p≤0.05. 
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3.4.2. Prophylactic B16-F10 Model 

 

 

To elicit broad-spectrum T cell responses, the peptides corresponding to CD8 T 

cell and CD4 T cell epitopes were selected for B16-F10 melanoma models. Tyrosinase-

related protein-2 (Trp-2) is an MHC-I-restricted epitope recognized by both human and 

murine CTLs. As Trp-2 peptide is a melanoma-associated antigen, this peptide is widely 

used in the development of new cancer immunotherapeutics against melanoma in pre-

clinical and clinical trials.139–142 On the other hand, Pan HLA-DR epitope (PADRE) is a 

universal MHC-II restricted epitope used for CD4+ T cell-mediated CD8+ T cell 

activation.143 

MA-NP nanoparticulate and soluble saponin adjuvants (MPLA+AST-VII and 

MPLA+QS21) were formulated with Trp-2 and PADRE (multiAgs) peptides. The 

vaccine formulations were subcutaneously administrated into C57BL/6 mice twice at 

one-week intervals. The mice were challenged with B16-F10 tumor cells one week after 

the last immunization. Tumor growth and body weight were measured every other day. 

No body weight loss was observed in mice following immunizations with multiAgs 

formulated vaccination groups (Figure 3.53).  

 

 

 

 

Figure 3.53. The body weight measurement of pre-vaccinated mice after B16-F10 tumor 

cell inoculation. 
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As shown in Figure 3.54, MA-NP and soluble saponin adjuvants significantly 

decreased tumor growth compared to PBS-injected mice. When individual tumor growth 

curves were analyzed, MA-NP demonstrated superior anti-tumor activity over soluble 

saponin adjuvants (Figure 3.55), similar to the results obtained from B16-OVA tumor 

model.  

 

 

 

 

Figure 3.54. MA-NP was able to delay tumor growth in B16-F10 prophylactic model. 

Pre-vaccinated mice were challenged with subcutaneous flank injection of 

B16-F10 cells, and tumor growth was measured over time. The data shown 

mean ± SEM from two independent experiments (n=5). The statistically 

significant differences between vaccination groups and PBS were shown by 

One-way ANOVA, Dunnett’s multiple comparisons, and Student-t test. 

**p≤0.01, ***p≤0.001. 

 

 

Even et al. developed lipids implants containing Trp-2 peptide and Quil-A saponin 

adjuvant for cancer therapy. In vivo studies showed that Trp-2 and Quil-A implants were 

similarly able to delay tumor growth with Trp-2 injected mice group.144 In another study, 

Highton et al. prepared chitosan hydrogel consisting Trp-2 peptide and Quil-A, and 

revealed that vaccination with this formulation protects mice against subcutaneous B16 

challenge.145 The studies carried out with an AS01 adjuvant system containing 
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MPLA/QS-21 adjuvants in a liposomal carrier system demonstrated that the mice were 

immunized with AS01 and MAGE-A3 peptide poorly protected mice following challenge 

with TC-1 tumor cells.146 Therefore, AS01 adjuvant system is not preferable in cancer 

immunotherapy studies. On the other hand, consistent with literature, integration of 

MPLA/AST-VII into APS nanocarriers provided slower tumor growth than its soluble 

form and soluble QS-21 adjuvant, demonstrating a potency to be utilized in cancer 

immunotherapy studies. 

 

 

 

 

Figure 3.55..Individual tumor growth curves corresponding to each vaccination group in 

the prophylactic B16-F10 tumor model. 

 

 

To assess the functionality of CD8+ T cells, the blood samples were collected in 

mice one week after the last immunization. PBMCs were re-stimulated with Trp-2 and 

PADRE peptides, and IFN-+CD8+ T cell population was analyzed by flow cytometry. 

Only MA-NP:MultiAgs significantly augmented IFN-+CD8+ T cell population in 
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PBMCs compared to PBS (Figure 3.56). These results demonstrated that MA-

NP:MultiAgs vaccination provided a functional cytotoxic T cell response. Similar to MA-

NP, CpG/ISCOM vaccinated mice also showed higher IFN-+CD8+ T cell response 

compared to its soluble forms.130 

 

 

 

 

Figure 3.56. MA-NP enhanced the population of functional cytotoxic T cells. The blood 

samples were collected one-week after the last vaccination. PBMCs were 

re-stimulated with Trp-2 and PADRE peptide for 6 h and the frequencies of 

IFN-+CD8+ T cells were analyzed using flow cytometry. The data shown 

mean ± SEM from two-independent experiments (n = 5). The statistically 

significant differences between vaccination groups and PBS were shown by 

One-way ANOVA, Tukey’s multiple comparison test. *p≤0.05. 

 

 

Next, the immune cell populations in TME following vaccination with multiAgs 

formulated MA-NP and soluble saponin adjuvants were analyzed by flow cytometry. 

MPLA+AST-VII significantly increased total (CD3+ T cell) and CD8+ tumor-infiltrating 

lymphocytes, while MA-NP substantially augmented CD8+ T cell populations in TME. 
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Moreover, MA-NP and MPLA led to a slight increase in CD4+ T cells comparable with 

soluble adjuvants (Figure 3.57A-C). 

Similar to data obtained from B16-OVA tumor model, neither MA-NP nor soluble 

saponin adjuvants provide an increase in CD25+CD4+ T and CD25+CD8+ T cell 

populations. CXCR3 is a chemokine receptor, highly expressed on Th1-type CD4+T cells 

and CD8+ T cells, providing effector cell trafficking to tumors.147 MA-NP and soluble 

saponin adjuvants enhanced the upregulation of CXCR3 on CD4+ T cells. Moreover, 

MPLA+QS-21 showed superior CXCR3 expression on CD4+ T cells compared to MA-

NP and MPLA+AST-VII, consistent with robust CXCL-10 production in mice following 

injection with MPLA+QS-21 (Figure 3.57D-H). Additionally, MA-NP vaccination led to 

a substantial increase in PD-1 expression on CD8+ T cells in TME (Figure 3.57I), thus 

correlating the exhausted phenotype and impaired effector function of tumor antigen-

specific CD8+ T cells, eventually causing progression on tumor growth. Hwang et al. 

revealed that APS enhanced the growth-inhibitory activity of anti-PD-L1 mAbs against 

metastatic melanoma in mice.148 PD-L1 is typically expressed on the surface of tumor 

cells and plays a crucial role in allowing tumors to evade CTLs. Therefore, therapies 

targeting PD-1/PD-L1 are vital for rescuing exhausted T cells.149 However, APS 

containing MA-NP may not be effective in reducing PD-L1 expression in melanoma due 

to the high expression of PD-1 on CD8+ T cells. 

Macrophage and dendritic cell populations in TME following vaccination were 

also investigated. MA-NP and MPLA+AST-VII increased the functional macrophage 

populations, whereas only MA-NP enhanced the infiltration of DCs in TME. MA-NP and 

soluble saponin adjuvants were significantly able to increase CD86 expression both on 

macrophages and DCs (Figure 3.58), showing their effector functions even in highly 

immunosuppressive TME. 

Taken together, prophylactic vaccination with MA-NP induced functional IFN-

+CD8+ T cells, augmenting intratumoral CD8+ T cell, macrophage and DC populations 

and substantially slowed B16-F10 tumor growth compared to PBS and soluble saponin 

adjuvants. However, no tumor rejection was observed in either vaccination group. As 

high expression of PD-1 on tumor-infiltrating CD8+ T cells was detected in the most 

potent vaccine formulation, MA-NP:MultiAgs, it could be feasible to combine MA-NP 

vaccinations with anti-PD1 antibody therapy in B16-F10 tumor models to block 

immunosuppressive PD-1/PD-L1 pathway.150  
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Figure 3.57. .MA-NP increased the frequency of CD8+ T cells and their PD-1 expressions 

in TME in the prophylactic B16-F10 model. Tumor tissues were collected 

on day 33, and immune cell phenotypes were analyzed by flow cytometry. 

The populations of CD45+ cells, CXCR3, and PD-1 expression on T cells 

were shown. The data shown mean ± SEM from two independent 

experiments (n = 4). The statistically significant differences between 

vaccination groups were shown by One-way ANOVA, Student-t test, and 

Dunnett’s multiple comparison test. *p≤0.05, **p≤0.01. 
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Figure 3.58. MA-NP increased functional macrophage and dendritic cell populations in 

TME. The frequency (%) of macrophages and DCs and the expression of 

CD86 on their surfaces were given. The data shown mean ± SEM from two 

independent experiments (n = 4). The statistically significant differences 

between vaccination groups were shown by One-way ANOVA, Student-t 

test, and Dunnett’s multiple comparison test. *p≤0.05, **p≤0.01, 

***p≤0.001. 
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3.4.3. Therapeutic B16-F10 Model 

 

 

MA-NP adjuvanted peptide vaccines demonstrated superior anti-tumor activity 

compared to its soluble form (MPLA+AST-VII+MultiAgs) in prophylactic B16-OVA 

and B16-F10 tumor models. Therefore, therapeutic efficacy studies were conducted using 

MA-NP and MPLA+QS-21 as a positive control. For the therapeutic B16-F10 model, 

C57BL/6 mice were injected with B16-F10 cells. On days 3 and 10, the mice were s.c. 

vaccinated with MA-NP:MultiAgs and MPLA+QS-21+MultiAgs. To reveal the effect of 

combinatory therapy with anti-PD1, the mice were also injected with anti-PD1 two times 

after each vaccination. Tumor growth and body weight were measured every other day. 

As shown in Figure 3.59, no body weight loss was observed following vaccinations.  

 

 

 

 

Figure 3.59. The body weight measurement of mice treated vaccination groups after B16-

F10 tumor cell inoculation. 

 

 

MA-NP:MultiAgs as a monotherapy significantly slowed down tumor growth 

compared to PBS (Figure 3.60). MPLA+QS-21+MultiAgs was not effective in the 

reduction of tumor growth. However, no tumor rejection was observed in MA-NP 

vaccinations in the therapeutic B16-F10 model, similar to the prophylactic B16-F10 
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model. As high PD-1 expression on intratumoral CD8+ T cells was detected in the 

prophylactic B16-F10 model, combinatory immunotherapy with MA-NP:MultiAgs and 

anti-PD1 treatment was investigated. The anti-tumor effect of dual immunotherapy was 

also compared with anti-PD1 monotherapy, which is not an effective treatment alone 

against B16-F10 tumors.151 The combination immunotherapy with MA-NP:MultiAgs and 

anti-PD1 treatment led to complete tumor elimination, as clearly seen in individual tumor 

growth curves and representative photographs of mice (Figure 3.60-62). Moreover, MA-

NP monotherapy was also more effective than anti-PD1 monotherapy (Figure 3.60-62). 

These results showed that dual immunotherapy with MA-NP:MultiAgs and anti-PD1 has 

great potential as a new approach in cancer immunotherapy.  

 

 

 

 

Figure 3.60. MA-NP was able to delay tumor growth, and its combination therapy with 

-PD1 eradicated tumor tissue in B16-F10 therapeutic model. The mice 

were injected with s.c. in the flank of B16-F10 cells, and vaccination groups 

were s.c. administrated on days 3 and 10. Anti-PD1 was injected i.p. two 

times after each vaccination. Tumor growth was measured over time. The 

data shown mean ± SEM from two independent experiments (n=5). The 

statistically significant differences between vaccination groups and PBS 

were shown by One-way ANOVA, Dunnett’s multiple comparison test and 

Student-t test. *p≤0.01, **p≤0.01, ***p≤0.001. 
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Figure 3.61. Individual tumor growth curves corresponding to each vaccination group in 

therapeutic B16-F10 tumor model. 

 

 

Next, the immune cell population in TME was investigated by flow cytometry. 

MA-NP significantly increased intratumoral total immune cell and CD8+ T cell 

populations and enhanced the upregulation of CD25 on CD4+ T cells consistent with the 

prophylactic B16-F10 model (Figure 3.63). No PD1 expression was observed on either 

CD8+ T cells or CD4+ T cells following MA-NP treatment.  
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Figure 3.62. Representative photographs of tumors on day 21. 

 

 

On the other hand, anti-PD1 treatment augmented intratumoral CD4+ and CD8+ 

T cells populations and CD25 expression on CD8+ T cells (Figure 3.63B-F). As MA-NP 

was more effective in reducing tumor growth compared to anti-PD1 treatment, innate 

immune cell populations in TME were also investigated.  

Tumor-associated macrophages (TAMs) constitute essential components of TME. 

While M1 macrophages play a crucial role in fighting against tumors, M2 macrophages, 

according to their subgroups, are involved in tumor progression and metastasis.152 There 

was no alteration in CD11b+F4/80+ macrophage populations between each vaccination 

group (Figure 3.64A). When the phenotypes of macrophages were investigated towards 

M1- or M2-like, it was clearly shown that MA-NP increased the populations of M1-like 

macrophages and promoted M2- to M1- repolarization of intratumoral macrophages 

(Figure 3.64B-D). Another critical innate immune cell in TME is dendritic cells. DCs are 

instrumental in the generation of tumor-antigen specific T cell-mediated anti-tumor 

immune response and control of tumor growth due to their ability to cross-present tumor-

antigens to naïve T cells.137 Only MA-NP substantially increased the intratumoral 

dendritic cell population compared to PBS (Figure 3.64E). The superior anti-tumor effect 

induced by MA-NP could be promoted with intratumoral M1-like macrophages and 

dendritic cells compared to anti-PD1 treatment. These results indicated that MA-NP 

adjuvanted melanoma nanovaccine was also a potent cancer vaccine for therapeutic 

approaches. 
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Figure 3.63. MA-NP increased intratumoral CD8+ T cell population in therapeutic B16-

F10 model. Tumor tissues were collected on day 21, and immune cell 

phenotypes were analyzed by flow cytometry. The population of CD45+ 

cells, CD4+ and CD8+ T cells, and the expressions of CD25 and PD1 on T 

cells were shown. The data shown mean ± SEM from two independent 

experiments (n = 4-5). The statistically significant differences between 

vaccination groups were shown by One-way ANOVA, Student-t test, and 

Dunnett’s multiple comparison test. *p≤0.05, **p≤0.01. 
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To investigate long-term memory response by vaccination groups, the effector 

and memory phenotype of T cells in the spleen on day 21 was analyzed by flow 

cytometry. Combinatory therapy with MA-NP:MultiAgs and anti-PD1 increased the total 

immune cell population in the spleen (Figure 3.65A). MA-NP:MultiAgs and MPLA+QS-

21+MultiAgs significantly increased CD4+ T cell and effector memory (CD44+CD62L-) 

CD4+ T cell populations compared to PBS (Figure 3.65B-D). On the other hand, a 

comparable CD8+ T cell population was obtained between vaccination groups. However, 

only MA-NP substantially increased central (CD44+CD62L+) and effector memory 

(CD44+CD62L-) CD8+ T cells in contrast to PBS (Figure 3.65 E-G). Central memory T 

cells are prominent cell groups in cancer immunotherapies due to their superior activities 

over effector T cells in terms of cytokine production, cytotoxic activities, and eradication 

of tumor cells.153 In light of this information, MA-NP vaccination mediated effector and 

central memory T cell response may contribute to delay in tumor growth. 

Overall, MA-NP adjuvanted nanovaccine revealed that it could be used as an 

alternative adjuvant system with various peptides in cancer immunotherapy studies by 

increasing intratumoral CD8+ T cell, M1-like macrophages and DCs populations, 

inducing functional antigen-specific cytotoxic T cell responses with long term memory, 

reducing tumor growth all in prophylactic and therapeutic melanoma models and 

eradicating tumor cells in therapeutic B16-F10 melanoma model when combined with 

anti-PD1. 
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Figure 3.64. MA-NP increased M1-like macrophages and dendritic cell populations in 

TME. The population of CD11b+F4/80+ cells, M1-like and M2-like 

macrophages, DCs, and the expression of CD86 on their surfaces were 

given. The data shown mean ± SEM from two-independent experiments (n 

= 4-5). The statistically significant differences between vaccination groups 

were shown by One-way ANOVA, Student-t test and Dunnett’s multiple 

comparison test. **p≤0.01.
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Figure 3.65..MA-NP increased the populations of splenic CD4+ T cells, effector and 

central memory T cells in spleen. The populations of CD45+ cells, CD4+ and 

CD8+ T cells, CD44+CD62L- and CD44+CD62L+ cells were analyzed by 

flow cytometry.. The data shown mean ± SEM from two independent 

experiments (n = 4-5). The statistical significant differences between 

vaccination groups were shown by One-way ANOVA, Student-t test and 

Dunnett’s multiple comparison test. *p≤0.05, **p≤0.01, ***p≤0.001. 
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CHAPTER IV 

 

 

CONCLUSION 

 

 

Cancer immunotherapies are treatments aiming to manipulate a patient’s immune 

system to recognize and destroy tumor cells. Although there are several milestones 

suggesting promise in this field, cancer is still a major challenge in medicine. Traditional 

cancer therapies are not effective due to safety issues and the complexity of signals 

regulating the proper functioning of the immune system.154 A potential solution to 

overcome these problems and engineer the delivery of immunotherapeutics to target cells 

is to develop nanomedicine-based approaches. The formulations of immunostimulatory 

agents/adjuvants in a carrier material provide uptake by target cells, alter systemic 

exposure, provide a safe profile, and increase the therapeutic efficacy of 

immunotherapeutics.68 

In cancer vaccine development, peptides are preferable as antigens due to their 

safer profile, tumor-specific response, ease of manufacturing and characterization. 

However, their low immunogenicity limits the effective antigen-specific immune 

response, requiring the presence of adjuvant.155 Adjuvants can stimulate humoral and 

cellular immune response, prevent antigen degradation, provide controlled antigen 

release, and deliver its cargo specifically to target cells. Saponins are plant- or marine-

derived natural products and extensively studied as vaccine adjuvants due to their 

immunomodulatory properties. Adjuvant systems prepared by combining QS-21 saponin 

with TLR4 agonist in the liposomal system (AS01) have led to the first licensed 

Shingrix® and Mosquirix® vaccines with saponin adjuvants.48  

In the context of this thesis, new saponin/TLR4 agonist-integrated adjuvant 

systems were designed and developed for cancer immunotherapy. The preliminary 

studies carried out by our group demonstrated that nanocarriers produced with Astragalus 

polysaccharide have <100 nm-sized nanoparticulate structures and these NPs were 

effective in the stimulation of the immune system. Astragaloside-VII (AST-VII), a 

triterpenoid saponin like QS-21, has been shown to have cellular and humoral immune 

responses as a potent adjuvant candidate. Moreover, AST-VII synergistically worked 
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with TLR4 agonist and induced dendritic cell maturation and further T cell activation. 

Therefore, following pH jump methodology, new adjuvant systems are prepared by 

integrating AST-VII and MPLA into APS-based nanocarriers (MA-NP). In the first 

chapter of the thesis, to obtain a more straightforward method, this preparation process 

has been optimized for operation parameter conditions and material concentrations by 

using the statistical design of the experiment tool. Physicochemical characterizations of 

NPs revealed that a 20-50 nm-sized, negatively charged, spherical MA-NP adjuvant 

system was successfully prepared. The particles in the 10-50 nm range are optimal for 

lymphatic targeting.156 TLR agonist conjugated 30 nm in sized polymeric particles 

accumulated in tumor-draining lymph nodes in melanoma and subsequently induced DCs 

activation and T cell priming.157,158 Therefore, the physicochemical properties of MA-NP 

possess the potential to be used in cancer vaccines. 

Furthermore, the entrapment efficiency of AST-VII and peptide antigens was 

maximized to 67% and 75%, respectively. Moreover, MA-NP provided a sustained 

release of antigen over time, which is important to obtain long-term immunity.95 

Liposomes and poly(lactide-co-glycolide) polymers have been widely studied for 

particulate vaccine carriers, but they have several limitations, including low levels of 

antigen entrapment and the need for organic solvents for their preparations.156 On the 

other hand, MA-NP allows highly efficient entrapment of immunostimulatory agents and 

antigens with ease and a solvent-free manufacturing process.  

ISCOM and AS01 are nanoparticulate saponin-based adjuvant systems that use 

Quillaja saponins for particle formation. However, Quillaja saponins have several 

drawbacks, including toxicity, low isolation yield from plant material, insufficient purity, 

and inconsistent composition.159 In contrast, AST-VII in MA-NP adjuvant system can be 

isolated with high yield, is stable and soluble in water and shows mild hemolytic 

activity,65 making AST-VII a good alternative to other saponin-based adjuvants. 

In the second chapter of this thesis, in vitro cytotoxic and immunomodulatory 

properties of engineered NPs were investigated in dendritic cells and melanoma. The 

biocompatible MA-NP adjuvant system was uptake by dendritic cells and co-localized 

with endolysosomal compartments by 6 h. Encapsulation/entrapment of antigen into NPs 

promotes their capture by antigen presenting cells and prevents their rapid clearance in 

the body like soluble forms.156,160 These findings have motivated us to use antigen-

adsorbed MA-NP to co-deliver both antigen and immunostimulatory agents to the same 

APC, resulting in the effective priming of T cells. Functional maturation of DCs is crucial 
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to polarize and activate T cells to achieve the desired immune response. Following the 

uptake of antigen and adjuvants, DCs undergo a maturation process by presenting antigen 

onto MHCII molecules, upregulating co-stimulatory molecules and secreting cytokines. 

MA-NP induced the upregulation of CD86, CD80 and CD40 on the surface of DCs and 

the production of IL-1, IL-6 and IL-12. AST-VII/MPLA integration in MA-NP provided 

a synergistic effect for DC maturation and activation. In recent studies, TLR4 agonist has 

been combined with ISCOM or with QS-21 in a liposomal formulation (AS01), and the 

data show that saponin exhibited substantial synergy with MPLA and enhanced innate 

immune activation similar to MA-NP.48,53,118,133 

Following the physicochemical and in vitro biological characterization of MA-

NP, as a third part of this thesis, in vivo immunogenicity of engineered MA-NP alone or 

formulation with melanoma-associated MHCI-restricted and universal MHCII-restricted 

peptides was investigated. MA-NP alone or formulated multiAgs demonstrated an 

increase in tumor-fighting immune cells (CD8+, CD4+ T cells, NKT and NK cells), while 

decreasing the percentage of tumor-promoting immune cell population (Tregs) in the 

spleen. Early studies carried out with QS-21 demonstrated high Ag-specific antibody and 

CD8+ T cell responses by providing a cross-presentation of Ag in DCs.54,161 On the other 

hand, preclinical and clinical studies of AS01-formulated candidate vaccines revealed 

that AS01 promoted Ag-specific antibody and CD4+ T cell responses. Moreover, the mice 

vaccinated with OVA/AS01 showed that OVA antigen-specific CD8+ and CD4+ T cell 

response.118 MA-NP also promoted Ag-specific Th1/Th2 balanced antibody response. 

Compared to the licensed saponin adjuvant system, MA-NP has shown encouraging in 

vivo results, suggesting it could be an effective adjuvant for cancer vaccines.  

As a final part of this thesis, the anti-tumor efficacy of MA-NP and soluble 

saponin adjuvants were evaluated in murine melanoma models. Prophylactic vaccination 

of MA-NP augmented intratumoral CD8+ T cell, CD4+ T cells, macrophage, and DC 

populations that significantly inhibit tumor growth. Intratumoral infiltration of 

lymphocytes by MA-NP provided more inflamed TME, presenting an important 

condition for treating malignant tumors. Moreover, MA-NP induced antigen-specific 

functional CD8+ T cell populations compared to soluble saponin adjuvants, resulting in a 

reduction of tumor growth. TLR agonist integrated nanoparticulate saponin adjuvant 

systems (ISCOMs) also demonstrated superior antigen-specific CD8+ T cell responses 

and significantly controlled tumor growth compared to their soluble form,133 signifying 

the importance of nanomedicines in cancer immunotherapy.  
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Intratumoral DCs play a critical role in the initiation and maintenance of anti-

tumor immunity because of their ability to present tumor antigens and stimulate T cell 

responses. Various tumor models demonstrated that infiltration of stimulatory DCs 

correlated with response to immunotherapy in solid tumors. However, 

immunosuppressive TME may lead to the differentiation of DCs into dysfunctional state, 

causing impaired anti-tumor immune response and promoting tumor progression.162,163 

The superior anti-tumor response following immunization with MA-NP compared to 

other vaccination groups could be a substantial increase in functional intratumoral DCs, 

leading to maintain cytotoxic T cell response and regression of tumor growth.  

Tumor-associated macrophages are a promising target in cancer immunotherapy. 

Numerous agents have been developed to polarize macrophages to tumor-fighting pro-

inflammatory M1 phenotype.164 Our findings show that MA-NP adjuvanted vaccine 

increases intratumoral M1-like macrophage population and promotes M2 to M1 

repolarization, contributing MA-NP induced anti-tumor immune response. 

MA-NP administrated as a monotherapy failed to eradicate tumors despite a 

strong anti-tumor T cell response, leading a substantial increase in the expression of PD-

1 on intratumoral CD8+ T cells. To alter the impaired effector function of CD8+ T cells, 

MA-NP vaccination combined with anti-PD1 resulted in the complete eradication of 

established B16-F10 tumors in mice. Although there have been extensive studies 

describing using nanomedicine for prophylactic and therapeutic cancer immunotherapy, 

this is, to the best of our knowledge, the first demonstration of anti-tumor efficacy of 

MPLA/AST-VII integrated adjuvant system tailored with tumor-specific antigens and 

combinatory therapy with anti-PD1.  

Consequently, the ease and solvent-free manufacturing process, safer profile, 

strong prophylactic and therapeutic efficacy in tumor models demonstrated that MA-NP 

offers an alternative adjuvant system for cancer vaccines. Benchmarking and validation 

studies in multiple tumor models are warranted to further evaluate the potency of MA-

NP as an effective adjuvant platform in cancer immunotherapy. 
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