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Abstract 
 

Cancer is an age-old disease and a leading cause of mortality worldwide. It starts 

with the development of abnormal cells that multiply to form tumours and may lead 

to metastasis causing damage to healthy tissues and organs of the body. Lung cancer 

is the most common type of cancer with significant morbidity and mortality globally 

and is of major concern for the society. Decades of research and innovation in the 

treatment of cancer led to the development of certain conventional therapies such 

as surgery, radiotherapy, and chemotherapy that are being effectively used. 

However, these traditional therapies have a disadvantage of destroying healthy cells 

and tissues in its close proximity, leading to other severe diseases and side effects. 

Therefore, a much-advanced approach to treat cancer without causing severe side 

effects became an important area of research.  

Improvements in the field of anti-cancer therapies led to a strategy to combine 

traditional treatment approaches to destroy cancer cells. Additionally, treatments 

such as targeted therapies, hormone therapy, and precision medicine came into 

existence. Alternatively, the immune system was analysed to determine an effective 

approach that could control proliferation of cancer cells and cause limited or no 

damage to other cells. This area of cancer therapeutics, known as immunotherapy, 

targets the immune system to enhance its ability of recognizing invasive neoplasms. 

Our immune system in response to an infection immediately activates immune cells, 

creating a protective immunity for decades. Unfortunately, this immune response 

often fails when fighting against cancer and is unable to entirely eliminate tumour 

cells or develop effective immunity. Cancer vaccines, a branch of immunotherapy 

that has potential therapeutic benefits can build immunity and ultimately lead to 

prevention from future illness. These have been employed to treat the disease using 

tumour associated antigens and various adjuvants or immune stimulators and only 

a few have been in clinical trials. The potential of such cancer vaccines can be 

exploited to further develop treatment strategies to prevent tumour occurrence and 

provide long-lasting immunity.  

This study was designed to primarily explore the potential of a novel immune 

stimulator, RNA:DNA hybrid and an established TLR9 agonist, CpG 7909. 

Furthermore, these agonists were used to develop a preventative cancer vaccine in 

association with a tumour associated carbohydrate antigen, Globo-H to determine 
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whether the novel formulation could improve immune response and trigger antigen 

presentation in vitro and in vivo. In an in vivo setting, these were also investigated 

against lung cancer to determine their potential in preventing tumour occurrence.  

Within this study RAW 264.7 mouse macrophages were initially exposed to varying 

concentrations of CpG 7909, RNA:DNA hybrid, and Globo-H to determine the 

optimum dose concentration for the activation of antigen presenting cells by 

measuring the level of TNF-α secreted in cell culture supernatant. Following dose 

optimization, the individual agents were combined in a vaccine formulation, sharing 

the same antigen, where two cell lines, mouse RAW 264.7 macrophages and human 

monocytic cell line, THP-1 that was differentiated into macrophages and dendritic 

cells were exposed to the vaccines. TNF-α, IL-12 and IL-6 cytokine response was 

analysed as measured by ELISA and real-time PCR that were determined to be 

partially significant in response to the vaccines. The degree of immune response 

demonstrated by RNA:DNA hybrid-based vaccine (HG-Vax) confirmed that HG-Vax 

is more effective than CpG 7909-based vaccine (CG-Vax).  

This response was further analysed in an in vivo model where C57/BL mice were 

exposed to immune stimulators and vaccines separately for 14- and 28-days before 

end point termination. Serum was analysed for IL-12 and TNF-α to determine the 

level of inflammatory response. Even though statistical significance was not 

achieved in vivo, contrasting observations compared to the in vitro model were 

exhibited. Secretion of IL-12 in animals confirmed the induction of an anti-tumour 

immune response. Interestingly, cytokines induced by single dose CG-Vax persisted 

for a longer period of time in blood in comparison to HG-Vax. However, opposite was 

true with the booster immunization. In animal model of lung cancer, statistical 

significance validates that booster immunization with HG-Vax triggers an immune 

response and upregulates MHC II expression. Unfortunately, CG-Vax did not induce 

a significant immune response and failed to induce MHC II expression in an in vivo 

model of lung cancer.   

Although these findings present RNA:DNA hybrid to be a novel immune stimulator 

that may have the potential to be used in future cancer vaccinations, further 

investigation on its immunological potential and mechanism of action remains of 

need. 
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1.1. Background 

Cancer occupies a significant position on the list of lethal diseases with significant 

morbidity worldwide (Ferlay et al., 2015). Cancer is a class of heterogeneous 

diseases defined by characteristics of somatic clone to divide and spread 

uncontrollably (Campbell et al., 2020). Often the terms tumour and cancer are 

confused with each other. A tumour is a consequence of abnormal growth of the 

body cells, which turns into a cell mass. It is usually benign (does not spread), is 

localized to the associated tissue, and does not pose a severe risk to the host. On the 

other hand, cancer is the uncontrollable growth and spread of the malignant tumour 

cells, which invades the tissues in proximity and establishes metastasis (Fig. 1) 

(Lodish et al., 2000). For a normal cell to become tumorigenic, it undergoes various 

genetic alterations and loose its regulatory functions (Chen & Mellman, 2013).  

 

 

It is then characterized by certain traits that include their ability to sustain rapid 

proliferation of the cells, dodge the tumour suppressing mechanisms within the 

local microenvironment, replicate infinitely, invade and metastasize to different 

organs, and evade immune surveillance (Hanahan & Weinberg, 2011). As the 

tumour progresses, it interacts with the host immune mechanisms, negatively 

impacts the tumor eradication, influences various molecular and cellular signalling 

mechanisms surrounding the tumour tissue, and creates a tumour 

microenvironment (TME) dominated by the tumour cells (Whiteside, 2008). These 

tumour cells migrate to the surrounding tissues by overcoming the barriers to cell 

movement. They induce the formation of new blood vessels, a process known as 

Figure 1. Classification of tumour based on its ability of metastasis. 
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angiogenesis, by producing growth factors and allows the tumour to increase in size, 

thereby facilitating metastasis (Lodish et al., 2000). 

In 2020, communicable disease, COVID-19, affected 181 countries (Hoseinpour 

Dehkordi et al., 2020), but the leading cause of death worldwide is the slow 

consumer, non-communicable diseases (NCDs). NCD, such as cancer, is one of the 

major causes of death in 185 countries, with the death toll rising each year. An 

estimated 19.3 million new cancer cases and 10 million related cancer deaths have 

been recorded globally (Sung et al., 2021). The estimate of cancer occurrence and 

associated deaths recorded by the International Agency for Research on Cancer 

(IARC) were documented in years before the pandemic and was not impacted by 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) or COVID-19 virus 

(Sung et al., 2021). According to a study, the impact of the COVID-19 pandemic did 

cause the suspension of many medical facilities, including cancer screening 

programs and access to health care (Corley et al., 2020). Still, this delay would have 

affected the number of cancer cases screened during the pandemic, which was likely 

to decline, following a rise in advanced-stage cancer cases diagnosed along with the 

increase in mortality rate (Sung et al., 2021). Australia is one of the countries to have 

the highest rates of cancer incidence around the globe. According to a recent 

analysis on the shift in cancer incidence and mortality rates from 1996-2015 for 

people under 75 years, the expected cancer mortality rates dropped by 32.9% over 

the 20 years. In contrast, the rate of new cancer cases increased by 2% during the 

same period (Luo et al., 2020). Even with improvements in cancer mortality rates, 

the slight increase in cancer incidence remains of significant concern.  

Medical oncology advances have reduced death rates in a variety of malignancies, 

including late-stage tumours. (Siegel et al., 2015). However, lung cancer projects a 

serious public health concern as it is still associated with a high death rate and is one 

of the most prevalent neoplasias (Bray et al., 2018). GLOBOCAN 2020 report 

demonstrated that lung cancer has been the cause of highest mortality in 2020 and 

is known to be the second most commonly occurring cancer worldwide after female 

breast cancer (Sung et al., 2021). However, in their previous report, lung cancer was 

the leading cause of both cancer morbidity and mortality (Bray et al., 2018). The 

developing countries, including Brazil, Russia, India, China, and South Africa 

(BRICS), have shown a higher death rate due to lung cancer than the rate of 

incidence when compared to the industrialized nations (Barta et al., 2019). Lung 



4 
 

cancer is known to be a consequence of the tobacco epidemic. Countries, where 

tobacco smoking is in the earlier stages have shown an increase in lung cancer cases, 

which is likely to peak in the next few decades (Sung et al., 2021). Lung cancer has 

been the fifth most commonly diagnosed form of cancer in Australia after breast, 

prostate, melanoma, and colorectal cancer. In 2019, the number of cancer-related 

deaths was highest for lung cancer patients and was estimated to remain the most 

common cause of death in the future (Lung Cancer in Australia Statistics | Cancer 

Australia; Luo et al., 2018). Overall, cancer occurrence and related deaths are 

increasing rapidly at a global level, and therefore prevention and treatment 

measures are critical for disease control. 

1.2. Non-small cell lung cancer 

Lung cancer, as mentioned, is the cause of most cancer-related fatalities globally 

(Lurienne et al., 2020). Broadly, lung cancer has two categories, small-cell lung 

cancer (SCLC) and non-small cell lung cancer (NSCLC). The latter type of lung cancer 

is more common and accounted for up to 75% of the total lung cancer cases in the 

early 2000s (Cersosimo, 2002). This percentage has increased to approximately 

85% in recent times (Lurienne et al., 2020). Most NSCLC cases are diagnosed at an 

advanced stage as the patients remain asymptomatic in their early stage of the 

disease (Lurienne et al., 2020; Wang et al., 2019). The established treatments for 

NSCLC provide modest survival rates. For example, patients with NSCLC have had a 

five-year survival rate of 16% for over forty years (Suresh et al., 2019). The overall 

survival with standard platinum-based chemotherapy did not exceed 50% at 1-year 

post-treatment (Gandhi et al., 2018; Paz-Ares et al., 2018). Currently, the standard 

of care treatment for early-stage NSCLC is surgery followed by adjuvant therapy, 

which is not viable for metastatic NSCLC. Therefore, chemotherapy or neoadjuvant 

therapy are recommended treatments for advanced stages of NSCLC (Kumar et al., 

2021). Immunotherapeutic agents, on the other hand, have demonstrated clinical 

efficacy in generating anti-tumour responses against NSCLC. Immunotherapy has 

become a promising approach for lung cancer by introducing various lung cancer 

vaccines, immune checkpoint blockade therapies, and a combination of cancer 

vaccines with several agents such as cytokines and immune stimulators/vaccine 

adjuvants co-stimulatory molecules (Raez et al., 2005). A combination of successful 

monotherapies has found promising evidence to treat NSCLC (Kazemi et al., 2016). 

For example, a combination of pembrolizumab with chemotherapy has shown 
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prolonged overall survival (Paz-Ares et al., 2018). Moreover, treatment with a 

cancer vaccine in combination with checkpoint inhibitors has also demonstrated 

induction of T-cell responses in NSCLC patients (Remy-Ziller et al., 2018; Saavedra 

et al., 2018). NSCLC is a complex class of cancers that exhibit intra-tumor 

heterogeneity due to mutations and drivers. Some of the more recent treatment 

approaches target driver oncogenes to design patient-specific personalized 

therapies based on cancer stage and mutations found in cancer tissue (Kumar et al., 

2021). Combination therapy, cancer vaccinations, and personalized therapies have 

been in clinical trials for the past decade, and their efficacy for NSCLC is being 

investigated further (Kaur et al., 2021).  

1.3. Traditional cancer therapies 

Cancer is an aggressive disease caused by the invasive growth of malignant cells that 

can grow uncontrollably and metastasize to healthy tissues (Torres et al., 2018). The 

challenges to treating such disease include the inter- and intra- tumor heterogeneity 

and alterations in the cancer genome (Bidram et al., 2019). Their varying histologic 

origins, anatomic locations, and immunologic characteristics add to the list of 

reasons why treating such a disease is challenging (Torres et al., 2018). Clinical 

treatment of cancer is limited because of its capability to metastasize, which can 

cause damage to healthy cells and organs. Although all tumours have the same 

etiopathogenesis, its dynamic character, which allows it to evolve and collect a 

variety of new mutations, is a source of concern (Duffy, 2013). Despite its 

complexities, several treatment approaches such as surgery, radiotherapy, and 

chemotherapy have successfully provided a survival benefit to the patients to some 

extent, but none have been able to cure the disease (Bidram et al., 2019; Khawar et 

al., 2015).  

1.3.1. Surgery 

Surgery has been an age-old method to treat any type of cancer. In the late 1900s, 

surgical resection was an eminent treatment option for patients with early-stage 

NSCLC since it significantly enhanced five-year survival rates (Flehinger et al., 

1992). Surgical procedures for NSCLC involves pneumonectomy (removal of an 

entire lung), lobectomy (removal of a lobe), segmentectomy (removal of a part of a 

lobe), and wedge resection (removal of a nonanatomic wedge of the lung) based on 

the size and location of the tumour (Crinò et al., 2010; Rotman et al., 2015). As age 
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increases, so does the risk of performing surgery, although, with preoperative risk 

assessments and incorporation of new technologies, surgical treatment can still be 

performed in elderly patients (Jaklitsch et al., 2003).  Some of the risks and 

postoperative complications associated with surgery include lung collapse, 

chylothorax, pneumonia, atelectasis requiring bronchoscopy, myocardial infarction, 

pulmonary edema, and acute respiratory distress syndrome (ARDS) (Benzo et al., 

2007; Rotman et al., 2015). Several studies support the evidence of increased 

postoperative mortality and morbidity rates in patients who received surgery for 

lung cancer (Duque et al., 1997). Interestingly, some procedures can also increase 

the risk of tumour recurrence (Rotman et al., 2015). Surgery is a viable option for 

clinical stage I and II and certain stage III NSCLC patients but has not been successful 

for advanced-stage cancer patients (Manser et al., 2005).  

1.3.2. Radiotherapy 

Radiotherapy was introduced as a reasonable treatment for patients who did not 

seem fit for surgery or may refuse surgical procedures (Crinò et al., 2010). Based on 

a study in 1995, radiotherapy had curative potential and was a practicable 

alternative to surgery (Gauden et al., 1995). However, radiotherapy (RT) was not 

well established until the early 2000s due to little evidence of its curative ability. 

Most patients who received radiotherapy as a cancer treatment were medically 

inoperable, and recurrence was widespread after treatment with RT. As a result, it 

was only viable in treating smaller tumours (Qiao et al., 2003). RT has demonstrated 

its viability as an alternative to surgery for early-stage NSCLC, producing 

comparable long-term survival rates in patients who refused surgery (Zhang et al., 

1989) which is demonstrated in a phase II clinical study (Cheung et al., 2000; 

Kaskowitz et al., 1993). Unfortunately, however, approximately two-thirds of  

NSCLC patients suffer from an advanced and often metastasized disease state, where 

none of those above treatment methods can meaningfully improve overall survival 

(Lemjabbar-Alaouia et al., 2017). 

1.3.3. Chemotherapy 

Chemotherapy was introduced as an advanced treatment for NSCLC when surgery 

and radiotherapy could not the benefit the patient at the metastatic stage (Ihde, 

1992). Cisplatin-based chemotherapy and platinum-based chemotherapy have so 

far shown positive results for advanced stage III NSCLC patients. While cisplatin-



7 
 

based chemotherapy remains the standard treatment regimen, platinum-based 

adjuvant chemotherapy is recommended between the 4th and the 8th week after 

surgical procedures for patients with stage II tumors (Crinò et al., 2010; Zarogoulidis 

et al., 2013). Combining chemotherapy with surgery or radiation or targeted 

therapies (using antibodies) also improved the condition of stage IV patients where 

the treatment may include external radiation therapy, targeted therapy, and any 

laser therapy (Zarogoulidis et al., 2013). The advancements with the 

chemotherapeutic treatment may have provided hope to lung cancer patients but 

do not provide legitimate clinical evidence to have increased patient survival time. 

Most of the diagnosed cases have a 5-year survival of about 15%, and the 

effectiveness of chemotherapy provides a median overall survival of 8-11 months 

(Molina et al., 2008). Furthermore, chemotherapy has the disadvantage of being 

harmful to healthy organs and tissues (Saito et al., 2017).  

With conventional treatments, deciding whether a patient receives radiation, 

chemotherapy, or both is a major issue. No clinical data suggests an increased 

overall survival (OS) in individuals who receive them (Lemjabbar-Alaouia et al., 

2017). In addition, these traditional modalities have not proven to minimize the 

spread of the disease and are also associated with the risk of damaging healthy cells  

(Torres et al., 2018). Emerging therapeutic treatments such as precision medicine, 

targeted therapy, stem-cell transplant, immune checkpoint inhibitors, monoclonal 

antibodies, and cancer vaccines have, however, proven to possess the ability to treat 

different types of cancers with minimal toxicity (Halliday et al., 2019; Hargadon et 

al., 2018; Ventola, 2017). Over the years, the need for personalized therapy has been 

emphasized, suggesting that tailoring treatment according to a patient's cancer 

history or genetic profile would guide patient care and improve patient prognosis in 

malignant tumours (Kurnit et al., 2017). Even though such a therapy sounds 

fascinating, it is difficult to predict the response to individualized treatment due to 

a lack of biological understanding about tumour. Several personalized tumour 

models, such as cancer cell lines, patient-derived xenografts, and tumour organoids, 

have been created as preclinical models to evaluate treatment responsiveness 

against specific tumours to address this challenge (Aboulkheyr Es et al., 2018). 

Tumour organoid models are developed from a specimen derived from patient's 

tumour tissue and mimic the biology of the tumour that resides in their body 

(Weeber et al., 2017). This makes tumour organoid models an ideal tool to evaluate 
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a potentially effective cancer treatment exclusive to a patient's tumour type (Pauli 

et al., 2017). Such an approach for various tumour types, including colorectal, 

pancreas, stomach, prostate, breast, and renal cancers, is currently in investigation 

(Aboulkheyr Es et al., 2018; Weeber et al., 2017). Post diagnosis of any cancer, it is 

essential to understand the prognosis of the disease and identify the suitable 

treatment modality. Whether a patient receives a standard adjuvant therapy, more 

advanced therapy, or no treatment at all is the major question (Nicolini et al., 2018). 

Predictive biomarkers such as circulating DNA (ctDNA), micro RNA, circulating 

tumour cells (Nicolini et al., 2018), and prognostic biomarkers including epidermal 

growth factor receptor (EGFR) (Agustoni et al., 2019), programmed cell death ligand 

– 1 (PD-L1) (Aguiar et al., 2017), gene mutations, when detected can aid in the 

process of choosing an appropriate treatment for cancer patients (Oellerich et al., 

2017). For example, patients who have metastatic colorectal cancer with their 

tumour expressing EGFR can be treated with anti-EGFR monoclonal antibodies 

(mABs) only if there is no sign of rat sarcoma mutations (van Brummelen et al., 

2017). The discovery of specific biomarkers has made it possible to discriminate 

between a patient cohort of responders and non-responders to therapy, potentially 

saving unnecessary treatments and costs (Oellerich et al., 2017). Such therapies 

include immunotherapy, wherein treatments target to enhance patient's immune 

function (Trapani & Darcy, 2017b).  

1.4. Introduction to immunotherapy  

The underlying mechanisms of tumour biology and immunology have paved the way 

for much advanced therapeutics approved and applied to treat cancer. For example, 

adjuvant therapy using Pegylated interferon-α2b and ipilimumab as a checkpoint 

inhibitor to treat melanoma. In addition, monoclonal antibody therapy, cytokines, 

cancer vaccines, and cellular treatments are some of the therapies that function on 

the fundamentals of immunotherapy (Kirkwood et al., 2012). The use of 

immunotherapeutic approaches to treat cancer dates back to the late 1800s when 

William B. Coley reported tumour shrinkage in sarcoma patients post erysipelas 

infection. In addition, Coley's toxins, a mixture of dead microorganisms, 

demonstrated anti-tumour inflammation in patients with inoperable sarcoma.  

(Alatrash et al., 2013). Ever since immunotherapy has been thoroughly investigated 

and applied for various types of cancer. As a result, cancer immunotherapy was 

designated "Breakthrough of the Year" by Science in 2013 because it pioneered a 
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novel approach to employ patient's own immune system to attack tumours without 

directly targeting them (Couzin-Frankel, 2013). Two broad categories of 

immunotherapy reviewed and classified are, active immunotherapy, which includes 

tumour vaccination with peptide-based vaccines, dendritic cell-based vaccines, DNA 

and RNA-based vaccines, adjuvant therapy with BCG (Bacillus Calmette-Guerin), 

cytokines, and passive immunotherapy, which includes monoclonal antibodies 

(mAbs) and adoptive T cell therapy (Kazemi et al., 2016). Enhancement of the 

immune system is the major function of immunotherapy, which targets eliminating 

tumor cells from the host body, thus increasing survival (Oliveres et al., 2018).  

Cancer vaccines have been a remarkable achievement in immunotherapy that 

enhance the anti-tumour response and build immunity against the disease (or 

specific antigen). The idea behind cancer vaccination is to alert the immune system 

to the existence of cancer by exposing it to antigens linked with tumour cells 

(Goldman & DeFrancesco, 2009). For example, Provenge (or Sipuleucel-T), the first 

cancer vaccine to be approved by U.S. Food and Drug Association (FDA), was 

designed to trigger patient's own immune system against prostate cancer cells by 

targeting a prostate cancer tissue antigen. It targets the antigen, kills the cancer cells 

expressing that antigen, and stimulates long-term T-cell immunity. This vaccine has 

shown to increase the survival of prostate cancer patients by 4.1 months (Cheever 

& Higano, 2011). The most important part of a cancer vaccine is antigen selection. 

Clinical trials have utilized antigens that are abundantly produced in cancer cells, 

mainly in patients with advanced disease, and they appear to be superior to the 

whole cell-based vaccines (Jäger et al., 2002). However, these antigens are poorly 

immunogenic and produce an anti-tumour response only when their expression 

exceeds the threshold for T-cell identification. Therefore, to enhance the 

immunogenicity of a cancer antigen, adequate immune stimulation provided by an 

adjuvant or an immune stimulator has become of significant importance (Hu et al., 

2018). Some of the vaccines currently in clinical trials for NSCLC based on and/or 

target TAA include TG4010, Tecemotide, MAGE-A3, and Racotumomab-alum (Kaur 

et al., 2021). Other types of vaccines include nucleic acid-based vaccines that may 

encode for the antigen of interest (naked DNA, mRNA) (McNamara et al., 2015) or 

act as an immune stimulator (CpG-ODN, RNA:DNA hybrid) when combined with a 

TAA (Rigby et al., 2014; Scheiermann & Klinman, 2015).  Cancer vaccines have 

recently been investigated globally and appear to be a promising strategy for cancer 
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immunotherapy (Fan & Moon, 2015). Considering this wide variety of 

overexpressed TAAs, several combinations for a potential cancer vaccine can be 

designed (Hu et al., 2018). This study investigates two such cancer vaccines that 

share the same antigen, Globo-H (overexpressed in epithelial cancers) but different 

immune stimulators in a lung cancer in vivo model of mice.   

In this investigation, our primary focus is to develop an immunotherapeutic 

approach by constructing a novel cancer vaccine using tumor associated 

carbohydrate antigen (TACA) and an immune stimulator. The goal is to activate the 

innate immune system, improve antigenicity for antigen processing and 

presentation, and develop anti-tumour immunity. According to established 

literature, Globo-H is poorly immunogenic and requires a potential immune 

stimulator to enhance antigenicity and enable its presentation to antigen presenting 

cells (APCs) (Lee et al., 2014). Post antigen recognition a robust immune response 

specific to Globo-H is activated that helps eliminate cancer cells. Two vaccine 

candidates chosen for this study contain immune stimulators that trigger an 

immune response via TLR9 receptor (Jensen & Paludan, 2014; Murad et al., 2007). 

Therefore, both CpG 7909 and RNA:DNA hybrid are used in combination with Globo-

H in separate vaccine formulations. These vaccines are unique and novel because 

CpG 7909 in combination with Globo-H, or RNA:DNA hybrid in conjunction with any 

antigen have not been investigated previously. 

The following chapter provides an overview of the existing literature that explains 

the working of the immune system, types of tumour antigens and how Globo-H 

might be a possible target, immune stimulators and PAMPs, and the role of PRRs in 

generating an immune response. It also discusses a variety of cancer 

immunotherapies and how cancer vaccines could be a good candidate for active 

immunotherapy. Further chapters discuss the adopted methodology for 

constructing novel vaccine candidates, selecting the optimum doses for vaccination, 

and evaluating immune activation potential in in vitro and in vivo models of immune 

cells and immune system, respectively. In addition, this study analyses both vaccine 

candidates in a lung cancer tumour model to identify a superior vaccine with the 

ability to trigger a potent innate immune response in vivo. Finally, the study 

concludes its investigation and provides future insights and possible options further 

research in this filed. 
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2.1. The immune system 

The human immune system is a complex system of an individual’s body that protects 

the body from various forms of exogenous or endogenous infection, damage, and 

sickness. It comprises of two major systems including innate immune system and 

adaptive immune system to identify and neutralise the threat (Candeias & Gaipl, 

2016). Briefly, innate (natural) immune response is triggered upon initial 

recognition of an infectious agent or a transformed cell. The innate immune cells 

including macrophages, dendritic cells (DCs), natural killer (NK) cells, etc are 

activated causing an inflammatory response. This causes the secretion of certain 

protein molecules such as cytokines and interferons that activates the immune cells 

to send signals to initiate a more specific response against the invasion. Adaptive 

(acquired) immune response is triggered as soon as the antigen is presented to the 

lymphocytes (T-lymphocytes and B-lymphocytes) via surface receptors. This occurs 

when the antigen is displayed by specialized cells known as the antigen presenting 

cells (APCs) to T-cells. The T-cells become activated and send out signals to activate 

and recruits B-cells to produce immunoglobulins, the antibodies against specific 

antigen. Such a response creates a long-lasting immunological memory against the 

encountered pathogen and boosts immunity. Acquired immunity is improved with 

repeated exposure to the same antigen to produce antibodies against it. The 

adaptive response involves the activation of antigen specific T-cells and B-cells and 

is able to recognize harmful and pathogenic agents by means of receptors on the 

immune cells. Both innate and adaptive immune responses work together to 

eradicate harmful pathogens and boost immunity against them (Lakshmi Narendra 

et al., 2013; Delves, 2000).  

The immune system plays an important role not only to protect the body against 

infection but also to prevent the division of malicious cells hindering them to 

metastasize. It is believed that an inflammatory response is generated when the 

immune system first encounters a foreign pathogen. Similarly, when a tumour cell 

expresses tumour associated antigens, the body recognises them as non-self and 

triggers the first line of defence mechanism which involves the induction of various 

innate immune cells (Janssen et al., 2017).  The basic mechanism of action of the 

immune system to evade the cancer-causing cells is the activation of the major 

histocompatibility complex (MHC) that is known to trigger the CD4+ T helper cells 

via antigen presentation on MHC class II and CD8+ cytotoxic T cells (CTLs) on MHC 
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class I molecules. The helper T cells (Th1 and Th2) have various functions including 

the release of cytokines, interferons, and interleukins for the recognition and 

elimination of tumour cells (Alatrash et al., 2013) The innate immune system 

provides the first line of defence against various internal and external threats posed 

to the human body and can occur in minutes after invasion of a pathogen, whereas 

adaptive immunity is much of an antigen specific immune response that involves the 

recognition of epitopes and present it to the T and B cells (Fig. 2) (Mir, 2015; Weiner, 

2015). 

 

 

 

 

Since innate immune response is the first to occur, it is necessary for an antigen to 

be recognized as foreign by the innate immune system for an effective defence. 

Therefore, the innate immune system and its components become an important 

target for cancer immunotherapy. Subsequent activation of adaptive immune 

system would induce long lasting cancer immunity and progressive survival. There 

are several cells of the innate immune system involved in the fight against antigens 

such as, neutrophils, NK cells, specialized phagocytes, macrophages, and DCs, along 

with their products including the cytokines and chemokines (Galdeano & Perdigón, 

2006; Ventola, 2017). Antigen presenting cells (APCs) for example, macrophages 

and DCs play a major role in generating a potent antitumour response. They capture 

the antigens via receptors and have a unique capability to display tumour antigens 

on the cell surface for the recognition by T-cell receptor (TCR). When activated, 

Figure 2. Mechanism of inflammatory response in the immune system.   

Note: This figure has been redrawn but is based on the figure from the book Developing Costimulatory Molecules for 

Immunotherapy of Diseases (Ch 3, p. 87) by Mir, M. A. (2015) published by Academic Press, USA. 
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these cells release accessory signals to recruit T cells to the site and prime naïve T-

cells  that is responsible in developing an antitumour response (Muraille et al., 

2002). Macrophages and DCs are equipped with specific surface receptors called the 

pattern recognition receptors (PRRs) that recognize certain patterns present on the 

antigen molecule known as pattern associated molecular patterns (PAMPs) that are 

important for the regulation of  immunity and homeostasis (Plato et al., 2013). These 

receptors include Toll like receptor (TLRs), RIG-like receptors (RLRs), C-type lectin 

receptors (CLRs), NOD-like receptors (NLRs), and cytosolic DNA sensors (Pandey et 

al., 2015). TLRs are the important receptors that induce the immune response and 

alert the APCs of the foreign substance. It is known that microbial DNA and RNA 

consist of certain cytoplasmic PAMPs and its recognition has gained much of an 

interest in the recent years (Eigenbrod et al., 2015; Galdeano & Perdigón, 2006). 

2.1.1. Innate immune system 

The innate immune system is a primitive system that can respond to foreign 

pathogens by utilising the proteins of germline genes. It is not capable of inducing 

an immunological memory but is crucial in recognising the antigens and create an 

inflammatory response to trigger adaptive immunity (Ventola, 2017). The innate 

immune cells capable of antigen presentation participate in recognising the 

neoplasms via PRRs and lead to active presentation and processing of the antigen 

(Galdeano & Perdigón, 2006). Protein molecules including cytokines and 

chemokines are produced as a result of antigen processing that are responsible for 

mediating the antitumour response. It is evident that innate immune response is a 

potent modulator of an antitumour response. If and when an inflammatory response 

is triggered, the proinflammatory cytokines such as IL-12, TNF-α, IL-6 can to create 

an antitumour environment and participate in eliminating immune suppression 

developed by tumour cells (Van den Boorn & Hartmann, 2013). The cytokine pool is 

enhanced by the recognition of immune-stimulatory PAMPs such as LPS, CpG DNA 

motifs, and RNA:DNA hybrid which are arrested by PRRs (Candeias & Gaipl, 2016). 

However, inflammation can have a dual function and can contribute either to the 

development of cancer or to negative regulation of a tumour. Chronic inflammation 

can cause the tumour to grow and promote an immunosuppressive environment. 

This has been previously demonstrated in cases such as cervical cancer, gastric 

cancer, and colorectal cancer and has known to increase the risk of tumour 

advancement. In contrast, acute inflammation has shown to enhance antitumour 
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immunity by increasing DC maturation and function, as well as effector T cell 

priming (Gonzalez et al., 2018; Yang, 2015). This complex role of inflammatory 

responses has been rigorously investigated over the decades to discover the right 

treatment for cancer that could lead to a better survival of cancer patients. 

2.2. Immune system and Cancer 

The concept that components of immune system can protect against transformed 

cells including cancer cells, was first introduced in 1909 by Paul Ehrlich (Bhardwaj, 

2007) who proposed that an individual’s immune system can eliminate malignant 

cells even before they manifest (Kazemi et al., 2016). Later this theory was altered 

by Burnet and Thomas in 1950s when they proposed that the immune system 

functions via immune-surveillance to eliminate precancerous or cancerous cells 

(Bhardwaj, 2007). It has been evident that immune system can recognize tumour 

and protect the host from virus-induced tumours by suppressing these infections. 

This prompt inflammatory response, lasting only for a short period, can avert the 

establishment of an inflammatory environment favourable to tumorigenesis. It is 

known that the tumour specific antigens when expressed or released by tumour 

cells are sensed by the immune system that responds to eliminate tumour via 

immune surveillance (Lakshmi Narendra et al., 2013).  

The recognition of antigens from dying tumour cells initiates a series of events that 

induces an antitumour response to eliminate cancer cells. This signalling pathway 

has been referred to as the Cancer-Immunity cycle (Chen & Mellman, 2013) as 

depicted in Fig. 3 and is triggered upon the recognition of neoantigens or cancer 

specific antigens released by transformed tumour cells. These antigens get 

recognised by the APCs such as DCs and activates the immune system. An 

inflammatory environment is created that favours the induction of regulatory 

factors such as proinflammatory cytokines including TNF-α, IL-12, IL-2, INF-α or 

inhibitory molecules such as IL-12, IL-4, CTLA-4, etc. Once captured by DCs, the 

antigens are presented to the T-cells via major histocompatibility complex (MHC I 

and MHC II) leading to priming of naïve T-cells and activation of T-cell response 

against the cancer cell antigen. Ideally, induction of effector T-cells would create a 

cytotoxic environment and eliminate the tumour cells, but along with a cytotoxic 

response, the induced T-cells may activate regulatory T-cells (Tregs) those favour 

immune suppression. Therefore, in the cancer immunity cycle this step is the 

deciding factor to outcome. Nevertheless, the activated effector T-cells infiltrate 
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tumour and bind to the cells via specific TCR finally killing the target tumour cell. 

The dying cancer cell releases the tumour antigens and the cycle continues to 

increase the response with subsequent revolutions (Chen & Mellman, 2013).   

The Cancer Immunity cycle must ideally be able to amplify and expand the T-cell 

responses and create a strong antitumor environment. However, the inhibitory 

molecular factors that prime the immune regulatory mechanisms, can limit 

immunity against cancer. It has been previously demonstrated that cancers have the 

ability to evade immune surveillance. This is possible when the tumour cells present 

fewer antigens or lose the capability of antigen presentation to the host immune 

system and are not recognised as foreign. In another scenario, the cancer cells hide 

from immune recognition due to the secretion of immunosuppressive substances 

such as IL-10, and various growth factors that favour tumour growth and immune 

evasion (Gonzalez et al., 2018; Vinay et al., 2015). This enhances the tumour 

proliferation resulting in metastasis and disease progression (Janssen et al., 2017).   

Figure 3. Cancer immunity cycle. The figure describes the cyclic process for generation of 

cancer immunity initiating with the release of cancer cell antigen followed by a cycle of seven 

steps ending and finally killing and eliminating the cancer cells. All the seven steps have been 

described above with the types of immune cells involved and their location of activity. This cancer 

immunity cycle is also associated with immune regulatory mechanisms which might inhibit or 

limit the immune efficacy. 

Note: This figure has been redrawn but is based on the figure in article by Chen, D. S., & Mellman, I. (2013). Oncology 

meets immunology: The cancer-immunity cycle. Immunity, 39(1), 1–10.  
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The dynamic process of where the immune system can both prevent and promote 

tumour growth is known as cancer immunoediting (Lakshmi Narendra et al., 2013). 

It occurs in three stages that include elimination, equilibrium, and escape (Fig. 4). 

During the process the immune system recognises vulnerable cancer cells and 

presents it to the T-cells which then destroys most of them via cytotoxic killing 

leading to the elimination of tumour. Due to the immune induced inflammatory 

response, tumour cells may undergo mutational changes that enables constant cell 

division generating a pool of tumour cells with reduced immunogenicity. As a result, 

tumour cells continue to divide. A state of equilibrium is achieved as a balance 

between immune control and tumour growth is maintained. The tumours eventually 

act to weaken the protective and destructive capability of the immune system which 

allows them to escape immune surveillance leading to a progressive disease 

(Lakshmi Narendra et al., 2013; Vinay et al., 2015).  

 

 

 

 

 

To overcome the challenge of immune suppression and evasion, several therapies 

have been designed over the years to target the different steps in the cancer 

immunity cycle. Inhibition of Treg cell function, induction of proinflammatory 

cytokines such as IL-12, and induction of Th1, NK cell and other innate immune cells 

to promote T-cell responses are some of the ways to target cancer immunity cycle  

(Chen & Mellman, 2013; Vinay et al., 2015). Certain cancer immunotherapies that 

work to revive the suppressed immune system or enhance its activity to initiate and 

sustain attacks against the tumour cells have shown a great response. These 

Figure 4. Cancer Immunoediting. The three phases of cancer immunoediting process include 

elimination of tumour, equilibrium of immune cells and tumour cells, escape of tumour cells 

under immune surveillance. 

Note: This figure has been redrawn but is based on the figure in article by Lakshmi Narendra, B., Eshvendar Reddy, K., 

Shantikumar, S., & Ramakrishna, S. (2013). Immune system: A double-edged sword in cancer. Inflammation Research, 

62(9), 823–834.  
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therapies include monoclonal antibodies, immune checkpoint blockers, cytokines, 

cell-based immunotherapies, and cancer vaccines (Ventola, 2017). These have been 

described in later paragraphs.   

2.3. Cells of innate immunity in cancer 

The cells of the innate immune system especially antigen presenting cells (APCs) 

play a very important role in recognition of the antigens and producing a potent 

stimulatory response. This section talks about three different types of cells that 

participate in antitumour activity (Woo et al., 2015). The army of these cells shape 

the first line of defence mechanism and trigger an antitumour response as they 

recognize danger signals, release chemicals to communicate with the adaptive 

immune cells and warn them about the incoming threat (Talty & Olino, 2021).  

2.3.1. NK cells 

The natural killer cells (NK) mediate innate immunity and detect the transformed 

cells even when there are no inflammatory signals. NK cells emit signals to activate 

inhibitory killer immunoglobulin receptors (NCR, NKG2D) and destroy cancer cells 

after activation through the induction of apoptosis (Janssen et al., 2017). They 

constantly express tumour necrosis factor (TNF) family ligands that can mediate 

antitumour immunity. The NK cells also help DC-T cell interaction and facilitate 

immunological responses to tumour associated pathogens via release of interferon, 

IFN-γ. The release of IFN-γ produces an interleukin IL-12 that induces a strong 

antitumour CD8+ T cell response (Lakshmi Narendra et al., 2013).  

2.3.2. Antigen presenting cells (APCs) 

The antigen presenting cells or APCs are the immune cells that are capable of 

recognizing, processing, and displaying the tumour antigens on their surface to the 

lymphocytes via major histocompatibility complex (MHC) molecules (Woo et al., 

2015). These cells mediate cellular immune response by recognising the 

damage/danger associated molecular patterns (DAMPs) or pathogen associated 

molecular patterns (PAMPs) via PRRs. The mechanism releases signals to recruit T 

lymphocytes to the site where the T-cell receptor (TCR) attaches to the antigen 

being presented and activate an immune response against it. T-cells further polarize 

into specific helper T cells (Th), cytotoxic T cells (Tc), and effector T cells (Teff) to 

perform their respective functions and signal B-cells, produce cytotoxic response, 



19 
 

or generate an anticancer environment (Vasou et al., 2017). The innate immune 

system consists of two types of APCs including macrophages and dendritic cells 

(DCs) (Woo et al., 2015).    

Macrophages 

The role macrophages in the tumour microenvironment is crucial and two 

phenotypes of macrophages, M1 and M2, have varying functions in an immune 

response (Mosser & Edwards, 2009). Macrophages can detect DAMPs or PAMPs 

through TLRs (intracellular PRRs) and interleukin-1 receptor (IL-1R). This is usually 

signalled through the myeloid differentiation primary-response gene 88 (MyD88) 

(Mosser & Edwards, 2009). Macrophages react to the unwanted foreign antigen and 

participate in inflammatory responses and release of proinflammatory cytokines 

including IL-6, TNF-α and IFN-γ (Noy & Pollard, 2014). Interestingly, when exposed 

to cancer cells these are recruited to the tumour microenvironment, interact with 

the tumour cells, and localize in the tumour bed (Lakshmi Narendra et al., 2013). 

Macrophages respond to immune stimuli and are activated into distinct phenotypes 

depending on their microenvironment. These cells are accompanied by their 

differential cytokine profiles. When polarised to a M1 they produce 

proinflammatory cytokines such as TNF-α, IL-1, IL-6, IL-12, and IL-23 and are 

associated with tumour destruction. In contrast, when these are polarised to M2 

phenotype, they release an array of anti-inflammatory cytokines including IL-10, 

TGF-β and arginase-1 which are known to produce an immunosuppressive 

environment facilitating tumour progression (Janssen et al., 2017; Lakshmi 

Narendra et al., 2013). The protumoural phenotype, usually found in the tumour bed 

are known as tumour associated macrophages (TAM) (Noy & Pollard, 2014). To 

generate a long lasting antitumour response against the tumour associated antigens 

(TAAs), manipulation of the M2 phenotype to M1 phenotype and changes in the 

immunological contexture from Th2, Tregs and myeloid derived suppressor cells  

(MDSCs) to Th1, Th17 and T effector cells, favouring a cytotoxic CD8+ T cell 

response is paramount (Candeias & Gaipl, 2016; Lakshmi Narendra et al., 2013). 

This can be achieved by the induction of agents that can enhance the expression of 

proinflammatory cytokines in the tumour microenvironment (Pathria et al., 2019) 

or target to kill the associated TAMs (Ostuni et al., 2015).  
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Dendritic Cells (DCs) 

Dendritic cells of the innate immune system are acknowledged as the most potent 

APC that function to recognise, present, and process the cancer antigen by forming 

a peptide-MHC complex and displaying it to antigen specific T-cells. These cells 

serve as a vital link between the innate and adaptive immune systems, evidently 

triggering a tumor-specific immune response (Gardner & Ruffell, 2016). DCs 

migrate to the tumour microenvironment (TME) where they process tumour 

proteins released by dying tumour cells and present it to T-cells. The T-cells then 

differentiate into effector T-cells thereby initiating a signalling cascade and 

promoting cellular and humoral antitumour immunity (Loose & Van De Wiele, 

2009). There are four signals involved from DC activation and maturation to 

induction of an effective T cell response. The first signal (antigen presentation) is 

produced when a phagocytic cell (DC) recognize the cancer cell and present the 

antigenic peptide fragments on the cell surface via MHC molecules (Benencia et al., 

2012). This interaction and formation of the peptide-MHC complex initiates a signal 

to stimulate the naïve T-cells where the antigen is processed (Lakshmi Narendra et 

al., 2013). The T-cells recognise the antigen through its surface receptor, TCR, and 

induces T-cell differentiation. The cross presentation of TAAs trigger the co-

stimulatory molecules and chemokine receptors that initiate a second signal to aid 

the effector T-cell activation (Wculek et al., 2020). DCs also express co-stimulatory 

molecules such as CD40, CD80, and CD86 that are responsible for the activation or 

suppression of T-cells. Chemokine receptor such as CCR7 which plays an important 

role in recruiting DCs in the TME is upregulated during the process (Benencia et al., 

2012; Wculek et al., 2020). Additionally, the expression of a chemokine receptor 

CCR6 that regulates the migration of DCs and T-cells to the tumour tissue and is 

involved in tumour prognosis is downregulated (Benencia et al., 2012; Frick et al., 

2016). Simultaneously, downstream signalling also secretes cytokines or soluble 

molecules upon interaction between the DC and T cell and generate signals to 

regulate the immune response (signal three). Certain inflammatory cytokines 

including IL-12, IL-6, TNF-α and type 1 interferons contribute to Th1 response and 

CD8+ T cell recruitment to the TME (Wculek et al., 2020). These cytokines are 

stimulated on antigen recognition, DC maturation and interaction with T cells 

(Gardner & Ruffell, 2016). Cytokine signalling is crucial in the differentiation of 

naïve T-cells into effector T-cells and the development of a potent antitumour 
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response (Lakshmi Narendra et al., 2013). As the activated DCs migrate to the local 

TME, they release chemokines such as CXC-chemokine ligand 9 (CXCL9) and CXC-

chemokine ligand 10 (CXCL10) which attracts the cytotoxic T-cells to the TME. This 

chemokine signalling (signal four) instructs T cells to migrate towards the local TME 

or tumour draining lymph nodes (TDLN) to initiate a specific immune response by 

the induction of chemokine receptors and integrins (Lakshmi Narendra et al., 2013; 

Wculek et al., 2020). By preparing the TME with soluble molecular factors as well as 

liaising the priming of antitumour T cells, DCs become an integral part of an 

antitumour immunity.  

DCs serve as an essential link between the innate and adaptive immune response 

(Benencia et al., 2012; Wculek et al., 2020).  Even with such antitumour activity, they 

can sometimes contribute to the progression of tumour comparable to that of 

macrophages (Veglia & Gabrilovich, 2017). Immature DCs are able to capture the 

antigen but demonstrate a weak ability to induce co-stimulatory molecules and 

cytokines. As soon as an exogenous or endogenous threat is recognized by steady 

state DCs, they become activated and mature to produce effective T-cell response 

(Palucka & Banchereau, 2012; Veglia & Gabrilovich, 2017). During the process, DCs 

divide into their unique subsets that are driven by transcriptional factors. These 

subsets include plasmacytoid DCs (pDCs) and conventional DCs (cDCs) (Veglia & 

Gabrilovich, 2017). pDCs are found in small numbers in the body and selectively 

express TLR7 and TLR9. They produce high amounts of type 1 IFN in response to 

viral nucleic acids. Being a subset of a professional APC, pDCs have the capacity to 

display the antigen via MHC II but their potential to present the antigen via MHC I is 

limited. Depending on the involved stimuli, pDCs can induce an immunogenic or an 

immunotolerant response (Gardner & Ruffell, 2016; Veglia & Gabrilovich, 2017). 

However, pDCs are less efficient than cDCs as the latter are known to present the 

antigen via MHC I and are involved in antitumour response (Gardner & Ruffell, 

2016). The cDC subtype of DCs is superior in transporting the cancer associated 

antigens to TDLNs where they activate T-cells and drive its polarization (Gardner & 

Ruffell, 2016; Veglia & Gabrilovich, 2017). Thus, cDCs promote antitumour activity 

by triggering a strong CD8+ T-cell response and support Th1 cell induction (Wculek 

et al., 2020). The tumour continuously tries to downregulate the antitumour 

potential of various APCs including DCs. The TME consists of innumerable cell 

components released by the immune system that are responsible for promoting 
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tumour growth by inhibiting antitumour response mediated via complement 

signalling. These components include the tumour associated leukocytes for e.g. 

regulatory T-cells (Treg) or myeloid derived suppressor cells (MDSCs) (Benencia et 

al., 2012). Other signalling molecules that are responsible for the inhibition of DC 

maturation include vascular endothelial growth factor (VEGF), prostaglandin E2, IL-

10, IL-6, and colony stimulating factor 1 (CSF-1) (Gardner & Ruffell, 2016). These 

molecules affect the nature of DCs in the TME and tumour associated DCs (TA-DCs) 

promote an immunosuppressive environment that favours tumour progression. 

They render incapable of producing specific immune responses and promote 

angiogenic factors in the TME (Benencia et al., 2012). Therefore, strategies to utilise 

DCs to induce tumour specific response have been designed. These include 

vaccinations using DCs to stimulate CD4+ and CD8+ responses for a long-lasting 

cancer immunity. Therapeutic vaccination with DCs include loading of TAAs on DCs 

by pulsing the cells with tumour derived peptides or with RNA encoding tumour 

antigens, encapsulating these peptides in biodegradable polymers, and DCs fused 

with TAAs (Benencia et al., 2012). These strategies aim at eliciting a potent T-cell 

response in the TME by generating peptide-MHC I complex, production of perforin 

and granzyme that are important for cytotoxic response against the cancer, and 

express the soluble molecules that lead to immune-stimulatory mechanisms 

(Palucka & Banchereau, 2012; Veglia & Gabrilovich, 2017). Other established 

therapies that rely on DCs to promote an antitumour activity include chemotherapy, 

targeted therapy, radiation therapy, adoptive T cell transfer, and various cancer 

immunotherapies that boost an antigen-specific antitumour response (Wculek et al., 

2020).   

2.4. Antigens of cancer or cancer associated antigens  

Tumour antigens are proteins, glycoproteins or carbohydrates that are found on the 

surface of cancer cells. It has been demonstrated that tumour antigens can be 

recognized by T-cells of the immune system (Woo et al., 2015). These antigens are 

broadly categorized into two types including tumour specific antigens (TSA) and 

tumour associated antigens (TAA) (Table 1). The former type of tumour antigens 

are specifically present in tumour cells whereas TAAs are found on the surface of 

both tumour and normal cells (Yang et al., 2015).  The tumour antigens that are 

recognized by the CD8+ T-cells include a number of overexpressed self-proteins 

derived from the tumour, antigens derived from genetic mutations, antigens derived 
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2.4.1. Cancer testis antigen (CTA) 

These represent the antigen class originated from male germ lines cells in the testis 

that are not present in adult somatic tissues and can also be found in the ovary and 

trophoblast in some cases (Scanlan et al., 2002). As these are not present in normal 

adult tissues, they serve to be a potential candidate for tumour specific therapies. 

CTAs have high tumour selectivity and are widely expressed across a wide range of 

tumour types (Hu et al., 2018). Most of these antigens have been found to be 

frequently associated with melanoma, lung cancer, and ovarian cancer whereas 

their expression in renal cancer, colon cancer, hematopoietic malignancies, and 

pancreatic cancers is poor (Tarnowski et al., 2016). Even though these antigens are 

generally expressed in immunologically privileged testis, they are extremely 

capable of eliciting an immune response and can be useful in the development of 

cancer vaccines (Scanlan et al., 2002; Tarnowski et al., 2016). There are more than 

60 genes that code for CTAs which may be crucial in the tumour development and 

proliferation (Hu et al., 2018; Tarnowski et al., 2016). The first CTA was identified 

when a patient with melanoma was found to elicit a cytotoxic T lymphocyte (CTL) 

response that recognised autologous tumour cells. The gene encoding this CTA 

which is now known as melanoma antigen 1 (MAGE 1) was cloned and analysed to 

be present exclusively in testis (Scanlan et al., 2002; Yang et al., 2015). Cloning of 

CTL led to the development of a technology termed as SEREX (serological analysis 

of recombinant tumour cDNA expression libraries with autologous serum) that can 

detect the tumour antigens with high immunogenicity to elicit a CTL-mediated 

immune response (Scanlan et al., 2002). This expanded the CTA family of tumour 

targets which include CT83, MAGE 1-4, NY-ESA-1, PRAME, SSX2, GAGE, BAGE for use 

in therapeutic vaccines for different types of cancer (Finn, 2018; Linley et al., 2011).     

2.4.2. Overexpressed antigens 

Overexpressed antigens, as the name suggests, are highly expressed in tumours and 

poorly expressed on the surface of normal cells (Yang et al., 2015). Such antigens 

even though are present in normal tissues, are preferentially targeted by the 

immune system when expressed on the tumour cells (Finn, 2018). Some of these 

antigenic peptides include human mucin 1 (MUC1), human epidermal growth factor 

receptor 2 (HER-2), and cyclin B1 (Yang et al., 2015). It is said that an antitumour 

response against overexpressed antigens is only produced when the level of antigen 
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expression reaches a threshold for recognition by T-cells, that is ultimately believed 

to break the immunological tolerance (Hu et al., 2018). This subset of antigen 

peptides is shared among several tumours including bladder, breast, cervical, colon, 

glioblastoma, non-small cell lung cancer (NSCLC), etc and hence are ideal targets for 

cancer immunotherapy. However, due to the low expression of these antigens on the 

normal cells, their recognition is associated with high risk of autoimmunity 

(Vigneron, 2015). Nevertheless, vaccines using MUC-1 and WT-1 as TAA have 

demonstrated effective immune activity and safety in various clinical trials (Linley 

et al., 2011).       

2.4.3. Differentiation antigens 

These are proteins that are expressed in a tumour tissue and the corresponding 

healthy tissue and therefore are also referred as lineage-specific antigen (Finn, 

2018). These antigens have been predominantly found in melanoma and certain 

other types of tumours such as B cell lymphoma and prostate cancer (Finn, 2018; 

Linley et al., 2011). The most commonly recognized differentiation antigens that 

elicit a spontaneous immune response include melan-A/MART-1, tyrosinase, gp75, 

gp100, tyrosine related protein (TRP-1) and TRP-2 (Yang et al., 2015). As these 

antigens are highly expressed in melanoma, the T-cell response are associated with 

vitiligo which is a sign of positive prognosis (Vigneron, 2015).  Several peptides for 

prostate cancer and colorectal cancer have also been identified as therapeutic 

targets for cancer vaccination (Vigneron, 2015). Certain clinical trials have been 

initiated to investigate the response of melanoma associated differentiation antigen 

with or without T-cell transfer, and have shown high response rates and CD8+ T cell 

expansion (Linley et al., 2011; Yang et al., 2015).   

2.4.4. Universal tumour antigens 

Tumour antigens that are expressed in most of the tumours and are minimally or 

not expressed at all in the normal tissues. Specific antigens are present on the cell 

surface and the peptides derived from these produce an antigen-specific, MHC-

restricted T-cell response (Gordan & Vonderheide, 2002). For example, telomerase 

reverse transcriptase (hTERT) is a type of universal antigen that is widely present 

in cancer patients and is a target for T lymphocytes. Telomerase activity mediates 

the telomeres that are present at the end of chromosome and are involved in the 

prevention of cell senescence, especially in tumour cells (Beatty & Vonderheide, 
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2008). In humans, hTERT is known to convert normal healthy cells into tumours and 

expression of hTERT in tumour cells contribute to the growth and development of 

tumour cells. Most of the human tissues and cells do not show telomerase activity 

but the cancer cells do and therefore these antigens become an attractive target for 

cancer immunotherapies (Beatty & Vonderheide, 2008; Yang et al., 2015). The 

efficacy of hTERT as a vaccine antigen has previously shown to induce a robust 

immune response in several clinical trials. Some of the other known antigens that 

are shared by different types of tumours include MDM1, survivin, and CYP 1B1 

(Beatty & Vonderheide, 2008).  

Cancer cell undergoes various changes during its growth and often lead to the 

presentation of surface antigens. Certain modifications in the unbalanced 

glycosylation process in cancer cells has led to the expression of carbohydrate 

antigens that are associated with reduced patient survival (Cazet et al., 2010). This 

category of TAAs is known as tumour associated carbohydrate antigens (TACAs) 

that can be found on the surface of tumour cells. These are present in tumours such 

as breast cancer, lung cancer, colorectal cancer, prostate cancer, and bladder cancer 

and are potential targets for anti-cancer therapies (Wang et al., 2008; Xu et al., 

2005). Overexpressed abnormal glycans are structurally distinct from carbohydrate 

molecules found in normal tissues and are not recognised as self-antigens (Xu et al., 

2005). Tumour surface glycans are generally expressed as truncated structures 

resulting in N- or O- linked residues that are often associated with malignancy 

(Nativi et al., 2019). TACAs have proven to be a great target for many preventive and 

therapeutic vaccinations, as they are more frequently found in tumours than other 

oncoproteins including Her2/neu, myc, and kRAS (Xu et al., 2005). An example of 

such potent antigen is Globo-H, a hexasaccharide molecule that is overexpressed in 

a variety of cancer cells including breast cancer, lung cancer, prostate cancer, and 

pancreatic cancer (Wang et al., 2008). The current study utilises Globo-H in 

combination with an immunostimulatory nucleic acid molecule to elicit an immune 

response against cancer. 

2.5. Tumour microenvironment 

Tumour microenvironment (TME) is a unique environment that supports the 

development of tumour. It is composed of proliferating tumour cells, tumour stroma 

such as fibroblasts, blood vessels, infiltrating immune cells, signalling molecules, 

and extracellular matrix (ECM) (Whiteside, 2008). Tumor-induced interactions of 
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the cellular and molecular components dominate the TME and exploit the signalling 

mechanisms to favour its growth (Baghban et al., 2020). TME is also responsible for 

communicating metastasis of the tumour which is extremely influenced by 

surrounding interactions that ultimately decide the fate of a tumour, whether it will 

be eliminated, metastasized or remain dormant (Labani-Motlagh et al., 2020). These 

interactions include a complex network of chemokines, cytokines, growth factors, 

inflammatory mediators and several other mechanisms involving circulating 

tumour cells (CTCs), exosomes, cell-free DNA (cfDNA) and apoptotic bodies that 

interact with distant tumour and normal cells (Baghban et al., 2020).  

Tumour microenvironment is one of its kind which develops as the tumour grows. 

When a tumour progresses, several immunological events take place within a 

tumour which forms a complex network of material exchange between the tumour, 

its microenvironment and the host immune system (Gasser et al., 2017). Upon 

recognition by host immune system, an inflammatory response is generated that 

aids the progression of cancer. Tumour-induced inflammation polarises 

inflammatory immune cells that are travel to the tumour site as a part of the 

response to aid cancer development and support metastasis (Gonzalez et al., 2018). 

Majority of the studies support the localisation of immunosuppressive elements 

such as myeloid derived suppressor cells (MDSCs), tumour associated macrophages 

(TAMs) and Tregs in the TME (Gasser et al., 2017; Gonzalez et al., 2018; Janssen et 

al., 2017; Teng et al., 2015). These elements are a result of an inflammatory response 

generated upon recognition, where immune cells infiltrate the TME and perform 

either protumour or antitumour roles (Turley et al., 2015). Antitumour effects of the 

immune cells involves a series of steps known as the cancer immunity cycle 

(discussed previously) and leads to a cytotoxic T-cell response to eliminate tumour 

and establish immunity. However, tumours can evade immune-surveillance by 

inhibiting cytotoxic response via production of immunosuppressive cytokines such 

as IL-10, expression of inhibitory receptors PD-1, CTLA4, and release of growth 

factors including TGF-β, that assist in the modification of immune cells to establish 

protumor activity in the TME at different steps of the cycle (Chen & Mellman, 2013; 

Turley et al., 2015).  

This happens as the tumour is captured by the cancer immunity cycle. Its death 

releases tumour antigens which are recognized by the innate immune cells, 

macrophages. These macrophages are recruited to the TME and differentiate into 
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M1 or M2 phenotype depending on the type of biochemical environment (Mills, 

2012). The proinflammatory M1 phenotype is responsible for the stimulation of Th1 

responses that releases chemical signals to activate an antitumour response, 

whereas, the anti-inflammatory M2 phenotype promote tumour growth and 

proliferation by activating a Th2 mediated response (Gonzalez et al., 2018). Within 

the TME a complex network of chemical exchange activates, and the tumour induces 

inhibitory factors such as TGF-β and prostaglandins that inhibit the localisation of 

M1 macrophages (Gasser et al., 2017). Additionally, TAMs promote 

immunosuppressive environment within the TME by the secretion of IL-10 and TGF-

β cytokines. This leads to the inhibition of dendritic cell maturation as well as limits 

the activity of Teff cells (Gonzalez et al., 2018). TAMs not only represent a 

proinflammatory macrophage (TAM2) subset but can also be present as an 

antitumour subset (TAM1) that sometimes perform anti-tumour activities (Janssen 

et al., 2017). For example, TAMs are involved in mediating the anti-tumor and anti-

metastatic actions of TMP195, a histone deacetylase inhibitor that reprograms 

TAMs to a phagocytic phenotype (Guerriero et al., 2017). The TAMs release chemical 

signals via chemokines and cytokines that activates other immune cells such as DCs 

and T-cells. These immune cells infiltrate the tumour site during an immune 

response and regulate the microenvironment to influence patient prognosis. The 

active part of a TME is the tumour stroma which is responsible for maintaining 

tissue homeostasis via interactions between ECM and fibroblasts. However, the 

modification of the tumour stroma mediates immunological processes, and the 

fibroblasts end up promoting tumour proliferation and its metastatic potential 

(Janssen et al., 2017). In addition, TME also comprises of matrix metalloproteinases 

(MMPs), a type of endopeptidase that is involved in the destruction of ECM 

components, which is necessary for tumour growth and angiogenesis (Hanna et al., 

2009). The APCs recognise immunogenic tumour cells through the PAMP and PRR 

interaction. Once recognised, they send out biological signals for T-cell priming, 

activation and its migration to the TME. Infiltrating T-cell differentiate into effector 

T-cell resulting in an antitumour response in the TME via CD8+ cytotoxic response 

through the release of perforin and granzyme, or a CD4+ T helper 1 (Th1) response 

through the production of proinflammatory cytokines such as IL-2, TNF-α, and IFN-

γ (Gonzalez et al., 2018). However, many investigations demonstrate that tumour 

cells find a way to exploit the immunosuppressive nature of T-cells and limit its 
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function to infiltrate tumour cells thereby inhibiting cytotoxic anti-tumour activity 

(Gonzalez et al., 2018). An immunosuppressive subset of T-cells, the Treg cells are 

activated in the TME in response to the release of immunosuppressive cytokines 

such as IL-10 and TGF-β and limit the proliferation of CD8+ cytotoxic response 

through inhibition of IL-2 production (Janssen et al., 2017). 

Relationship between the TME and the immune system is very complex and the 

response is often immunosuppressive which favours tumour development (Turley 

et al., 2015). It is important to understand the molecular mechanisms that 

fundamentally control tumour proliferation, survival, polarity, and differentiation 

for an effective cancer therapy (Hu & Polyak, 2008). Targeting the steps and 

inhibitory mechanism in cancer immunity cycle has led to the development of 

certain therapies including monoclonal antibodies, checkpoint inhibitor therapies, 

chimeric-antigen receptor T-cells (CAR-T), adoptive cell transfer, and cancer 

vaccinations (Turley et al., 2015). Apart from these established therapies, several 

approaches are being investigated directing to novel immunotherapeutic 

approaches including using cancer vaccines (Hegde et al., 2016) .        

As discussed previously, tumour microenvironment plays an important role in 

cancer proliferation and the tumour cells scrutinize multiple strategies to evade the 

immune system. Within the tumour environment, immunosuppressive pathways 

are activated that inhibit antitumour response. Targeting these pathways to activate 

and enhance an antitumour response via induction of Teff cells in response to 

antigen recognition is the main principle for any immunotherapeutic approach 

(Smyth et al., 2016). Immunotherapies target to enhance the body’s natural immune 

system and most of these approaches include the delivery of certain agents that 

would be recognized by the immune system as foreign thus inducing a strong 

antitumour immune response. For example, delivery of cytokines such as IL-2 and 

IL-15 that can trigger the activity of T-lymphocytes in the TME and inhibit tumour 

growth (Hanna et al., 2009). Another approach includes the immune checkpoint 

inhibitors that block inhibitory mechanisms of the immune system and enhance an 

antitumour response. These monoclonal antibodies (checkpoint inhibitors) include 

anti-CTLA-4 and anti-PD1 that block the receptor and ligand interaction, leading to 

the proliferation of tumour reactive T-cells (Farkona et al., 2016; Lee et al., 2016). 

Similarly, cancer vaccines have gained popularity as a promising 

immunotherapeutic approach. Vaccines consist of an antigen which is usually a 
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protein or a peptide found in tumour cells in combination with an immune 

stimulator or adjuvant to stimulate APCs via pattern recognition receptors  (Gasser 

et al., 2017).         

2.6. Role of PRRs 

Pathogen identification is necessary for inducing a proinflammatory immune 

response against the invading pathogen as well as generating an antigen-specific 

adaptive immune response. Such an early recognition is achieved by the innate 

immune receptors that are known as Pattern recognition receptors (PRRs) present 

on the antigen presenting cells (APCs) which detect distinct evolutionary conserved 

motifs called the pathogen associated molecular patterns (PAMPs) or danger 

associated molecular patterns (DAMPs) and be presented for antigen processing. 

Several PRRs have been established including the Toll like receptors (TLRs), 

nucleotide binding oligomerisation domain (NOD) like receptors (NLRs), retinoic 

acid inducible gene I (RIG-I) like receptors (RLRs), C type lectin receptors (CLRs), 

and cytosolic DNA sensors (CDSs) that have varying functionalities (Vasou et al., 

2017). TLRs are most extensively targeted PRRs as they have specific sites 

responsible for microbial (or pathogen) recognition that uniquely recognize PAMPs 

or much less immunogenic DAMPs. It has been shown that many vaccine adjuvants 

activate TLRs, promote the production of various types of cytokine and chemokines, 

and generate inflammatory responses thus attracting dendritic cells and 

macrophages to the site of infection. This activation leads to the stimulation of T 

cells and B cells and elicit antigen specific immune responses (Dowling & Mansell, 

2016; Vasou et al., 2017). A number of infectious components such as lipopeptides, 

lipopolysaccharides, flagellin, mannans, peptidoglycans, viral and bacterial nucleic 

acids and viral envelope proteins bind to their unique TLR receptor domain thereby 

activating the TLRs to trigger a strong immune response (Patel et al., 2014). Early 

evidence suggests the use of bacterial constituents as potent vaccine adjuvants. For 

instance, vaccines developed for smallpox contain the scrapes of vaccinia virus 

which is a strong ligand for TLR9. Another study in the 1950’s demonstrated that 

Mycobacterium tuberculosis in the Freud’s adjuvant recognises TLR2, TLR4 and 

TLR9 (Dowling & Mansell, 2016). TLR3 was found to be critical in identifying dsRNA, 

a fundamental component of viruses, but TLR7, TLR8, and TLR 9 also recognise viral 

nucleic acids. Other TLRs, including as TLR1, TLR2, TLR4, and TLR6, however, 

identify viral proteins (Patel et al., 2014). Aside from TLRs, there are other types of 
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receptors such as NLRs and RLRs that can be found in response to an anti-microbial 

immunity (Kawai & Akira, 2009).  

Based on their localization in the cell, TLRs are categorised into two types, 

extracellular and intracellular. Extracellular TLRs include TLR1, TLR2, TLR4, TLR5, 

TLR6, and TLR10 that are present on the cell surface and recognize lipids, 

lipoproteins, and proteins. On the other hand, intracellular TLRs including TLR3, 

TLR7, TLR8, TLR9, TLR11, TLR12, and TLR13 are found in the endosomal 

compartments and recognize nucleic acids (Pandey et al., 2015). Various 

extracellular and intracellular TLRs that recognise specific PAMPs have been shown 

in Fig. 5 (Kaufmann, 2007). Activation of TLRs result in multiple signalling pathways 

that relies on the various adaptor proteins such as myeloid differentiation factor 88 

(MYD88) and till/IL-1 receptor domain-containing adaptor inducing interferon β 

(TRIF) (Goutagny et al., 2012). Furthermore, signal transduction pathways are 

initiated that release transcription factors such as nuclear factor-kappa B (NF-κB), 

mitogen-activated protein kinase (MAPKs), and regulatory IFNs to induce the 

expression of cytokines and chemokines, thereby regulating the host defence 

mechanism.  

 

 

 

 

Figure 5. Extracellular TLRs found on the cell surface include TLR1, TLR2, TLR4, TLR5, TLR6, 

TLR11 and recognize microbial membrane components. The intracellular TLRs located in the 

endosomal compartment include TLR3, TLR7, TLR8, TLR9 and recognize bacterial and viral 

nucleic acids.  

Note: This figure has been redrawn but is based on the figure in article by Kaufmann, S. H. E. (2007). The contribution of 

immunology to the rational design of novel antibacterial vaccines. Nature Reviews Microbiology, 5(7), 491–504.  
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In cancer immunity, TLRs play a vital part in the identification of tumour antigens 

and activation of the immune system, resulting in a long-term antitumoral response 

for several malignancies. They can recognise certain PAMPs and elicit a powerful 

innate immune response, inducing antitumor activity by secreting a variety of 

proinflammatory cytokines and chemokines, such as type 1 interferon (IFN), 

tumour necrosis factor (TNF-α), IL-2, and others (Goutagny et al., 2012). 

Investigations suggest that TLR signalling induces antigen presentation and DC 

maturation that lead to a CD8+ cytotoxic T-cell response (Pandey et al., 2015). 

However, where PRRs are found in immune cells, they are highly expressed in 

various epithelial cancers as well. Even though much evidence shows the activation 

of PRRs in immune cells protects the host from pathogenic agents, downregulated 

functioning of PRRs can lead to a substantial stimulation of tumour progression 

(Kutikhin & Yuzhalin, 2012; Pandey et al., 2015). Nevertheless, TLR activation 

results in proinflammatory cytokines such as type 1 IFN and certain regulatory 

factors that maintain the balance between the immune response and tumour 

progression. TLR sensing is known to create a strong immune response via antigen 

processing and presentation through the upregulation of MHC complexes, secretion 

of costimulatory  molecules, and migration of DCs, followed by a potent signalling 

cascade consisting of chemokines and cytokines to finally stimulate an antigen-

specific T-cell response (Goutagny et al., 2012). Thus, TLRs make a vital part of 

antigen recognition and activation of a potent anti-tumour response. Several 

investigations on TLR stimulation to initiate anti-tumour responses are currently 

underway and are becoming useful targets in cancer immunotherapy (Bai et al., 

2020). 

This study focuses on the role of TLR9 receptor which recognises microbial nucleic 

acid such as non-methylated cytosine-guanine oligonucleotide (CpG ODN) motifs 

and elicits a strong immune response (Patel et al., 2014). The unmethylated CG rich 

motifs are potent immune stimulators and bind to TLR9 receptor found in the 

endoplasmic reticulum of immune cells. The recognition causes resident dendritic 

cells to mature and triggers a signalling cascade via adaptor molecules including 

MYD88, IRAK, and TRAF-6 which then activate NF-κB and IRF7 pathways. 

Proinflammatory cytokines such as TNF-α, IL-12, IL-6, and type 1 IFN are released 

as a result of this, and recruits T-cell and B-cells to create an antitumour 

environment (Goutagny et al., 2012; Schmidt et al., 2015). Studies have 



33 
 

demonstrated that TLR3 and TLR9 sensing mediates the reversal of 

immunosuppressive environment induced by chronic inflammation and enhances 

tumour regression. Utilising a TLR9 agonist in vaccine formulation and in a 

combination therapy along with chemotherapy and radiotherapy is related with 

decreased tumour prognosis (Braunstein et al., 2018). This has been shown in 

various cancer types for example, melanoma, non-small cell lung cancer (NSCLC), 

lymphoma, adenocarcinoma, and pancreatic cancer (Bai et al., 2020). Along with the 

synthetic or microbial CpG ODNs, TLR9 also senses viral DNA, bacterial RNA, and 

bacterial RNA:DNA hybrid molecules which have proven to induce elevated immune 

response (Surya Pandey et al., 2015; Vanaja et al., 2014). RNA:DNA hybrids have 

shown to be unique and novel stimulator of TLR9 and induces a strong innate 

immune response, and initiating a potent antitumour response by the production of 

proinflammatory cytokines (Rigby et al., 2014). When sensed by the receptor, 

RNA:DNA hybrid induced increased levels of NLRP3 inflammasome and IL-1β 

maturation (Vanaja et al., 2014). Such synthetic hybrid nucleic acid when 

transfected into the host acts as an immune stimulator by mimicking a microbial 

infection. Readily sensed by TLR9, it activates the signalling cascades and aids 

antigen presentation via MHC thus, creating anti-cancer microenvironment in the 

TME (Rigby et al., 2014). After ligation of a potent agonist, TLR9 containing cells 

migrate to the endolysosome where they regulate the trafficking of other TLRs. In 

addition, TLR9 undergoes proteolytic cleavage by cathepsins to initiate successive 

signals. It was observed that TLR9 when cleaved into TLR9N- and TLR9C- produced 

specific antibodies following recognition in the endolysosome. The complex system 

of downstream signalling is one of the key characteristics of TLR9 receptor to 

initiate an effective anti-cancer response (Surya Pandey et al., 2015). 

2.7. Immunotherapy 

Immunotherapy is a type of biological treatment that utilises host’s immune system 

and its components to fight against the disease. The term has been used to define 

therapies that aim at manipulating the immune system by activating or suppressing 

various activities of the system to treat the disease (Steinman & Mellman, 2004). 

Immunotherapy has gained a lot of attention over the years and is has been 

investigated for transplantation, autoimmune, chronic inflammation, and infectious 

diseases (Ho et al., 2008; Steinman & Mellman, 2004). The concept of 

immunotherapy was introduced over a century ago in 1890s when a medical 
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clinician or surgeon Dr. William Coley developed a mixture of killed microorganisms 

Serratia marcescens and Streptococcus pyogenes, known as Coley’s toxins, and 

introduced in his patients with cancer (Alatrash et al., 2013). Coley’s toxins were 

associated with non-specific anti-tumour inflammation as a complete remission in 

10% of the cases was observed (Fan & Moon, 2015; Graciotti et al., 2017). Even 

though his formulation was able to eliminate some cancers, high response rates was 

observed in sarcomas (Alatrash et al., 2013). His approach was practiced for a long 

time, but due to subsequent failures in various clinical trials, immunotherapeutic 

approaches have been questioned for a long time (Fan & Moon, 2015).  

After consistent efforts to understand the immune system and the cause of cancer, 

Nobel Laureate Macfarlane Burnet in 1950s anticipated that human immune system 

has the capability to detect and destroy pre-cancerous cells and that malignancy is 

the result of failed immune surveillance (Trapani & Darcy, 2017a). Ever since, 

immunotherapy has been a critical area of research in cancer therapeutics and 

significant advances in the field has led to the development of immunotherapeutic 

treatments that target the immune system. These include monoclonal antibodies, 

checkpoint inhibitors, adoptive cell transfer, cytokines, cellular immunotherapy, 

and cancer vaccines (Alatrash et al., 2013). Improvements in patient survival and 

better quality of life when treated with such immunotherapeutic modalities 

demonstrate high safety and efficacy in advanced and metastatic stage cancer 

patients (Esfahani et al., 2020).  

As discussed previously, release of antigens from dying tumour cells, presentation 

of tumour antigens by APCs, priming and activation of T cells, migration and 

infiltration of effector T cells in TME, and finally recognition and killing of tumour 

cells by effector T cells are the important steps in cancer immunity (Fan & Moon, 

2015). There is evidence that immune effector cells and mediators such as B, T, NK 

(natural killer), NKT (natural killer T) cells, and cytokines govern premalignant cells, 

with CTLs serving as anti-tumor mediators (Riether et al., 2013). However, it has 

been known for decades that cancer develops a mechanism to evade cancer 

immunity and suppress the host’s natural immune response (Farkona et al., 2016). 

Therefore, most immunotherapies aim at targeting mechanisms occurring in the 

TME and utilise the immune system to generate an effective cytotoxic response 

without directly targeting the tumour or the TME (Graciotti et al., 2017; Gulley, 

2013).  
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or antibodies to orchestrate an immune response (Melero et al., 2014). Different 

immunotherapies that have been considered for cancer immunotherapy are listed 

in Table 2 (Farkona et al., 2016).  

Certain immunomodulatory agents that non-specifically activate the immune 

system have also been discovered to amplify anti-cancer responses (Riether et al., 

2013). Passive immunotherapeutic approaches include the delivery of monoclonal 

antibodies, checkpoint inhibitors, cytokines, and adoptive T-cell therapy, whereas 

active immunotherapeutic approach involves the use of tumour vaccines such as 

peptide vaccines, DC-based vaccines, nucleic acid based vaccines, and adjuvant 

therapies for example Bacillus Calmette-Guerin (BCG) (Kazemi et al., 2016).             

Previously, monoclonal antibodies and cytokine delivery were considered a novel 

approach in the treatment of cancer. For example, treatment with high doses of IL-

2 were associated with cancer regression in metastatic renal cell carcinoma 

(Rosenberg, 2007). However, similar therapy with adjuvant IFNs in patients with 

metastatic melanoma was unable to produce convincing survival benefit (Di Trolio 

et al., 2015). Such an administration of biological molecules were also associated 

with significant adverse events (Esfahani et al., 2020).  Nevertheless, administration 

of monoclonal antibodies demonstrated efficacy in several solid and haematological 

malignancies (Mellman et al., 2011). Consistent research and investigation in this 

area led to the development of many FDA approved antibodies, but these 

encountered some limitations such as incorrect reactions and inability of 

distinguish tumour antigens (Kazemi et al., 2016). Lately, immune checkpoint 

blockade therapy is suggested to be promising approach to treat cancer. The 

immune checkpoint blockade drugs (ICBs) are a types of monoclonal antibody that 

block the immune checkpoint receptors and have shown to be therapeutically 

effective in providing long term benefit to cancer patients (Farkona et al., 2016). In 

the immunosuppressive TME, the cancer cells exploit the immune regulation, 

become resistant to the internal immune responses and express immune checkpoint 

molecules such as CTLA-4 and PD-1 on its surface. Immunoregulatory signals are 

activated and certain ligands such as B7-1/B7-2 and PD-L1/PD-L2 that are 

expressed on APCs bind its respective receptors and facilitate inhibition (Hsu et al., 

2017). Following interaction of the surface expressed ligand and receptor leads to 

the suppression of tumour specific T-cell activity (Mellman et al., 2011). The ICBs 

work towards blocking the interaction of receptor and ligand thereby stimulating 
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an antitumour response. Various antibodies have been approved by FDA that have 

shown to provide therapeutic benefits to the patients with durable anti-cancer 

activity (Farkona et al., 2016). However, there have been few challenges related to 

immune checkpoint blockade therapy when used alone, which limits their efficacy 

(Wei et al., 2018). Even though this approach is promising, it has shown to be 

associated with immune related adverse events which were reported in some 

patients and seldom develop autoimmune systemic diseases (Abdel-Wahab et al., 

2016). Alternative immunotherapies such as cancer vaccines alone or in 

combination with ICBs have demonstrate clinical benefit with low side effects and 

long-term survival (Wu & Jiang, 2017).   

2.7.1. Cancer vaccines 

Prophylactic vaccines were introduced with smallpox vaccine by Edward Jenner in 

the late 1700s and since then, vaccines for many other diseases like polio, measles, 

mumps, diphtheria, etc. have been effective against the infectious diseases (Mascola 

& Ahmed, 2015).  Therapeutic vaccines on the other hand have demonstrated to 

induce a strong immune response with a subsequent memory response. Such 

vaccines have been studied for cancer and have illustrated minimum side effects 

which makes them a perfect candidate for personalized immunotherapies (Gulley, 

2013). A plethora of vaccines have been designed for the treatment of various 

cancers based on the type of tumour antigens they use namely, whole tumour cell 

vaccines, heat-shock protein vaccines, anti-idiotypic antibody-based vaccines, 

nucleic acid-based cancer vaccines, particle-based vaccines (Table 3) (Kazemi et al., 

2016). Cancer vaccines have been shown to fight cancer and produce an efficient 

active immunotherapy, resulting in the generation of cytotoxic T lymphocytes 

(CTLs) and an antitumor immune response. They are directed against the TAAs that 

are generally overexpressed by the cancer cells which are presented via APCs 

through peptide-MHC complexes, stimulating the T-cell mediated antigen specific 

response (Pilla et al., 2018). There have been three such vaccines approved by the 

FDA and EMA namely, Provenge, a dendritic cell-based vaccine established for 

prostate cancer (Kissick & Sanda, 2015; Mehta et al., 2015), an HPV vaccine that 

prevents the human papillomavirus (HPV) infection derived cervical cancer or 

premalignant lesions and the hepatitis B vaccine that is known to prevent liver 

cancer and hepatitis B viral infection (Pilla et al., 2018).  
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to be more efficient than DNA-based vaccines as it can easily transfect the cell, is 

more immunogenic than DNA vaccine and does not integrate in the genome thus 

having no oncogenic potential (McNamara et al., 2015). The major challenge of any 

cancer vaccine is immunogenicity and the selection of the right TAA. Tumour mRNA 

can be extracted from the tumour cells and amplified by PCR yielding high amounts 

of patient specific TAA. Additionally, mRNA can be encapsulated in a carrier to be 

able to enter the cytoplasm and translate into proteins to trigger a response. 

Recently, mRNA vaccine has been employed in phase 1 trial in advanced melanoma 

patients which resulted in naïve T-cell response leading to either tumour regression 

or disease stabilisation (Hollingsworth & Jansen, 2019). Since nucleic acids have 

gained interest in the vaccine therapy and are known to elicit an immune response 

against the TAA, these can act as immune stimulators along in a vaccine formulation 

or other cancer immunotherapies. For example, CpG-ODN and RNA:DNA hybrid can 

be sensed by the immune system receptors and have demonstrated to generate a 

potent response via TLR9 sensing pathway to eliminate tumour cells (Rigby et al., 

2014).  Many investigations have considered CpG-ODN as an immune stimulator or 

adjuvant as well as a monotherapy to treat several solid malignancies as it is evident 

from phase 1 clinical trials of CpG-ODN 7909 in leukemia and lymphoma that has 

shown effective antitumour response (Bai et al., 2020). However, not much research 

has been done to observe the effects of RNA:DNA hybrid in a clinical setting even 

though it has shown effective TLR9 stimulation in preclinical models (Rigby et al., 

2014).  

Despite the fact that cancer vaccines have improved over time as a result of new 

antigens, adjuvants, and delivery methods, their clinical usefulness as a 

monotherapy remains in doubt (Mougel et al., 2019). There are a number of effective 

cancer treatments vaccines for various diseases have been developed in recent 

years malignancies, some of which are being investigated for NSCLC. A combination 

of various immunotherapies has also shown a new hope for the treatment of cancer, 

especially in lung cancer (Kaur et al., 2021). Critical analysis of various cancer 

vaccines in NSCLC as a monotherapy or in a combination setting has been during the 

completion of this study which has been published in Critical reviews in 

Oncology/hematology.  This thesis investigates the TLR9 stimulation by RNA:DNA 

hybrid in comparison to the response generated by CpG-ODN in cellular and 

preclinical models of lung cancer.
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Abstract 

Non-small cell lung cancer (NSCLC) is of major concern for society as it is associated with high 

mortality and is one of the most commonly occurring of all cancers. Due to the number of 

mutational variants and general heterogeneity of this type of cancer, treatment using 

conventional modalities has been challenging. Therefore, it is important to have improved 

therapeutic treatments like immunotherapy that can specifically treat the disease while causing 

minimal damage to healthy tissue and additionally provide systemic immunity. Cancer vaccines 

are an important element of cancer immunotherapy and have been approved for treatment of 

a limited number of cancers, including NSCLC. This article highlights scientific evidence for 

several therapeutic treatment strategies for NSCLC, alone or in combination, which offers new 

hope for those suffering. Although cancer vaccines have had some success as a monotherapy, 

their potential in a combination therapy needs to be critically analyzed for future applications. 

 

Keywords: Non-small cell lung cancer (NSCLC), Conventional treatments, Immunotherapy, 

Cancer vaccines, Checkpoint inhibitors, Combination therapy 

 

 



 

43 
 

1. Introduction  

Cancer is known to be a group of diseases and is the outcome of uncontrolled growth of 

abnormal body cells that can spread to other body organs to cause serious damage [1]. 

GLOBOCAN 2018 estimated that there were about 18.1 million new cancer cases and 9.6 million 

cancer deaths across the world in 2018 and that lung cancer was reported to be the leading 

cause of cancer death worldwide in both sexes [2, 3]. According to the stats, the highest lung 

cancer incidence was in Asia with an estimated 1.2 million cancer cases and 1.1 million cancer 

deaths, followed by Europe, North America, Latin America and the Caribbean, Africa, and 

Oceania. A total of 2.1 million new cases and 1.7 million deaths due to lung cancer alone were 

observed globally [3]. Out of the two types of lung cancer, small-cell lung cancer (SCLC) and non-

small cell lung cancer (NSCLC), the latter type has higher incidence, representing 80% of the total 

number of cases [4] and hence, there is an urgent need to combat it. Astonishingly, most of the 

NSCLC cases remain undiagnosed until an advanced-stage and exhibit no symptoms in the early-

stages [5]. A better understanding of carcinogenesis and the mechanisms of the immune system 

has led to the advancement of therapeutic strategies and a spreading global awareness of the 

treatments available for this disease. For years, the traditional treatments such as, surgery, 

chemotherapy, radiation therapy and targeted treatment have been the standard treatment 

methods for NSCLC and more recently, immunotherapy has been the foremost consideration 

among the diverse new approaches for the treatment of NSCLC [6]. 

Cancer immunotherapy has been identified as a treatment strategy able to train the immune 

system to elicit an antitumor immune response against cancer cells. It was conceptualized in 

1891 by William Coley, the father of immunotherapy, when he observed the disappearance of 

cancer in late-stage patients following an injection of a mixed culture of Streptococcal 

organisms. The aim of administering the bacterial culture was to induce erysipelas which was 

believed to generate an immune response to the target tumor, resulting in the reduction of 

tumor size [7-9]. Modern studies have since found convincing evidence for the effectiveness of 

immunotherapy in stimulating the immune system. When properly stimulated, the immune 
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system can destroy cancer cells, however, its function is limited in the immunosuppressive 

conditions of some tumor microenvironments [10]. Since the launch of the first food and drug 

association (FDA)-approved immunotherapy (a cancer vaccine for the treatment of prostate 

cancer) in 2010 [11, 12], multiple other cancer immunotherapies have been developed and 

several have been the subject of extensive ongoing studies [8].  

Vaccination has long been considered a highly effective strategy in the treatment of many 

infectious diseases and is now being widely explored for its applications in cancer. Cancer 

vaccines have been observed to be efficacious in both therapeutic and prophylactic settings, 

being able to induce T-cell responses towards primary tumors and inoperable metastases [13]. 

Various effective cancer vaccines have been developed in recent years for different types of 

cancers and some are currently being explored for NSCLC [14]. Due to the lack of sufficient 

activation of immune responses with conventional vaccination approaches and poor clinical 

outcomes compared to other immunotherapeutic approaches, tumor eradication is difficult 

[13]. Even though cancer vaccines have improved over time with the use of different antigens, 

adjuvants and delivery routes, their clinical efficacy remains questionable as a monotherapy 

[15]. Therefore, a combination of a cancer vaccine with an established immunotherapy such as 

an immune checkpoint inhibitor/blocker (ICB) could act synergistically for towards cancer 

treatment by sustaining the capacity for tumor infiltration by activated T cells [16]. This article 

discusses the current treatments that are in clinical trials or are already approved for the 

treatment of advanced-stage NSCLC and compare the recent advances associated with 

immunotherapeutic approaches to those associated with conventional treatments. The article 

also highlights the outcome of various vaccine studies being investigated for the treatment of 

NSCLC with attention given to the re-emerging trend of nucleic acid-based vaccines and outlines 

how different combination therapies that are being investigated for the treatment of NSCLC 

would be beneficial towards building improved approaches to cancer treatment. 
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2. Why are conventional treatment strategies not satisfactory?  

Scientists have long been investigating various preventative and therapeutic strategies to 

overcome the threat posed by cancer. A plethora of these treatments have already been 

established and are being practiced daily (Fig. 1.). 

Of these, treatment like surgery has long been the standard and has proved effective for treating 

early-stage NSCLC patients with an approximate 5-year survival rate of less than 70% [17]. In 

contrast, the advanced-stage patients are possible candidates for other conventional 

treatments such as radiotherapy or chemotherapy regimens [18]. Recently, it was shown that 

patients with early-stage NSCLC who were treated with surgery seemed to be fitter, healthier, 

and had fewer medical comorbidities following resection than those patients who were treated 

with radiotherapy [19]. Furthermore, chemotherapy regimens may have provided some level of 

benefit to the patients but, it comes with the caveat of being damaging to healthy tissues [17, 

20]. In addition, determining whether a patient receives radiotherapy, chemotherapy, or both 

is a major challenge with traditional treatments and there has not been much clinical evidence 

to support an improved overall survival (OS) in patients receiving them [21]. Surgical resection 

has been considered the first-line of treatment for NSCLC patients and can still be considered an 

option for select late-stage patients in a combination treatment regimen with chemotherapy or 

radiotherapy [22]. However, more advanced treatments in which a combination chemotherapy, 

not only in combination with surgery or radiation therapy, but also with targeted therapies have 

been shown to improve OS of advanced-stage patients [18] and thus need further investigation. 

Additionally, non-traditional treatments such as genome-based approaches like precision 

medicine have shown some degree of efficacy but, an incomplete understanding of the 

biological relationship between tumor genotypes and phenotypes and acquired drug-resistance 

limits their applicability [23, 24]. Targeted therapy, on the other hand, has been receiving more 

attention lately. This treatment involves drugs that specifically target and inhibit the mutated 

enzymes such as epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase 
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(ALK) which are commonly found in NSCLC. Several tyrosine kinase inhibitors (TKI) drugs such as 

erlotinib, gefitinib and afatinib have shown to improve progression-free survival (PFS) in clinical 

trials for metastatic NSCLC (mNSCLC) [25]. Certain new molecular targets are evolving by the 

investigation of the genetic and molecular profiling of NSCLC and hence, with continuous efforts, 

targeted therapy has great promise for advanced-stage NSCLC patients [26]. Stem cell 

transplantation has also had a history of treating incurable malignancies and represents an early 

individualized cancer immunotherapy especially for advanced leukemia but is not yet an option 

for solid malignancies [27, 28]. While each of these conventional therapeutic strategies has had 

some success in the treatment of cancer, they all either have a risk of compromised immunity 

or limited efficacy. Nevertheless, immunotherapy has marked its importance as an improved 

treatment modality with reports that demonstrate increased patient survival and manageable 

toxicity [6, 10]. The future lies in the agents immunotherapy has to offer not only for NSCLC but 

for other cancers, many of which have already been approved by the FDA (Table 1) and are 

currently being implemented for use in various cancer types. 

3. Recent immunotherapeutic modalities for NSCLC treatment 

Lung cancers have conventionally been classified as NSCLC, accounting for 80% of cases, and 

SCLC, which accounts for the remaining 20% of the cases. It has been categorized further into 

subtypes based on its diversity and these are recognized in the World Health Organization 

(WHO) classifications (Fig. 2.) [4]. Being the most common type of lung cancer globally, NSCLC 

needs urgent attention. 

Current systemic anticancer therapies, such as surgery, radiotherapy, chemotherapy have had 

limited success in the treatment of NSCLC. While surgery is the primary treatment for non-

metastatic NSCLC, it does not provide benefit to advanced-stage patients and patients with 

metastatic disease. However, other systemic modalities have been more effective in treating 

advanced-stage patients and offer a prolonged survival, although they are often associated with 

some intrinsic limitations [8]. These therapies do not always display tumor penetrance and
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therefore their effects on the healthy surrounding tissues tend to be damaging [17]. While 

invasive neoplasms usually share a similar etiopathogenesis, their diverse nature with regard to 

histological origin, anatomical location, immunological characteristics, and intertumoral or 

intratumoral heterogeneity led to the need for targeted and personalized therapies to improve 

patient survival [30]. After understanding the underlying mechanisms of tumor heterogeneity, 

tumor mutational burden (TMB) and tumor microenvironment (TME), certain immune-based 

biotherapies (or immunotherapy) were introduced [45, 46]. These are suggested to be effective 

and promising strategies for patients with advanced-stage NSCLC [47, 48] as they activate, boost, 

and enable an individual’s own immune system to destroy tumor cells more effectively. This 

therapeutic approach focuses mainly on inhibitory and stimulatory mechanisms present within 

the TME and uses them to limit the growth of cancer cells and prevent metastasis of the disease 

[49, 50]. Immunotherapies work by generating an anti-tumor immune response via a series of 

events that are initiated by the recognition of tumor antigens via innate immune system. This 

recognition leads to the processing and presentation of antigens by the antigen presenting cells 

(APCs), such as macrophages and dendritic cells (DC), recruitment of tumor-infiltrating 

lymphocytes to the tumor site (TILs) and finally the elimination of the tumor [7]. The major 

histocompatibility complexes (MHC), MHC I and MHC II present the antigen and trigger the 

activation of CD8+ cytotoxic T-cells (CTLs) and CD4+ T helper cells, respectively, which are 

responsible for an antigen-specific anti-tumor immune response [28]. Immunotherapeutic 

agents also elicit biological signals that trigger the adaptive immune system and induce a 

humoral immune response mediated by B-lymphocytes that ultimately leads to the generation 

of antigen-specific antibodies for immunological memory [51]. Historically, the two main classes 

of immunotherapy that have been investigated either involved targeting of tumor tissue via 

laboratory-made components, such as antibodies, or engaging the host immune system to 

induce an anti-tumor response (Table 2) [32].  

Studies have been able to illustrate that a strong anti-tumor immune response and a high 

number of TILs such as CD8+ T cells is associated with tumor regression and improved survival 
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predictive biomarker for ICB therapy, but recent insights into CheckMate-012 and KEYNOTE-001 

have also observed positive response rates in patients with NSCLC and not expressing PD-L1. 

Nevertheless, no relationship was confirmed between the response rates and PD-L1 expression 

[56]. Even though the treatment provided a substantial response, the treatment with ICB is, 

however,  shown to be associated with severe immune-related adverse events (irAEs), which 

may result from non-specific activation of the immune system and might lead to death [57].  

One of the established therapies known as the neoadjuvant therapy has also paved its way into 

immunotherapy for NSCLC. This therapy is a unique immunotherapeutic approach which is 

defined as systemic therapy given prior to the actual treatment (usually surgery). In a small 

clinical study analysing 22 NSCLC patients who were provided with neoadjuvant therapy, the 

results demonstrated OS benefit and minimal side-effects [58]. The concept of neoadjuvant 

therapy was introduced in response to frequent relapses following surgery and is therefore 

limited only to the treatment of resectable tumors [59]. Several limitations are also associated 

with neoadjuvant immunotherapy including the choice of adjuvant, preoperative evaluation, 

pharmacological effects, and unification of major pathological remission (MPR) standards. 

Nonetheless, this therapy provides evidence of safety, improved overall survival (OS), disease-

free survival (DFS), long term survival (LTS) and pathological complete response (PCR) in a NSCLC 

patient [60].  

On the other hand, therapeutic cancer vaccines have emerged to be a powerful tool for the 

treatment of solid malignancies and are associated with a low risk of adverse events [61]. Cancer 

vaccines date back to the work of Coley in the 1800s and their use is resulting in a higher 

incidence of disease-free prognosis. Cancer vaccines are both preventative and therapeutic and 

include recombinant HPV and Bacillus Calmette-Guérin (BCG) vaccines. Lung cancer vaccines 

have been shown to possess a good toxicity profile and are well-tolerated, which is a reason why 

these are being extensively studied [8]. The future of cancer vaccines is currently shifting 

towards the use of nucleic acid-based formulations as they are safe, easy to manufacture and 

[62, 63] they have the potential to trigger strong innate and adaptive immune responses [64].  
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These advances in treatment approaches have encouraged the scientists to investigate an 

optimal combination of immunotherapy with several monotherapies for NSCLC.  Such a 

combination may provide synergy in the elimination of immunosuppression and the 

enhancement of antigen presentation to T-lymphocytes [65]. For instance, the combination of 

pembrolizumab as an ICB drug with carboplatin and pemetrexed as chemotherapeutic agents 

has resulted in a significantly improved survival rate for patients with metastatic NSCLC 

(mNSCLC), providing at least 50% longer PFS in the combination group compared to the 

chemotherapy group alone. This success led to the approval of the use of pembrolizumab, 

pemetrexed and carboplatin in a combination therapy by the FDA in September 2017 as a first-

line treatment for mNSCLC [66]. There is enough clinical evidence to show that checkpoint 

inhibition therapy in combination with other therapies can be considered as an emerging first-

line treatment for NSCLC patients provided that the extended treatment duration is 

appropriately managed [67]. Nevertheless, it is worthwhile saying that a combination of cancer 

vaccines with potential immunotherapies can be the answer to the future of treatment for 

NSCLC. Many of the NSCLC targeted vaccines that are currently being studied alone or in 

combination and will be discussed thoroughly in the following paragraphs.  

4. Why vaccines? Does active immunotherapy have potential as a new treatment 

modality? 

It is important to develop treatments that can induce strong immune responses, overcome the 

immunosuppressive TME and build a long-lasting immunity. These characteristics are all 

features of active immunotherapy [6]. Vaccines based on protein, peptide, nucleic acid, dendritic 

cells (DC), whole tumor cells, viruses, and recombinant vectors have been investigated for the 

treatment of various types of cancer (Table 3) [32]. However, vaccines for NSCLC have not 

garnered much attention in recent years and have largely been in the shadow of other types of 

immunotherapy, which advertise higher efficacy and benefit to OS [75].  Some NSCLC-specific 

cancer vaccines have already been trialled for advanced-stage disease and have resulted in 

increased OS compared to other treatments [76]. Clinical trials also indicate a positive impact 
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performed to further evaluate the safety of the vaccine schedule, the effectiveness of the 

response and to monitor the correlation between the number of circulating tumor cells and OS 

[80]. There is evidence from these phase II trials that belagenpumatucel-L in adequate doses is 

well tolerated, safe and effective in the treatment of advanced-stage NSCLC patients. An overall 

inverse correlation between the number of circulating tumor cells and survival was observed in 

both studies. This vaccine was further investigated in a randomized, international, double-blind 

phase III clinical trial (NCT00676507) involving NSCLC patients who had previously been treated 

with platinum-based chemotherapy and showed no further tumor progression. Even though 

improved survival was observed in patients who were given the vaccine within 12 weeks of 

completing the prior treatment, the predefined endpoint of OS was not met [81]. However, only 

mild adverse effects, like erythema (redness) and, irritation at the injection site were observed. 

These are classified as grade 1 & 2 adverse events and suggest that the safety profile is consistent 

with the results obtained in previous phase II trials. Hence, belagenpumatucel-L is believed to 

be well-tolerated and has been categorized as a maintenance therapy for NSCLC patients [76]. 

4.1.2. Viagenpumatucel-L 

Viagenpumatucel-L is an allogeneic whole-cell vaccine for the treatment of NSCLC that is 

formulated from a human lung cancer cell line that expresses a recombinant heat shock protein 

(gp96) fused to a specific Ig that serves as a chaperone for a tumor-associated antigen (TAA). 

When injected, this vaccine secretes the gp96-Ig fusion protein which then acts as an adjuvant 

to enhance the presentation of the TAAs on APCs, thereby priming cytotoxic CD8+ T-cell 

responses via cross-presentation [82]. In a multicentre phase II trial (NCT02117024), HS-110 

(viagenpumatucel-L), in combination with a low dose of cyclophosphamide (chemotherapy), 

was given to patients who failed prior intervention. The primary aim of this study was to 

determine if the administration of both therapies could improve patient OS. The vaccine was 

well tolerated in the first cohort of the patients and the results showed CD8+ T cell proliferation, 

which is indicative of a response to viagenpumatucel-L. Unfortunately, no further results were 

reported as the recruitment to this trial was terminated due to no enrolment [83]. However, the 
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investigation was followed up in DURGA, a multicohort clinical study (NCT02439450) where 

viagenpumatucel-L showed promising efficacy in cohort A [84]. This phase I/II study enrolled 121 

patients with stage IV NSCLC, who received viagenpumatucel-L vaccination along with 

nivolumab treatment. An immune response was observed against the tumor and this 

combinatorial therapy showed a favourable safety profile. The results suggest that the two 

therapeutics, when used in combination, may have a synergistic effect in eliciting an effective 

immune response. The study is still active, but the primary outcome for other cohorts are yet to 

be published [82]. 

4.2. MUC-1 antigen-specific vaccine 

4.2.1. TG4010 

TG4010, also known as MVA-MUC1-IL2, is a recombinant vaccine prepared from a modified 

vaccinia virus Ankara (MVA) that expresses mucin-1 (MUC-1) and interleukin 2 (IL-2). It is known 

to induce an effective CD8+ T-cell response and can improve clinical outcomes for patients with 

advanced-stage NSCLC [78]. As a TAA, MUC-1 is a good target for the induction of strong anti-

tumor responses. These studies show that the TG4010 vaccine effectively exploits the 

overexpressed state of MUC-1 in NSCLC and immunostimulatory properties of IL-2 [85]. Phase II 

randomized trials involving 65 patients, of which 44 (arm 1) were treated with a combination of  

chemotherapy with TG4010, and 21 (arm 2) were first injected with TG4010 until the disease 

showed signs of progression and subsequently given a combination of TG4010 and 

chemotherapy like the arm 1 intervention. The results of this trial supported the feasibility of a 

vaccine and chemotherapy combination treatment [86]. This intervention, then known as the 

TIME trial, was carried forward and evaluated in a phase IIb study (NCT00415818) to which a 

total of 148 advanced-stage NSCLC patients were recruited. Half of the population were treated 

with the immunotherapy and chemotherapy combination and the other half were treated with 

chemotherapy alone. The primary endpoint of 6-month PFS was met by the experimental group 

[85]. The trial concluded that TG4010 enhances the effect of chemotherapy and this was further 

investigated in a phase IIb/III clinical trial.  
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In the double blind, placebo-controlled, randomized phase IIb/III study (NCT01383148) the 

reports validated the induction of specific T-cell responses and these were associated with 

improved clinical benefit. Additionally, the study also found evidence suggesting more enhanced 

immune responses in patients who received cisplatin-based chemotherapy compared to those 

patients who received carboplatin-based chemotherapy [78]. As part of the same study, patients 

with stage IV NSCLC and whose tumor cells showed high MUC-1 expression were assessed. An 

improved PFS was observed in patients who had received combination therapy in contrast to 

the placebo plus chemotherapy group. Since the primary endpoints were met, this trial was 

further investigated in a phase III clinical setting. No high-grade adverse events were observed 

in the vaccine group, however, mild to moderate reactions were observed in most [87]. Overall, 

the observations from the trial suggest that TG4010 is well tolerated, safe and an effective 

vaccine that can enhance the effect of chemotherapy and improve survival for NSCLC patients. 

ICB antibodies have also been shown to interfere with the growth and metastasis of tumor cells. 

It has been demonstrated that TG4010 vaccine efficacy is greater in those patients whose TILs 

exhibit low expression of PD-L1, a protein that is responsible for immunosuppression [88]. To 

further validate this, a preclinical trial showed that sequential administration of anti-PD-1 

monoclonal antibody nivolumab after the introduction of TG4010 at a late-stage of tumor 

development provided therapeutic benefit. This suggests that the immunosuppressive TME can 

be countervailed for the purpose of improving vaccine efficacy [89]. This evidence has been used 

to support an ongoing clinical phase II trial (NCT02823990) evaluating the effect of TG4010 in 

combination with nivolumab as a second-line treatment, the results of which are yet to be 

reported [90].  

Another phase II clinical trial for the treatment of advanced-stage NSCLC is still active 

(NCT03353675) and is evaluating the safety and efficacy of a combination of the TG4010 vaccine 

with nivolumab and standard chemotherapy as a first-line treatment [91]. A preclinical study 

investigated the combination of the MVATG9931 (a research version of TG4010) vaccine and the 
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type B CpG oligodeoxynucleotide Litenimod (Li28), a TLR9 ligand. The sequential administration 

of this vaccine and Li28 created an antineoplastic state in TME that triggered both innate and 

adaptive immune responses against tumors and this in turn led to a significant increase in 

survival in a mouse tumor model [92]. The safety and efficacy of the administration of such a 

combination therapy in patients still requires validation in clinical trials.  

4.2.2. L-BLP25 or Tecemotide  

As mentioned above, MUC1 is highly expressed by NSCLC tumor cells. The increased cell-surface 

presence of MUC1 on tumor cells is a target for vaccines, which elicit a robust adaptive immune 

response involving TIL penetration [8]. L-BLP25 is a liposomal vaccine that has the potential to 

induce immune response against tumors expressing MUC1 [93]. Previous clinical and preclinical 

studies of L-BLP25 have observed strong T-cell responses against MUC1 antigen in NSCLC 

patients.  

Phase I trials conducted in 2001 assessed the tolerance of NSCLC patients to L-BLP25 and the 

capability of L-BLP25 to induce cell-mediated immune responses and the findings prompted 

further investigation of this liposomal vaccine [94]. Following this, Butts and colleagues 

conducted phase IIb randomized trials involving stage IIIB and IV NSCLC patients to determine 

the efficacy and survival benefit of the vaccine following first-line chemotherapy with 

cyclophosphamide. Their results indicated that L-BLP25 was well tolerated but did not result in 

significant improvements in OS compared to patients who did not receive L-BLP25. The trials 

nevertheless supported the use of L-BLP25 as a maintenance therapy that provides minimal 

toxicity [93]. Conversely, a later comprehensive analysis of OS (NCT00157209) demonstrated a 

considerable difference in 3-year survival rate in patients receiving L-BLP25 compared to those 

who were not, especially patients with stage IIIB LR (loco-regional) disease [95]. Simultaneously, 

a study was conducted to assess the safety of a new formulation of L-BLP25 and to document 

OS in a phase II trial (NCT00157196). No safety concerns were raised, and the formulation was 

found to be well tolerated with OS consistent with those observed in the phase IIb trial [96].  
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A phase III randomized, double-blind, placebo-controlled trial (START – Stimulating Targeted 

Antigenic Responses To NSCLC) registered under NCT00409188 thereafter tested the vaccine as 

a maintenance therapy for improved survival on more than 1500 patients with non-resectable 

stage III tumors who had been previously treated with chemoradiotherapy.  No OS benefit was 

observed in patients with this treatment. However, L-BLP25 might benefit patients who received 

concurrent chemoradiotherapy, but this requires further investigation [97]. A separate phase III 

clinical study (INSPIRE- Stimuvax trial In Asian NSCLC Patients: stimulating Immune Response) 

registered under NCT01015443 was conducted solely for the members of East-Asian population 

to evaluate the safety and efficacy of L-BLP25 as a maintenance treatment for the patients of 

Asian ethnicity with unresectable advanced-stage NSCLC [98]. In a preliminary study, the defined 

primary endpoint of OS and secondary endpoints of PFS, time to treatment failure and time to 

symptom progression were not met, despite the vaccine passing safety and tolerability tests [98, 

99].  

It was hypothesized that the START and INSPIRE trials would together investigate the efficacy of 

L-BLP25 in a larger population and assess survival as the primary endpoint according to the 

institutional standards [98]. Several clinical trials registered in clinicaltrials.gov to conduct 

further investigation of the L-BLP25 vaccine, including NCT01423760 [100], NCT01015443 

[101], and NCT02049151 [102] were discontinued and terminated by the sponsor. The 

tolerability of this vaccine and its ability to induce antigen-specific immune responses, as well as 

the potential for the reversal of immune exhaustion and treatment resistance, indicate that L-

BLP25 could be an effective agent in combination with other medicines for patients with 

unresectable NSCLC [103].  

A phase II, multicentre clinical trial was then initiated to determine the safety, efficacy, and 

survival in patients with unresectable, newly diagnosed stage IIIA/IIIB NSCLC who were treated 

with the combination of L-BLP25 and bevacizumab following chemotherapy and radiation 
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therapy. The intervention, which is registered under NCT00828009, is still active, and the 

patients are being monitored periodically for up to 5 years [104].   

4.3. Peptide/protein-based vaccine 

4.3.1. MAGE-A3 

MAGE-A3, an abbreviation for “melanoma-associated antigen 3 protein”, is encoded by the 

MAGE-A3 gene. It is generally expressed as a cancer testis/tumor (CT) antigen, a type of TAA 

that is distributed among different tumor histotypes and are not expressed in normal tissues 

except for testis and placenta and hence is tumor specific [105]. MAGE-A3 is a commonly 

expressed CT antigen and has been detected in 35-60% of NSCLC cases [106]. Strong 

immunogenicity, high cancer-specificity and frequent expression in cancer cells make MAGE-A3 

a potential target for cancer immunotherapeutic approaches, including vaccines [107]. 

In a phase II clinical trial, 17 patients diagnosed with stage I and II NSCLC were recruited who 

had already undergone surgical resection and did not show any evidence of disease at onset of 

the trial. The results demonstrated an induction of strong CD4+ T-cell responses and the 

generation of antibody titres against the antigen along with CD8+ T-cell responses [108]. 

Previously, the immunotherapeutic activity of recombinant MAGE-A3 protein had been 

observed in metastatic melanoma. It was this effectiveness as an antigen for immunotherapy 

for metastatic melanoma that led to its study in NSCLC after MAGE-A3 was found to also be 

actively expressed in NSCLC tumor tissue [109]. However, no significant improvement was 

observed in disease-free interval (DFI), disease-free survival (DFS) or OS in a randomized, double-

blind, placebo-controlled phase II clinical trial (NCT00290355), in which 182 stage Ib/II NSCLC 

patients who had undergone prior surgery were immunized with recombinant MAGE-A3. 

Despite this, humoral and cellular immune responses were noted in patients receiving treatment 

and this encouraging finding led to the design of a subsequent phase III clinical trial [110].  

The phase III clinical trial (MAGRIT) was conducted that involved 2312 patients with resected 

MAGE-A3-positive NSCLC, who did or did not receive adjuvant chemotherapy (NCT00480025) 
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prior to vaccine administration. The patients were monitored for the efficacy of MAGE-A3 with 

the primary endpoint of DFS. The patient responses did not demonstrate efficacy and the 

primary end point was not met. Statistically, there was no significant difference between the 

experimental and control groups and therefore trials for the immunotherapeutic use of this 

vaccine were terminated [111].  

4.4. Anti-idiotypic vaccine 

4.4.1. Racotumomab-alum (Vaxira®) 

An anti-idiotypic vaccine comprises antibodies that bind to TAAs and stimulate an immune 

response against them. Racotumomab is once such vaccine and it was formerly known as 1E10. 

It targets NeuGcGM3 tumor-associated ganglioside which is highly expressed in solid tumors like 

NSCLC. The NeuGcGM3 antigen belongs to a group of glycosphingolipids that are present on the 

cell surface where they facilitate cell communication and immune regulation along with serving 

as markers for metastatic progression [112]. Several preclinical trials investigating 

Racotumomab have demonstrated prolonged survival along with an antigen-specific immune 

response in mice [113] and different phase I clinical trials have reported a low toxicity and a high 

immunogenicity for the vaccine when used to treat various cancer types, including NSCLC [114-

116].  

In a compassionate-use clinical study, patients with stage IIIb and stage IV NSCLC and who had 

received prior chemotherapy and/or radiotherapy, were treated with the 1E10 vaccine. The 

results revealed a median OS of 11.5 months in those patients who showed stable disease or no 

disease progression after the first-line of chemo/radiotherapy, compared to 6.5 months for 

those patients with progressive disease after first-line therapy [116]. These studies show that 

Racotumomab has low toxicity, high immunogenicity, and is well tolerated. A separate 

randomized phase II clinical trial that was registered at the Cuban Registry of Clinical Trials 

(RPCEC00000009) and that enrolled 176 patients was conducted to confirm the efficacy of the 

vaccine. In this trial, Racotumomab-alum was provided as a switch maintenance therapy for 
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patients with stage IIIb/IV NSCLC. Improvements in OS and PFS were observed versus a placebo 

and elicitation of anti-NeuGcGM3 antibodies was also detected. The capability of these 

antibodies to kill the NeuGcGM3-expressing tumor cells resulted in improved median survival 

times [117].  

In 2013, Racotumomab-alum was launched as Vaxira® by CIMAB in Cuba and Argentina as a 

therapeutic treatment for advanced-stage NSCLC for patients who were undergoing traditional 

therapies or who did not respond to first-line therapy [118]. Following a phase II trial, the vaccine 

was explored in a multinational phase III clinical trial that recruited 1082 participants with stage 

III or IV NSCLC and who had shown a partial or complete response to standard first-line therapy 

(NCT01460472). Induction of anti-NeuGcGM3 antibodies and antibody-dependent cell-

mediated cytotoxicity (ADCC) against tumor cells was observed following the Racotumomab 

immunization [119].   

4.5. Recombinant vaccine 

4.5.1. CIMAvax-EGF 

CIMAvax-EGF vaccine acts against overexpressed epidermal growth factor receptor (EGFR) in 

patients with NSCLC and reduces the amount of epidermal growth factor (EGF) by the 

production of anti-EGF antibodies [120]. It consists of EGF conjugated to the protein P64k which 

is derived from the Meningitis B bacterium Neisseria meningitis, and utilises Montanide ISA 51 

as an adjuvant [120]. This therapeutic vaccine was formulated in Cuba and has been in trials 

since 1995 [121].  

Preclinical studies of an EGF vaccine in mice in the late 1990s had earlier demonstrated both 

immunogenicity and antitumoral activity [121]. The findings of the preclinical studies led to the 

first pilot clinical trial to evaluate safety, immunogenicity, and toxicity of CIMAvax-EGF. The 

results from this trial demonstrated that immunization with huEGF-P64k is safe, well tolerated, 

and generates antibody titres against self-EGF [122]. Eventually, phase I/II clinical trials (pilot 2 

and pilot 3) were designed to study the immunogenicity and safety of huEGF-P64k when higher 



 

61 
 

doses were used for immunization and to compare the effect of different potential adjuvants in 

different treatment strategies. Pilot study 2 included 20 advanced-stage NSCLC patients and in 

this study half of the patients were given huEGF-P64k conjugated to aluminium hydroxide and 

the other half received Montanide ISA 51 as the adjuvant. Following the same criteria, pilot study 

3 was designed with a variation in which the anti-cancer drug cyclophosphamide was given to 

the patients 72 hours prior to vaccination. These trials demonstrated a specific anti-EGF 

response and improved patient survival along with higher immunogenicity when the adjuvant 

used was Montanide [121]. Furthermore, pilot study 4 recruited 43 patients with advanced 

disease who were treated with either a single or with a double dose of the vaccine. The outcome 

confirmed the immunogenicity of the EGF-vaccine and demonstrated improved patient survival 

in both arms. However, significantly higher antibody titres and survival were observed in 

patients who were treated with a double dose compared to the patients receiving only a single 

dose. The study found a correlation between the anti-EGF Ab titres, vaccine dose, EGF serum 

concentration, patient survival and showed a correlation between increasing Ab titres and 

decreasing EGF serum concentration [123]. Another study, pilot study 5, was conducted to 

evaluate the combination of chemotherapy with high doses of the EGF-based vaccine. In pilot 

study 5 the patients were vaccinated twice before receiving chemotherapy and were given 

continued vaccinations thereafter (V-Ch-V). The findings demonstrated a similar correlation 

between the antibody titres, EGF serum concentration and patient survival as observed in 

previous trials. Nevertheless, significantly longer survival was observed when patients were 

treated with this V-Ch-V strategy [124]. Following these five clinical trials, an EGF-based vaccine 

consisting of P64k and Montanide ISA 51 (which now became CIMAvax-EGF) was recognized by 

the Cuban government as safe for administration in adults suffering from stage IIIb/IV NSCLC 

and it licensed the use of CIMAvax-EGF as a therapeutic vaccine [125].  

In a separate phase II clinical study, 80 patients with stage IIIb/IV NSCLC who had already been 

treated with chemotherapy received either best supportive care or EGF vaccinations. The results 

showed an increase in survival among the vaccinated patients with no severe adverse events. A 



 

62 
 

good anti-EGF response (GAR) was observed in the vaccinated patients and this was associated 

with a significant decrease in the serum EGF levels [126]. Interestingly, those patients who were 

treated with the V-Ch-V therapeutic schedule exhibited a much greater decrease in EGF serum 

levels than was observed in those patients who were only vaccinated after chemotherapy. This 

finding supports the view that combining chemotherapy with active immunization is more 

effective than immunization alone [124]. Meanwhile, another phase II study proved that an EGF-

based vaccine had the ability to inhibit the EGF-EGFR binding that led to better survival in 

advanced-stage NSCLC patients and produced consistent results to the previously mentioned 

CIMAvax-EGF vaccine trials [127].  

In a separate randomized phase III study involving 405 patients with advanced-stage disease, 

the safety of CIMAvax-EGF was verified. It was reported that CIMAvax-EGF vaccine was well 

tolerated by the patients and that immunization with CIMAvax-EGF provided survival benefits. 

Increased antibody concentrations in serum were observed as well as decreased EGF levels 

which is consistent with the results of earlier studies. Therefore, CIMAvax-EGF is a highly 

immunogenic and well tolerated vaccine with the potential to significantly improve patient 

survival [128]. A clinical study to determine the optimal dose and to evaluate the side effects of 

a combination of the CIMAvax-EGF vaccine and nivolumab in patients with advanced-stage 

NSCLC or squamous head and neck cancers (NCT02955290) is in progress [129]. An ongoing early 

phase I clinical trial to study the side effects of CIMAvax-EGF and to assess its efficacy in 

preventing lung cancer in patients at high risk, including recurrence in survivors, (NCT04298606) 

may provide a significant advancement in the field of cancer vaccination [130]. 

4.6. Nucleic acid vaccines  

Nucleic acid vaccines are an interesting innovation in the field of cancer vaccines and have 

remained relatively unexplored, despite the knowledge of the lower toxicity and high tolerability 

associated with DNA- and RNA-based strategies. The effectiveness of DNA vaccines is built on 

the fact that naked DNA encoding the antigen, when introduced into the host, is transcribed in 
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the nucleus and the transcript is then translated into protein in the cytoplasm leading to the 

formation of the protein antigen. Peptides derived from the antigen then bind to MHC molecules 

at the cell surface and are presented by APCs to the T cells. The T cells are then activated and 

recruited to the site which generates a strong immune response [64, 131].  

Ever since the establishment of DNA-mediated immunizations in 1993, nucleic acid vaccines 

have shown their effectiveness in eliciting a potent immune response against the antigen [63]. 

Nucleic acid vaccines have been developed to treat various pathologies, including infectious 

diseases, allergies, autoimmune diseases and cancer, via intradermal, subcutaneous, mucosal 

and intramuscular modes of administration [132]. The effectiveness of nucleic acid vaccines to 

generate strong anti-tumor responses depends on their uptake by transfection [62]. Nucleic acid 

vaccines have several advantages over the traditional therapies. With a single immunization, 

multiple antigens can be expressed, and these can elicit both humoral and cellular immune 

responses which can limit tumor escape [64]. 

4.6.1. DNA-based vaccine 

The use of DNA vaccines does not require prior information about patient HLA types, and, unlike 

traditional therapies, DNA vaccination does not cause damage to the healthy cells in the 

proximity of the site of vaccination [64]. These vaccines are antigen-specific, safe, and induce 

systemic cellular and humoral immune responses that can inhibit metastasis, which is difficult 

to control or remove by surgical resection. They have the potential to trigger a host immune 

response against a tumor and tend to produce antibodies that can create a long-term 

immunological memory like traditional vaccines. These treatments have been shown to be 

effective in preclinical models and been demonstrated to have a good safety profile in clinical 

trials. Unfortunately, DNA vaccines are barely immunogenic in humans and therefore have not 

been pursued further in clinics [132]. 

Nevertheless, a therapeutic DNA vaccine (VGX-3100) has been tested for the treatment of 

cervical cancer in a phase III clinical trial (NCT013045524). VGX-3100 induced significant tumor 
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regression in 48.2% of the treated females and, although there were some mild injection site 

reactions, no severe adverse events were recorded [133]. A personalized nucleic acid-based 

vaccine is NEO-PV-1A, which is designed based on a patient’s own neoantigen and HLA profile. 

A phase I clinical trial (NCT02897765) for this vaccine in combination with nivolumab was 

conducted in patients with metastatic melanoma, bladder cancer and NSCLC. The results 

showed a neoantigen-specific immune response against the metastatic tumors [134]. However, 

a clinical trial (NCT03380871) studied the effect of NEO-PV-1A in combination with 

pembrolizumab and chemotherapy in patients with NSCLC. Reports for the efficacy of NEO-PV-

1A in this trial are not yet available [135]. Additionally, immunogenic oligonucleotides, such as 

CpG ODNs, have been recognized as immune stimulators, acting in a DNA-based vaccine as an 

adjuvant to stimulate the host immune response and are being thoroughly investigated [136]. 

4.6.2. RNA-based vaccine (RNActive®) 

The weak immune response is the main disadvantage of DNA vaccines. This encouraged research 

into RNA-based vaccines. RNA vaccines were found to display some characteristics in common 

with those of DNA vaccines but also show additional benefits. RNA vaccines are observed to be 

more immunogenic because first, RNA does not integrate into the host genome, second  

requires entry into the cytoplasm to be translated to generate antigens and third the degree of 

protein expression is incredibly higher than DNA vaccines [62, 64]. Moreover, RNA can be 

isolated from tumor tissue and amplified, producing large amounts of patient-specific antigens 

and this has accelerated progress towards personalized therapy [64].  

In recent years, effective treatments with mRNA-based vaccines have reached the clinics. A 

phase I/IIa clinical trial (NCT00923312) with self-adjuvanted mRNA-based vaccine [137], CV9201 

(RNActive®) was designed as a dose finding study in patients with stage IIIB/IV NSCLC who still 

had stable disease after first-line therapy. CV9201 (RNActive®) encodes five antigens that are 

known to be overexpressed in NSCLC cells. The primary objective of the study was to assess the 

safety of CV9201 and the secondary objectives were to assess the antibody and T-cell responses. 
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The results obtained from the trial showed a good safety profile of the vaccine and provided 

evidence of antigen-specific immune responses after vaccination [138, 139]. A preceding pre-

clinical study of two component self-adjuvanting mRNA vaccines also demonstrated the 

induction of adaptive immune responses, memory responses and the ability to inhibit tumor 

growth [140]. Subsequently, CV9202, a successor of CV9201 composed of RNA (or RNAs) that 

encode for six antigenic components, in combination with localized radiation was tested in a 

phase I clinical trial (NCT01915524) that was designed to assess its tolerability, safety and 

immunogenicity in patients with stage IV NSCLC and who had received either first-line 

chemotherapy or treatment with epidermal growth factor receptor (EGFR) tyrosine kinase 

inhibitors. The trial eventually demonstrated the potential of the vaccine to induce, 

simultaneously, immune responses against a variety of antigens and this formed the basis for 

further investigation [141, 142] of a combination of CV90202 and immune checkpoint 

inhibitor(s) with the hope of increasing the immunogenicity of the vaccine [142].  

Box 1. Nucleic acid as an immune modulator 

An RNA:DNA hybrid molecule is an immune modulator that may be able to overcome the poor 

immunogenicity of DNA vaccines and the low stability of RNA vaccines and thus trigger strong 

and effective immune responses [136, 143]. A synthetic nucleic acid hybrid (RNA:DNA) can bind 

the toll-like receptor 9 (TLR9) and trigger a strong innate immune response [144]. As is also the 

case for CpG-ODNs, which are also recognized by TLR9, the full potential of RNA:DNA hybrids as 

vaccines is not yet known. However, the use of RNA:DNA hybrids may overcome the traditional 

challenges typically associated with the use of DNA-based vaccines. 

5. Is a combination therapy the answer?  

With the evolution of medical science, treatments for cancer have been effectively studied and 

the combination of various therapies has become the topic of discussion of the era. ICB therapies 

utilizing monoclonal antibodies that act via blocking immune inhibitory pathways offer long-

term survival benefits for cancer patients [145]. Administration of ICB drugs in combination with 
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other ICBs has been reported to enhance their therapeutic effect and clinical efficacy [146-148]. 

Unfortunately, these therapies have been found to be associated with severe irAEs [149]. 

Although these adverse events were manageable, other therapies, like cancer vaccines, proved 

a more promising strategy with less side effects [69].  

Different types of vaccines have been tested for the treatment of advanced-stage NSCLC, but 

none so far adequately provided the benefit of OS. Considering the advantages of 

monotherapies, like chemotherapy, radiotherapy, surgery, and the successful 

immunotherapeutic applications of ICBs, the combination of two or more therapeutic strategies 

has been suggested to enhance the treatment of solid malignancies [32]. As mentioned 

previously, clinical trials have been initiated to explore the combination of ICBs with various 

established cancer vaccines in the hope of providing more effective tumor-specific T-cell 

responses in patients with advanced-stage NSCLC. These include the combination of TG4010, 

nivolumab and anti-PD1 antibody [89]; the CIMAvax-EGF vaccine with anti-PD1 antibodies [120]; 

and the MAGE-A3 vaccine with ICBs [8].  

ICBs have also been investigated in combination with traditional therapies as well as in 

combination with cancer vaccines. A double-blind, phase 3 clinical trial (NCT02578680) 

investigating the combination of pembrolizumab with standard chemotherapy in patients with 

untreated metastatic NSCLC (mNSCLC) reported a significant improvement in OS and PFS [65]. 

In a separate clinical intervention (NCT02453282), the safety and efficacy of another 

combination therapy for the treatment of patients with mNSCLC associated with a high tumor 

mutational burden (TMB) were evaluated. This open label, randomized phase III MYSTIC trial 

investigated the safety and efficacy of the combination therapy of durvalumab (anti-PD-L1) and 

tremelimumab (anti CTLA-4) relative to chemotherapy and durvalumab alone as a first-line 

therapy for patients whose tumors have EGFR and ALK mutations. Although the results did not 

satisfy the primary endpoint of OS and PFS, clinical activity was observed in patients with a blood 

tumor mutational burden (bTMB) of at least 20 mutations per mega base (20 mut/Mb), which 
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in this exploratory analysis was identified as the bTMB threshold for treatment with the 

combination of durvalumab and tremelimumab to provide optimal clinical benefit. Further 

investigation with the aim of validating bTMB as a predictive biomarker for the efficacy of 

immunotherapy has been suggested [150].  

The safety and efficacy of durvalumab have also been studied in triple combination with 

tremelimumab and chemotherapy relative to combination therapy with chemotherapy and 

durvalumab in patients with advanced-stage NSCLC, but whose tumors lack EGFR and ALK 

mutations in the POSEIDON clinical trial (NCT03164616) with the primary endpoints of OS and 

PFS. The results showed statistically significant improvement in PFS for the dual combination 

therapy of durvalumab and chemotherapy with different chemotherapy regimens. However, the 

triple combination therapy showed clinical benefit and improved PFS as secondary outcomes 

along with a favourable safety profile and perhaps is worth exploring further as a novel 

treatment approach [151]. Clinical trials of combination treatments, such as EMPOWER-lung 4, 

Keynote 589, EMPOWER-lung 2, etc., are active and ongoing and are analysing the benefit of 

such emerging treatments for patients with advanced-stage NSCLC [67].      

6. Conclusions and future outlook 

Cancer is an age-old disease that has been constantly researched over the last century. Several 

treatment modalities have been approved and are currently being used for the treatment of 

NSCLC, although some can only be used when NSCLC is diagnosed at an early-stage. Several 

other approaches are under investigation for the treatment of patients in the advanced-stages 

of the disease. Surgery is one of the primary treatments for early-stage NSCLC, whereas 

radiotherapy and chemotherapy were introduced when patients either denied surgical 

procedures or were unfit for it. When employed after surgery, chemotherapy and radiotherapy 

have the advantage of eradicating any left-over tumor cells that were near the resected tumor. 

However, long-term exposure to such treatments can cause damage to healthy cells and 

compromise immunity. 
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Clearly, the growth of immunotherapy from the time of its inception has been swift. Research 

on immunotherapy has contributed greatly to our understanding of the interplay between 

cancer and the immune system. Immunotherapy has many advantages over the traditional 

treatments including higher efficacy, a low risk profile and prolonged activity. The current 

understanding of tumor immunology and immune escape mechanisms suggests that 

immunotherapy has the potential to achieve an effective immune response without causing 

considerable harm to the health of the host. Furthermore, targeting oncogenic antigens in an 

active immunotherapeutic setting would be expected to effectively trigger a strong antigen-

specific immune response. This has been supported by the finding that cancer vaccines have 

demonstrated clinical efficiency and improved survival in affected patients. Cancer vaccines, 

both preventative and therapeutic, have shown benefit in terms of OS when delivered as a 

follow-up to chemotherapy or surgery. Recently studied vaccines like CIMAvax-EGF and 

Racotumomab have benefited advanced-stage NSCLC patients when administered following a 

primary treatment. Evidence from phase II clinical trials suggest that immunization utilizing 

protein-based antigens, such as MAGE-A3 and L-BLP25 improves survival outcomes. Whole-cell 

vaccines, such as belagenpumatucel-L and viagenpumatucel-L, have emerged as maintenance 

therapies. On the other hand, nucleic acid vaccines have the advantage of being immunogenic 

and are safe to administer. In addition to mRNA-based vaccines, nucleic acids like CpG-ODNs 

and RNA:DNA hybrids can act as stimulators that bind to TLRs and may assist in inducing tumor-

specific immunity. A novel vaccine strategy involving the use of a nucleic-acid-based immune 

modulator and a TAA may overcome the limitations of current therapies and this is an area that 

needs to be explored further. 

While reviewing the interventions, it was found that certain studies were terminated due to low 

recruitment or treatment discontinuation, despite the intervention showing a good safety 

profile, and this has led to some potentially effective vaccines being sidelined. Such 

interventions certainly have a strong theoretical basis but have not been able to achieve the 

desired outcome in clinics as a monotherapy. Therefore, further clinical trials for these 
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approaches will be needed to explore new treatment modalities such as combination therapy, 

to treat NSCLC. Major immunotherapies, like immune checkpoint inhibitors that have given 

reliable results, are being explored in combination with vaccines. The ongoing randomized 

clinical trials offer hope that an effective combination strategy, able to overcome the 

shortcomings of established therapies, will be found. 

In conclusion, this article has elaborated on the major limitations of conventional therapies and 

why there is a need for a more effective treatment approach for a disease like cancer. The 

cornerstone of immunotherapy is the engagement of the host immune system such that it can 

mount a strong immune response against cancer cells. There is now support for the view that 

therapeutic vaccination using nucleic acid as an immune modulator or in a prophylactic setting 

is a novel treatment strategy that can improve patient survival and provide a better quality of 

life. The future of lung cancer treatment lies in building further upon the success achieved by 

current vaccine strategies and using them in combination with other immunotherapeutic 

developments.  

Conflict of interest 

The authors have no conflict of interest. 

References 

[1] Patyar S, Joshi R, Byrav DS, Prakash A, Medhi B, Das BK. Bacteria in cancer therapy: a 

novel experimental strategy. J Biomed Sci. 2010;17(1):21. 

[2] Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin. 2014;64(1):9-29. 

[3] Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 

2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J Clin. 2018;68(6):394-424. 

[4] Zheng M. Classification and Pathology of Lung Cancer. Surg Oncol Clin N Am. 

2016;25(3):447-68. 



 

70 
 

[5] Wang L, Ma Q, Yao R, Liu J. Current status and development of anti-PD-1/PD-L1 

immunotherapy for lung cancer. Int Immunopharmacol. 2019;79:106088. 

[6] Aldarouish M, Wang C. Trends and advances in tumor immunology and lung cancer 

immunotherapy. J Exp Clin Cancer Res. 2016;35(1):157. 

[7] Graciotti M, Berti C, Klok HA, Kandalaft L. The era of bioengineering: how will this affect 

the next generation of cancer immunotherapy? J Transl Med. 2017;15(1):142. 

[8] Oliveres H, Caglevic C, Passiglia F, Taverna S, Smits E, Rolfo C. Vaccine and immune cell 

therapy in non-small cell lung cancer. J Thorac Dis. 2018;10(Suppl 13):S1602-S14. 

[9] Coley WB. II. Contribution to the knowledge of sarcoma. Annals of surgery. 

1891;14(3):199. 

[10] Rezaei N, Aalaei-Andabili SH, Amini N, Delavari F, Keshavarz-Fathi M, Kaufman HL. 

Introduction on Cancer Immunology and Immunotherapy. In: Rezaei N, editor. Cancer 

Immunology: A Translational Medicine Context;10.1007/978-3-030-30845-2_1. Cham: 

Springer International Publishing; 2020. p. 1-9. 

[11] Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al. Sipuleucel-T 

immunotherapy for castration-resistant prostate cancer. N Engl J Med. 2010;363(5):411-

22. 

[12] Raez LE, Fein S, Podack ER. Lung cancer immunotherapy. Clin Med Res. 2005;3(4):221-8. 

[13] Fan Y, Moon JJ. Nanoparticle Drug Delivery Systems Designed to Improve Cancer 

Vaccines and Immunotherapy. Vaccines (Basel). 2015;3(3):662-85. 

[14] Anagnostou VK, Brahmer JR. Cancer immunotherapy: a future paradigm shift in the 

treatment of non-small cell lung cancer. Clin Cancer Res. 2015;21(5):976-84. 

[15] Mougel A, Terme M, Tanchot C. Therapeutic Cancer Vaccine and Combinations With 

Antiangiogenic Therapies and Immune Checkpoint Blockade. Front Immunol. 

2019;10:467. 

[16] Grenier JM, Yeung ST, Khanna KM. Combination Immunotherapy: Taking Cancer 

Vaccines to the Next Level. Front Immunol. 2018;9:610. 



 

71 
 

[17] Saito S, Espinoza-Mercado F, Liu H, Sata N, Cui X, Soukiasian HJ. Current status of 

research and treatment for non-small cell lung cancer in never-smoking females. Cancer 

Biol Ther. 2017;18(6):359-68. 

[18] Qiang H, Chang Q, Xu J, Qian J, Zhang Y, Lei Y, et al. New advances in antiangiogenic 

combination therapeutic strategies for advanced non-small cell lung cancer. J Cancer Res 

Clin Oncol. 2020;146(3):631-45. 

[19] van den Berg LL, Klinkenberg TJ, Groen HJ, Widder J. Patterns of Recurrence and Survival 

after Surgery or Stereotactic Radiotherapy for Early Stage NSCLC. J Thorac Oncol. 

2015;10(5):826-31. 

[20] Adnan M, Khan S, Al-Shammari E, Patel M, Saeed M, Hadi S. In pursuit of cancer 

metastasis therapy by bacteria and its biofilms: History or future. Med Hypotheses. 

2017;100:78-81. 

[21] Lemjabbar-Alaoui H, Hassan OU, Yang YW, Buchanan P. Lung cancer: Biology and 

treatment options. Biochim Biophys Acta. 2015;1856(2):189-210. 

[22] Myall NJ, Das M. Advances in the Treatment of Stage III Non-Small Cell Lung Cancer. Clin 

Chest Med. 2020;41(2):211-22. 

[23] Friedman AA, Letai A, Fisher DE, Flaherty KT. Precision medicine for cancer with next-

generation functional diagnostics. Nat Rev Cancer. 2015;15(12):747-56. 

[24] Zugazagoitia J, Guedes C, Ponce S, Ferrer I, Molina-Pinelo S, Paz-Ares L. Current 

Challenges in Cancer Treatment. Clin Ther. 2016;38(7):1551-66. 

[25] Nagasaka M, Gadgeel SM. Role of chemotherapy and targeted therapy in early-stage 

non-small cell lung cancer. Expert Rev Anticancer Ther. 2018;18(1):63-70. 

[26] Halliday PR, Blakely CM, Bivona TG. Emerging Targeted Therapies for the Treatment of 

Non-small Cell Lung Cancer. Curr Oncol Rep. 2019;21(3):21. 

[27] Jenq RR, van den Brink MR. Allogeneic haematopoietic stem cell transplantation: 

individualized stem cell and immune therapy of cancer. Nat Rev Cancer. 2010;10(3):213-

21. 



 

72 
 

[28] Alatrash G, Jakher H, Stafford PD, Mittendorf EA. Cancer immunotherapies, their safety 

and toxicity. Expert Opin Drug Saf. 2013;12(5):631-45. 

[29] Steinberg RL, Thomas LJ, O'Donnell MA. Combination Intravesical Chemotherapy for 

Non-muscle-invasive Bladder Cancer. Eur Urol Focus. 2018;4(4):503-5. 

[30] Torres W, Lameda V, Olivar LC, Navarro C, Fuenmayor J, Pérez A, et al. Bacteria in cancer 

therapy: beyond immunostimulation. Journal of Cancer Metastasis and Treatment. 

2018;4(1):4. 

[31] Hammerstrom AE, Cauley DH, Atkinson BJ, Sharma P. Cancer immunotherapy: 

sipuleucel-T and beyond. Pharmacotherapy. 2011;31(8):813-28. 

[32] Kazemi T, Younesi V, Jadidi-Niaragh F, Yousefi M. Immunotherapeutic approaches for 

cancer therapy: An updated review. Artif Cells Nanomed Biotechnol. 2016;44(3):769-79. 

[33] Thomas A, Teicher BA, Hassan R. Antibody–drug conjugates for cancer therapy. The 

Lancet Oncology. 2016;17(6):e254-e62. 

[34] Scott AM, Allison JP, Wolchok JD. Monoclonal antibodies in cancer therapy. Cancer 

Immun. 2012;12:14. 

[35] Szollosi DE, Kinney SRM, Ruhul Amin ARM, Chumbow N. Cancer Immunotherapy. In: 

Mathias CB, McAleer JP, Szollosi DE, editors. Pharmacology of Immunotherapeutic 

Drugs;10.1007/978-3-030-19922-7_10. Cham: Springer International Publishing; 2020. p. 

321-55. 

[36] Helissey C, Vicier C, Champiat S. The development of immunotherapy in older adults: 

New treatments, new toxicities? J Geriatr Oncol. 2016;7(5):325-33. 

[37] Ventola CL. Cancer Immunotherapy, Part 1: Current Strategies and Agents. P T. 

2017;42(6):375-83. 

[38] Ning YM, Suzman D, Maher VE, Zhang L, Tang S, Ricks T, et al. FDA Approval Summary: 

Atezolizumab for the Treatment of Patients with Progressive Advanced Urothelial 

Carcinoma after Platinum-Containing Chemotherapy. Oncologist. 2017;22(6):743-9. 



 

73 
 

[39] Hsu FS, Su CH, Huang KH. A Comprehensive Review of US FDA-Approved Immune 

Checkpoint Inhibitors in Urothelial Carcinoma. J Immunol Res. 2017;2017:6940546. 

[40] Raedler LA. Opdivo (Nivolumab): Second PD-1 Inhibitor Receives FDA Approval for 

Unresectable or Metastatic Melanoma. Am Health Drug Benefits. 2015;8(Spec 

Feature):180-3. 

[41] Mansh M. Ipilimumab and cancer immunotherapy: a new hope for advanced-stage 

melanoma. Yale J Biol Med. 2011;84(4):381-9. 

[42] Zhou S, Wang F, Hsieh TC, Wu JM, Wu E. Thalidomide-a notorious sedative to a wonder 

anticancer drug. Curr Med Chem. 2013;20(33):4102-8. 

[43] Eggermont AM, Suciu S, Testori A, Santinami M, Kruit WH, Marsden J, et al. Long-term 

results of the randomized phase III trial EORTC 18991 of adjuvant therapy with 

pegylated interferon alfa-2b versus observation in resected stage III melanoma. J Clin 

Oncol. 2012;30(31):3810-8. 

[44] Avapritinib Approved for GIST Subgroup. Cancer Discov. 2020;10.1158/2159-8290.CD-

NB2020-003. 

[45] Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. Nature. 

2011;480(7378):480-9. 

[46] Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. 

Immunity. 2013;39(1):1-10. 

[47] Yang L, Ren B, Li H, Yu J, Cao S, Hao X, et al. Enhanced antitumor effects of DC-activated 

CIKs to chemotherapy treatment in a single cohort of advanced non-small-cell lung 

cancer patients. Cancer Immunol Immunother. 2013;62(1):65-73. 

[48] Agustoni F, Suda K, Yu H, Ren S, Rivard CJ, Ellison K, et al. EGFR-directed monoclonal 

antibodies in combination with chemotherapy for treatment of non-small-cell lung 

cancer: an updated review of clinical trials and new perspectives in biomarkers analysis. 

Cancer Treat Rev. 2019;72:15-27. 



 

74 
 

[49] Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ, Wu Y-L, et al. Lung cancer: 

current therapies and new targeted treatments. The Lancet. 2017;389(10066):299-311. 

[50] Zappa C, Mousa SA. Non-small cell lung cancer: current treatment and future advances. 

Transl Lung Cancer Res. 2016;5(3):288-300. 

[51] Weiner LM. Cancer immunology for the clinician. Clin Adv Hematol Oncol. 

2015;13(5):299-306. 

[52] Zhong S, Jeong JH, Chen Z, Chen Z, Luo JL. Targeting Tumor Microenvironment by Small-

Molecule Inhibitors. Transl Oncol. 2020;13(1):57-69. 

[53] Dal Bello MG, Alama A, Coco S, Vanni I, Grossi F. Understanding the checkpoint blockade 

in lung cancer immunotherapy. Drug Discov Today. 2017;22(8):1266-73. 

[54] Wei SC, Duffy CR, Allison JP. Fundamental Mechanisms of Immune Checkpoint Blockade 

Therapy. Cancer Discov. 2018;8(9):1069-86. 

[55] Silva AP, Coelho PV, Anazetti M, Simioni PU. Targeted therapies for the treatment of 

non-small-cell lung cancer: Monoclonal antibodies and biological inhibitors. Hum Vaccin 

Immunother. 2017;13(4):843-53. 

[56] Rosell R, Karachaliou N, Sosa A, Viteri S. Immune checkpoint blockade (ICB) for first line 

treatment in non-small cell lung cancer (NSCLC). Translational Cancer Research. 

2016;5(S3):S408-S10. 

[57] Abdel-Wahab N, Shah M, Suarez-Almazor ME. Adverse Events Associated with Immune 

Checkpoint Blockade in Patients with Cancer: A Systematic Review of Case Reports. PLoS 

One. 2016;11(7):e0160221. 

[58] Forde PM, Chaft JE, Smith KN, Anagnostou V, Cottrell TR, Hellmann MD, et al. 

Neoadjuvant PD-1 Blockade in Resectable Lung Cancer. N Engl J Med. 

2018;378(21):1976-86. 

[59] Topalian SL, Taube JM, Pardoll DM. Neoadjuvant checkpoint blockade for cancer 

immunotherapy. Science. 2020;367(6477). 



 

75 
 

[60] Ren S, Wang C, Shen J, Zhu C. Neoadjuvant immunotherapy with resectable non-small 

cell lung cancer: recent advances and future challenges. J Thorac Dis. 2020;12(4):1615-

20. 

[61] Cortés-Jofré M, Uranga R, Torres Pombert A, Arango Prado MdC, Caballero Aguirrechu I, 

Pacheco C, et al. Therapeutic vaccines for advanced non-small cell lung cancer. Cochrane 

Database of Systematic Reviews. 2019;10.1002/14651858.Cd013377. 

[62] Hollingsworth RE, Jansen K. Turning the corner on therapeutic cancer vaccines. NPJ 

Vaccines. 2019;4:7. 

[63] Miao L, Zhang Y, Huang L. mRNA vaccine for cancer immunotherapy. Mol Cancer. 

2021;20(1):41. 

[64] McNamara MA, Nair SK, Holl EK. RNA-Based Vaccines in Cancer Immunotherapy. J 

Immunol Res. 2015;2015:794528. 

[65] Gandhi L, Rodríguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et al. 

Pembrolizumab plus Chemotherapy in Metastatic Non–Small-Cell Lung Cancer. New 

England Journal of Medicine. 2018;378(22):2078-92. 

[66] Wang C, Kulkarni P, Salgia R. Combined Checkpoint Inhibition and Chemotherapy: New 

Era of 1(st)-Line Treatment for Non-Small-Cell Lung Cancer. Mol Ther Oncolytics. 

2019;13:1-6. 

[67] Puri S, Shafique M. Combination checkpoint inhibitors for treatment of non-small-cell 

lung cancer: an update on dual anti-CTLA-4 and anti-PD-1/PD-L1 therapies. Drugs 

Context. 2020;9. 

[68] Bol KF, Schreibelt G, Gerritsen WR, de Vries IJ, Figdor CG. Dendritic Cell-Based 

Immunotherapy: State of the Art and Beyond. Clin Cancer Res. 2016;22(8):1897-906. 

[69] Schlom J. Therapeutic cancer vaccines: current status and moving forward. J Natl Cancer 

Inst. 2012;104(8):599-613. 

[70] Banday AH, Jeelani S, Hruby VJ. Cancer vaccine adjuvants--recent clinical progress and 

future perspectives. Immunopharmacol Immunotoxicol. 2015;37(1):1-11. 



 

76 
 

[71] Bencherif SA, Warren Sands R, Ali OA, Li WA, Lewin SA, Braschler TM, et al. Injectable 

cryogel-based whole-cell cancer vaccines. Nat Commun. 2015;6:7556. 

[72] Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science. 

2015;348(6230):69-74. 

[73] Shirbaghaee Z, Bolhassani A. Different applications of virus-like particles in biology and 

medicine: Vaccination and delivery systems. Biopolymers. 2016;105(3):113-32. 

[74] Skwarczynski M, Toth I. Peptide-based synthetic vaccines. Chem Sci. 2016;7(2):842-54. 

[75] Steven A, Fisher SA, Robinson BW. Immunotherapy for lung cancer. Respirology. 

2016;21(5):821-33. 

[76] Zhou L, Wang XL, Deng QL, Du YQ, Zhao NQ. The efficacy and safety of immunotherapy 

in patients with advanced NSCLC: a systematic review and meta-analysis. Sci Rep. 

2016;6:32020. 

[77] Wu Y, Jiang M. The revolution of lung cancer treatment: from vaccines, to immune 

checkpoint inhibitors, to chimeric antigen receptor T therapy. Biotarget. 2017;1:7-. 

[78] Tosch C, Bastien B, Barraud L, Grellier B, Nourtier V, Gantzer M, et al. Viral based vaccine 

TG4010 induces broadening of specific immune response and improves outcome in 

advanced NSCLC. J Immunother Cancer. 2017;5(1):70. 

[79] Nemunaitis J, Dillman RO, Schwarzenberger PO, Senzer N, Cunningham C, Cutler J, et al. 

Phase II study of belagenpumatucel-L, a transforming growth factor beta-2 antisense 

gene-modified allogeneic tumor cell vaccine in non-small-cell lung cancer. J Clin Oncol. 

2006;24(29):4721-30. 

[80] Nemunaitis J, Nemunaitis M, Senzer N, Snitz P, Bedell C, Kumar P, et al. Phase II trial of 

Belagenpumatucel-L, a TGF-beta2 antisense gene modified allogeneic tumor vaccine in 

advanced non small cell lung cancer (NSCLC) patients. Cancer Gene Ther. 

2009;16(8):620-4. 



 

77 
 

[81] Giaccone G, Bazhenova LA, Nemunaitis J, Tan M, Juhasz E, Ramlau R, et al. A phase III 

study of belagenpumatucel-L, an allogeneic tumour cell vaccine, as maintenance therapy 

for non-small cell lung cancer. Eur J Cancer. 2015;51(16):2321-9. 

[82] Morgensztern D, Sanborn RE, Bazhenova L, Waqar SN, McDermott L, Hutchins J, et al. 

Viagenpumatucel-L (HS-110) plus nivolumab in patients with advanced non-small cell 

lung cancer (NSCLC) after checkpoint inhibitor treatment failure. Journal of Clinical 

Oncology. 2019;37(15_suppl):9109-. 

[83] Cohen RB, Morgensztern D, Walsh WV, Bazhenova L, Melnyk AM, Beck JT, et al. First 

interim exploratory analysis of immune response in patients with advanced non-small 

cell lung cancer receiving viagenpumatucel-l (HS-110) in combination with low-dose 

cyclophosphamide in an ongoing phase II trial. Journal of Clinical Oncology. 

2015;33(15_suppl):3077-. 

[84] Morgensztern D, Waqar SN, Bazhenova L, McDermott L, Hutchins J, Taylor DH, et al. 

Tumor antigen expression and survival of patients with previously treated advanced 

non-small cell lung cancer (NSCLC) receiving viagenpumatucel-L (HS-110) plus 

nivolumab. Journal of Clinical Oncology. 2020;38(15_suppl):9546-. 

[85] Quoix E, Ramlau R, Westeel V, Papai Z, Madroszyk A, Riviere A, et al. Therapeutic 

vaccination with TG4010 and first-line chemotherapy in advanced non-small-cell lung 

cancer: a controlled phase 2B trial. The Lancet Oncology. 2011;12(12):1125-33. 

[86] Ramlau R, Quoix E, Rolski J, Pless M, Lena H, Levy E, et al. A phase II study of Tg4010 

(Mva-Muc1-Il2) in association with chemotherapy in patients with stage III/IV Non-small 

cell lung cancer. J Thorac Oncol. 2008;3(7):735-44. 

[87] Quoix E, Lena H, Losonczy G, Forget F, Chouaid C, Papai Z, et al. TG4010 immunotherapy 

and first-line chemotherapy for advanced non-small-cell lung cancer (TIME): results from 

the phase 2b part of a randomised, double-blind, placebo-controlled, phase 2b/3 trial. 

The Lancet Oncology. 2016;17(2):212-23. 



 

78 
 

[88] Arriola E, Ottensmeier C. TG4010: a vaccine with a therapeutic role in cancer. 

Immunotherapy. 2016;8(5):511-9. 

[89] Remy-Ziller C, Thioudellet C, Hortelano J, Gantzer M, Nourtier V, Claudepierre MC, et al. 

Sequential administration of MVA-based vaccines and PD-1/PD-L1-blocking antibodies 

confers measurable benefits on tumor growth and survival: Preclinical studies with 

MVA-betaGal and MVA-MUC1 (TG4010) in a murine tumor model. Hum Vaccin 

Immunother. 2018;14(1):140-5. 

[90] TG4010 and Nivolumab in Patients With Lung Cancer  [Available from: 

https://ClinicalTrials.gov/show/NCT02823990. 

[91] A Study Evaluating the Efficacy and the Safety of First-line Chemotherapy Combined 

With TG4010 and Nivolumab in Patients With Advanced Non-squamous Non-Small Cell 

Lung Cancer (NSCLC)  [Available from: https://ClinicalTrials.gov/show/NCT03353675. 

[92] Schaedler E, Remy-Ziller C, Hortelano J, Kehrer N, Claudepierre MC, Gatard T, et al. 

Sequential administration of a MVA-based MUC1 cancer vaccine and the TLR9 ligand 

Litenimod (Li28) improves local immune defense against tumors. Vaccine. 

2017;35(4):577-85. 

[93] Butts C, Murray N, Maksymiuk A, Goss G, Marshall E, Soulieres D, et al. Randomized 

phase IIB trial of BLP25 liposome vaccine in stage IIIB and IV non-small-cell lung cancer. J 

Clin Oncol. 2005;23(27):6674-81. 

[94] Palmer M, Parker J, Modi S, Butts C, Smylie M, Meikle A, et al. Phase I study of the BLP25 

(MUC1 peptide) liposomal vaccine for active specific immunotherapy in stage IIIB/IV 

non-small-cell lung cancer. Clin Lung Cancer. 2001;3(1):49-57; discussion 8. 

[95] Butts C, Maksymiuk A, Goss G, Soulieres D, Marshall E, Cormier Y, et al. Updated survival 

analysis in patients with stage IIIB or IV non-small-cell lung cancer receiving BLP25 

liposome vaccine (L-BLP25): phase IIB randomized, multicenter, open-label trial. J Cancer 

Res Clin Oncol. 2011;137(9):1337-42. 



 

79 
 

[96] Butts C, Murray RN, Smith CJ, Ellis PM, Jasas K, Maksymiuk A, et al. A multicenter open-

label study to assess the safety of a new formulation of BLP25 liposome vaccine in 

patients with unresectable stage III non-small-cell lung cancer. Clin Lung Cancer. 

2010;11(6):391-5. 

[97] Butts C, Socinski MA, Mitchell PL, Thatcher N, Havel L, Krzakowski M, et al. Tecemotide 

(L-BLP25) versus placebo after chemoradiotherapy for stage III non-small-cell lung 

cancer (START): a randomised, double-blind, phase 3 trial. The Lancet Oncology. 

2014;15(1):59-68. 

[98] Wu YL, Park K, Soo RA, Sun Y, Tyroller K, Wages D, et al. INSPIRE: A phase III study of the 

BLP25 liposome vaccine (L-BLP25) in Asian patients with unresectable stage III non-small 

cell lung cancer. BMC Cancer. 2011;11:430. 

[99] Ohyanagi F, Horai T, Sekine I, Yamamoto N, Nakagawa K, Nishio M, et al. Safety of BLP25 

liposome vaccine (L-BLP25) in Japanese patients with unresectable stage III NSCLC after 

primary chemoradiotherapy: preliminary results from a Phase I/II study. Jpn J Clin Oncol. 

2011;41(5):718-22. 

[100] Common Safety Follow-up Trial of Tecemotide (L-BLP25)  [Available from: 

https://ClinicalTrials.gov/show/NCT01423760. 

[101] Cancer Vaccine Study for Stage III, Unresectable, Non-small Cell Lung Cancer (NSCLC) in 

the Asian Population  [Available from: https://ClinicalTrials.gov/show/NCT01015443. 

[102] Tecemotide Following Concurrent Chemo-radiotherapy for Non-small Cell Lung Cancer  

[Available from: https://ClinicalTrials.gov/show/NCT02049151. 

[103] DeGregorio M, Soe L, Wolf M. Tecemotide (L-BLP25) versus placebo after 

chemoradiotherapy for stage III non-small cell lung cancer (START): a randomized, 

double-blind, phase III trial. J Thorac Dis. 2014;6(6):571-3. 

[104] BLP25 Liposome Vaccine and Bevacizumab After Chemotherapy and Radiation Therapy 

in Treating Patients With Newly Diagnosed Stage IIIA or Stage IIIB Non-Small Cell Lung 



 

80 
 

Cancer That Cannot Be Removed by Surgery  [Available from: 

https://ClinicalTrials.gov/show/NCT00828009. 

[105] Peled N, Oton AB, Hirsch FR, Bunn P. MAGE A3 antigen-specific cancer 

immunotherapeutic. Immunotherapy. 2009;1(1):19-25. 

[106] Fratta E, Coral S, Covre A, Parisi G, Colizzi F, Danielli R, et al. The biology of cancer testis 

antigens: putative function, regulation and therapeutic potential. Mol Oncol. 

2011;5(2):164-82. 

[107] Gjerstorff MF, Andersen MH, Ditzel HJ. Oncogenic cancer/testis antigens: prime 

candidates for immunotherapy. Oncotarget. 2015;6(18):15772-87. 

[108] Atanackovic D, Altorki NK, Stockert E, Williamson B, Jungbluth AA, Ritter E, et al. 

Vaccine-induced CD4+ T cell responses to MAGE-3 protein in lung cancer patients. J 

Immunol. 2004;172(5):3289-96. 

[109] Kruit WH, van Ojik HH, Brichard VG, Escudier B, Dorval T, Dreno B, et al. Phase 1/2 study 

of subcutaneous and intradermal immunization with a recombinant MAGE-3 protein in 

patients with detectable metastatic melanoma. Int J Cancer. 2005;117(4):596-604. 

[110] Vansteenkiste J, Zielinski M, Linder A, Dahabreh J, Gonzalez EE, Malinowski W, et al. 

Adjuvant MAGE-A3 immunotherapy in resected non-small-cell lung cancer: phase II 

randomized study results. J Clin Oncol. 2013;31(19):2396-403. 

[111] Vansteenkiste JF, Cho BC, Vanakesa T, De Pas T, Zielinski M, Kim MS, et al. Efficacy of the 

MAGE-A3 cancer immunotherapeutic as adjuvant therapy in patients with resected 

MAGE-A3-positive non-small-cell lung cancer (MAGRIT): a randomised, double-blind, 

placebo-controlled, phase 3 trial. The Lancet Oncology. 2016;17(6):822-35. 

[112] Gabri MR, Cacciavillano W, Chantada GL, Alonso DF. Racotumomab for treating lung 

cancer and pediatric refractory malignancies. Expert Opin Biol Ther. 2016;16(4):573-8. 

[113] Segatori VI, Vazquez AM, Gomez DE, Gabri MR, Alonso DF. Preclinical evaluation of 

racotumomab, an anti-idiotype monoclonal antibody to N-glycolyl-containing 



 

81 
 

gangliosides, with or without chemotherapy in a mouse model of non-small cell lung 

cancer. Front Oncol. 2012;2:160. 

[114] Neninger E, Diaz RM, de la Torre A, Rives R, Diaz A, Saurez G, et al. Active 

immunotherapy with 1E10 anti-idiotype vaccine in patients with small cell lung cancer: 

report of a phase I trial. Cancer Biol Ther. 2007;6(2):145-50. 

[115] Santiesteban E, Perez L, Alfonso S, Neninger E, Acosta S, Flores Y, et al. Safety and 

Efficacy of Racotumomab-Alum Vaccine as Second-Line Therapy for Advanced Non-Small 

Cell Lung Cancer. International Journal of Clinical Medicine. 2014;05(14):844-50. 

[116] Alfonso S, Diaz RM, de la Torre A, Santiesteban E, Aguirre F, Perez K, et al. 1E10 anti-

idiotype vaccine in non-small cell lung cancer: experience in stage IIIb/IV patients. 

Cancer Biol Ther. 2007;6(12):1847-52. 

[117] Alfonso S, Valdes-Zayas A, Santiesteban ER, Flores YI, Areces F, Hernandez M, et al. A 

randomized, multicenter, placebo-controlled clinical trial of racotumomab-alum vaccine 

as switch maintenance therapy in advanced non-small cell lung cancer patients. Clin 

Cancer Res. 2014;20(14):3660-71. 

[118] Gajdosik Z. Racotumomab - a novel anti-idiotype monoclonal antibody vaccine for the 

treatment of cancer. Drugs Today (Barc). 2014;50(4):301-7. 

[119] Segatori VI, Cuello HA, Gulino CA, Alberto M, Venier C, Guthmann MD, et al. Antibody-

dependent cell-mediated cytotoxicity induced by active immunotherapy based on 

racotumomab in non-small cell lung cancer patients. Cancer Immunol Immunother. 

2018;67(8):1285-96. 

[120] Saavedra D, Crombet T. CIMAvax-EGF: A New Therapeutic Vaccine for Advanced Non-

Small Cell Lung Cancer Patients. Front Immunol. 2017;8:269. 

[121] Gonzalez G, Crombet T, Torres F, Catala M, Alfonso L, Osorio M, et al. Epidermal growth 

factor-based cancer vaccine for non-small-cell lung cancer therapy. Ann Oncol. 

2003;14(3):461-6. 



 

82 
 

[122] Gonzalez G, Crombet T, Catala M, Mirabal V, Hernandez JC, Gonzalez Y, et al. A novel 

cancer vaccine composed of human-recombinant epidermal growth factor linked to a 

carrier protein: report of a pilot clinical trial. Ann Oncol. 1998;9(4):431-5. 

[123] Ramos TC, Vinageras EN, Ferrer MC, Verdecia BG, Rupale IL, Perez LM, et al. Treatment 

of NSCLC patients with an EGF-based cancer vaccine: report of a Phase I trial. Cancer Biol 

Ther. 2006;5(2):145-9. 

[124] Neninger E, Verdecia BG, Crombet T, Viada C, Pereda S, Leonard I, et al. Combining an 

EGF-based cancer vaccine with chemotherapy in advanced nonsmall cell lung cancer. J 

Immunother. 2009;32(1):92-9. 

[125] Rodriguez PC, Rodriguez G, Gonzalez G, Lage A. Clinical development and perspectives of 

CIMAvax EGF, Cuban vaccine for non-small-cell lung cancer therapy. MEDICC Rev. 

2010;12(1):17-23. 

[126] Neninger Vinageras E, de la Torre A, Osorio Rodriguez M, Catala Ferrer M, Bravo I, 

Mendoza del Pino M, et al. Phase II randomized controlled trial of an epidermal growth 

factor vaccine in advanced non-small-cell lung cancer. J Clin Oncol. 2008;26(9):1452-8. 

[127] Garcia B, Neninger E, de la Torre A, Leonard I, Martinez R, Viada C, et al. Effective 

inhibition of the epidermal growth factor/epidermal growth factor receptor binding by 

anti-epidermal growth factor antibodies is related to better survival in advanced non-

small-cell lung cancer patients treated with the epidermal growth factor cancer vaccine. 

Clin Cancer Res. 2008;14(3):840-6. 

[128] Rodriguez PC, Popa X, Martinez O, Mendoza S, Santiesteban E, Crespo T, et al. A Phase III 

Clinical Trial of the Epidermal Growth Factor Vaccine CIMAvax-EGF as Switch 

Maintenance Therapy in Advanced Non-Small Cell Lung Cancer Patients. Clin Cancer Res. 

2016;22(15):3782-90. 

[129] CIMAvax Vaccine, Nivolumab, and Pembrolizumab in Treating Patients With Advanced 

Non-small Cell Lung Cancer or Squamous Head and Neck Cancer  [Available from: 

https://ClinicalTrials.gov/show/NCT02955290. 



 

83 
 

[130] A Vaccine (CIMAvax-EGF) for the Prevention of Lung Cancer Development or Recurrence  

[Available from: https://ClinicalTrials.gov/show/NCT04298606. 

[131] Restifo NP, Ying H, Hwang L, Leitner WW. The promise of nucleic acid vaccines. Gene 

Ther. 2000;7(2):89-92. 

[132] Lopes A, Vandermeulen G, Preat V. Cancer DNA vaccines: current preclinical and clinical 

developments and future perspectives. J Exp Clin Cancer Res. 2019;38(1):146. 

[133] Trimble CL, Morrow MP, Kraynyak KA, Shen X, Dallas M, Yan J, et al. Safety, efficacy, and 

immunogenicity of VGX-3100, a therapeutic synthetic DNA vaccine targeting human 

papillomavirus 16 and 18 E6 and E7 proteins for cervical intraepithelial neoplasia 2/3: a 

randomised, double-blind, placebo-controlled phase 2b trial. The Lancet. 

2015;386(10008):2078-88. 

[134] Ott PA, Hu-Lieskovan S, Chmielowski B, Govindan R, Naing A, Bhardwaj N, et al. A Phase 

Ib Trial of Personalized Neoantigen Therapy Plus Anti-PD-1 in Patients with Advanced 

Melanoma, Non-small Cell Lung Cancer, or Bladder Cancer. Cell. 2020;183(2):347-62 

e24. 

[135] A Personal Cancer Vaccine (NEO-PV-01) With Pembrolizumab and Chemotherapy for 

Patients With Lung Cancer  [Available from: 

https://ClinicalTrials.gov/show/NCT03380871. 

[136] Leitner WW, Hammerl P, Thalhamer J. Nucleic acid for the treatment of cancer: genetic 

vaccines and DNA adjuvants. Curr Pharm Des. 2001;7(16):1641-67. 

[137] Trial of an RNActive®-Derived Cancer Vaccine in Stage IIIB/IV Non Small Cell Lung Cancer 

(NSCLC)  [Available from: https://ClinicalTrials.gov/show/NCT00923312. 

[138] Sebastian M, Boehmer Lv, Zippelius A, Mayer F, Reck M, Atanackovic D, et al. Messenger 

RNA vaccination in NSCLC: Findings from a phase I/IIa clinical trial. Journal of Clinical 

Oncology. 2011;29(15_suppl):2584-. 



 

84 
 

[139] Sebastian M, Schroder A, Scheel B, Hong HS, Muth A, von Boehmer L, et al. A phase I/IIa 

study of the mRNA-based cancer immunotherapy CV9201 in patients with stage IIIB/IV 

non-small cell lung cancer. Cancer Immunol Immunother. 2019;68(5):799-812. 

[140] Fotin-Mleczek M, Duchardt KM, Lorenz C, Pfeiffer R, Ojkic-Zrna S, Probst J, et al. 

Messenger RNA-based vaccines with dual activity induce balanced TLR-7 dependent 

adaptive immune responses and provide antitumor activity. J Immunother. 

2011;34(1):1-15. 

[141] Sebastian M, Papachristofilou A, Weiss C, Fruh M, Cathomas R, Hilbe W, et al. Phase Ib 

study evaluating a self-adjuvanted mRNA cancer vaccine (RNActive(R)) combined with 

local radiation as consolidation and maintenance treatment for patients with stage IV 

non-small cell lung cancer. BMC Cancer. 2014;14:748. 

[142] Papachristofilou A, Hipp MM, Klinkhardt U, Fruh M, Sebastian M, Weiss C, et al. Phase Ib 

evaluation of a self-adjuvanted protamine formulated mRNA-based active cancer 

immunotherapy, BI1361849 (CV9202), combined with local radiation treatment in 

patients with stage IV non-small cell lung cancer. J Immunother Cancer. 2019;7(1):38. 

[143] Rigby RE, Webb LM, Mackenzie KJ, Li Y, Leitch A, Reijns MA, et al. RNA:DNA hybrids are a 

novel molecular pattern sensed by TLR9. EMBO J. 2014;33(6):542-58. 

[144] Jensen SB, Paludan SR. Sensing the hybrid--a novel PAMP for TLR9. EMBO J. 

2014;33(6):529-30. 

[145] Lee JY, Lee HT, Shin W, Chae J, Choi J, Kim SH, et al. Structural basis of checkpoint 

blockade by monoclonal antibodies in cancer immunotherapy. Nat Commun. 

2016;7:13354. 

[146] Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al. Combined 

Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N Engl J Med. 

2015;373(1):23-34. 



 

85 
 

[147] Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D, et al. 

Nivolumab and ipilimumab versus ipilimumab in untreated melanoma. N Engl J Med. 

2015;372(21):2006-17. 

[148] Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin AM, et al. Nivolumab 

plus ipilimumab in advanced melanoma. N Engl J Med. 2013;369(2):122-33. 

[149] Spain L, Diem S, Larkin J. Management of toxicities of immune checkpoint inhibitors. 

Cancer Treat Rev. 2016;44:51-60. 

[150] Rizvi N, Cho BC, Reinmuth N, Lee KH, Luft A, Ahn M, et al. OA04.07 Mutations Associated 

with Sensitivity or Resistance to Immunotherapy in mNSCLC: Analysis from the MYSTIC 

Trial. Journal of Thoracic Oncology. 2019;14(10). 

[151] Imfinzi and Imfinzi plus tremelimumab delayed disease progression in Phase III 

POSEIDON trial for 1st-line treatment of Stage IV non-small cell lung cancer: AstraZenca; 

2019 [Available from: https://www.astrazeneca.com/media-centre/press-

releases/2019/imfinzi-and-imfinzi-plus-tremelimumab-delayed-disease-progression-in-

phase-iii-poseidon-trial-for-1st-line-treatment-of-stage-iv-non-small-cell-lung-

cancer.html. 

 

  



 

86 
 

2.8. Nucleic acid vaccines as effective immunotherapy 

Nucleic acid-based vaccines are emerging to be the safe and effective tool for cancer 

immunotherapy as they can elicit cellular and humoral immune response (Guevara 

et al., 2019; Iavarone et al., 2017). These vaccines include viral vectors such as 

adenovirus, plasmid DNA, and RNA (Geall et al., 2013). RNA and DNA based vaccines 

are also known to have adjuvant activity when recognized by its respective receptor 

such as TLR9 (Geall et al., 2013; Spies et al., 2003). Immunizations with the genetic 

vaccines have demonstrated efficacy in animals and are being widely studied in 

humans (Geall et al., 2013; McNamara et al., 2015). For example, RNA based vaccines 

have been investigated in various cancer models including brain cancer, lung cancer, 

melanoma, renal cell carcinoma, and ovarian cancer (McNamara et al., 2015). A 

phase I/II clinical trial for metastatic melanoma was conducted where the patients 

were directly injected with protamine-condensed naked mRNA encoding for 6 

melanoma antigens showed increased T cell response and a complete clinical 

response in evaluated patients (Weide et al., 2009). Additionally, adjuvants such as 

CpG motifs, poly I:C RNA, protamine combined with a mRNA-based vaccine or mRNA 

encoded with costimulatory molecules such as CD70, OX40L, GITR, CD83 , and 

CD40L can enhance its immunogenicity and initiate an adaptive response 

(McNamara et al., 2015). Even though RNA based vaccines have shown high efficacy, 

its clinical applicability has been limited due to its unstable structure and are 

difficult to transfect. Therefore, plasmid DNA based vaccines dominated the field of 

nucleic acid vaccines as they are much more stable than RNA and are easy to 

produce. It started during the 1990s, when Wolff and colleagues observed the 

production of proteins in myocytes as a result of an injection of plasmid DNA or 

mRNA encoding the gene of interest. Several studies were executed subsequently 

showing an effective immune response with nucleic acid vaccinations against the 

encoded antigen (Iavarone et al., 2017). Although numerous initial successes with 

DNA-based vaccines were observed in preclinical studies, none of them entered 

clinical trials despite significant advancements (Geall et al., 2013). Insight of the 

recent advancements in the delivery routes of nucleic acid-based vaccines, 

immunizations with mRNA vaccines have regained interests in tumour vaccination. 

Appealing results have been demonstrated in various clinical trials that use 

nanoparticle delivery route such as liposomes to form lipoplexes and induce a type 

I IFN response against the encoded antigen (Hager et al., 2020). A clinical study has 
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been initiated to test such an mRNA vaccine in a Lipoplex melanoma RNA 

immunotherapy, Lipo-MERIT trial for the treatment of melanoma. The vaccine 

formulation comprises of mRNAs encoding for different TAA to target the 

professional APCs of the immune system, DCs and elicit an immune response 

(Grabbe et al., 2016). Previously conducted clinical trials demonstrated that 

vaccinations with DC pulsed with tumour mRNA encoding the TAA stimulated a 

tumour specific immune response in patients with prostate cancer and CEA-

expressing adenocarcinoma (Ponsaerts et al., 2003). Consistent technological 

progress has led to the investigations of various nucleic acid based vaccines that 

have the potential to be safe, easy to produce, effectively prime T cell and induce a 

cytotoxic anti-tumour response, trigger humoral immune response, and actively 

direct a rapid response to the target antigen (Geall et al., 2013). The use of nucleic 

based is not only limited to vaccines but also have a number of other therapeutic 

applications to induce an effective antitumour immune response. For example, their 

use as molecular adjuvants or immune stimulators such as CpG-ODN, and RNA:DNA 

hybrid motifs sensed by TLR9 to induce a potent antigen specific response, 

modification of tumour induced regulatory immune cells by using RNA interference 

(RNAi), introduction of genetically modified T cells and NK cells that can induce anti-

cancer response by directly recognizing TAA, and conditioning the TME by gene 

transfer or RNAi to eliminate tumour cells (Hager et al., 2020).        

The main aim of this study is to utilize a nucleic acid-based immune stimulator, 

RNA:DNA hybrid in a vaccine formulation with a shared tumour associated 

carbohydrate antigen (TACA), Globo-H, to trigger innate immune response via TLR9 

signalling cascade, thereby producing an antigen-specific immune response. The 

develop a vaccine, certain parameters are considered most important i) recognition 

of potent tumour antigen, ii) type and source of immunization, iii) choice of 

adjuvants, and iv) the delivery route (Hu et al., 2018). 

2.8.1. Tumour antigen 

Tumour antigens in a cancer vaccine influence the efficacy of a vaccine based on 

their immunogenicity and avidity (Zhao et al., 2021). Rigorous analysis of the 

tumour cells revealed the molecular nature of associated tumour antigens when in 

1989 Lurquin and colleagues demonstrated a tumour-specific T-cells response was 

associated with a peptide expressed by the tumour cells (Vigneron, 2015). This led 
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to the fact that tumour expresses various proteins, carbohydrates, glycoproteins on 

the cell surface of cancer cells (Woo et al., 2015). Melanoma associated antigen-1 

(MAGE1) was the first human tumour antigen from a melanoma patient that was 

identified via screening T cell clones with cDNA expression library (Hu et al., 2018). 

Various approaches have since been exploited for the recognition of several other 

tumour associated antigens and led to the discovery of TACAs. TACAs are 

overexpressed on tumour cells with limited expression in non-cancerous cells. 

Therefore, such class of TAAs serve to be a promising target for cancer 

immunotherapy (Huang et al., 2020).    

GLOBO-H 

Globo-H is a carbohydrate antigen found on the cancer cell and is responsible for 

cancer progression. It has been identified as a glycosphingolipid with an H-like 

determinant at its terminal and designated as GH; Fucα1→2Galβ1→3 

GalNAcβ1→3Galα1→4Galβ1→4Glcβ1 (Huang et al., 2013). Most of the TACAs are 

poorly immunogenic and therefore multiple approaches have been investigated to 

increase it immunogenicity in combination with potent adjuvants or proteins that 

can induce antitumour response in a vaccine combination (Lee et al., 2014). Efficacy 

of Globo-H based vaccines has been clinically investigated in phase I trial for 

significant immune response in patients with breast cancer (Gilewski et al., 2001) 

and several clinical trials have been designed for its use in cancer therapy (Lee et al., 

2014). Originally Globo-H was found in breast cancer patients and has been isolated 

from the human breast cancer cell line MCF-7. Globo-H has known to induce a T-cell 

independent response and hence is involved in immune regulation, thereby 

promoting tumour proliferation (Huang et al., 2020). A Globo-H vaccine was 

previously studied in a phase I clinical trial for metastatic breast cancer patients who 

were treated with approximately 700 units of GH in conjugation with a keyhole 

limpet hemocyanin (KLH) protein that was administered in combination with QS21 

adjuvant. The vaccine was well tolerated, and Globo-H specific IgM antibodies were 

produced against Globo-H (Huang et al., 2013). Recently, this vaccine has shown to 

induce IgM and IgG antibodies against Globo-H antigen and demonstrated humoral 

response (Huang et al., 2020). In a separate study, preclinical investigation of GH 

targeting antibody linked to a drug conjugate has shown promising results in cancer 

immunotherapy. The combination of a novel antibody-drug conjugate, OBI-999, 

demonstrated tumour inhibition in xenograft models of breast, gastric, pancreatic, 
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and lung cancer. Further clinical trials have been designed to study OBI-999 and its 

effects in phase I/II for multiple solid cancers (Yang et al., 2021). Several other 

investigations have demonstrated increased immune response with the 

modification of carbohydrate antigen structures (MCAS). For instance, the N-acetyl 

group of capsular polysaccharides of group B meningococci was modified to N-

propionyl group to elicit humoral immune response. Another modification study 

involves Stn and GM3 antigens, where alterations of their structures result in high 

antibody response to the native antigens (Lee et al., 2014). These studies collectively 

show that TACAs such as Globo-H can be considered a unique candidate in cancer 

immunotherapy with a potent immunogen to target the overexpression of GH in 

tumour cells (Yang et al., 2021). Therefore, the main aim of this study is to present 

the Globo-H antigen to the immune system via innate immune system, in 

combination with a highly immunogenic nucleic acid moiety, RNA:DNA hybrid, for a 

robust antitumour response in vitro and in vivo models of lung cancer. 

2.8.2. Formulation 

A cancer vaccine formulation must contain an antigen that can induce a potent 

response upon presentation and is able to capture the content of the tumour target. 

Many successful formulations have been created based on the type of antigen used 

such as whole tumour cell, protein/peptide, nucleic acid, and vectors. The vaccines 

can be based on a complex antigen structure where all the target antigens are 

present in a dose such whole tumour cell-based vaccines, or it can be a simple 

formulation containing antigens specific to the target tumour (Hu et al., 2018). All 

these vaccines have different ways of targeting the immune system. For example, 

tumour specific peptides in a peptide-based vaccine are selected based on their 

capacity to bind to MHC-I or II. Another type of formulation is heat shock proteins, 

the antigens for which are purified from a patient’s own tumour cells to induce a 

MHC mediated T cell response (Kazemi et al., 2016).       

2.8.3. Choice of Adjuvant 

The goal of an effective vaccine is a formulation that can provide specific and long-

term immunity against disease. It is recognized that cancer antigens are not highly 

immunogenic, rather induce tolerance than immune response, leading to disease 

progression (Hu et al., 2018). To overcome this limitation of an antigen, certain 

immunogenic molecules that induce a robust immune response and favours disease 
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regression are introduced in a vaccine formulation. These are known as adjuvants 

or sometimes immune stimulators that recognize the PRRs and activate professional 

APC such as DC (Wack & Rappuoli, 2005). These adjuvants include TLR agonists 

such as CpG-ODN or RNA:DNA hybrid, monoclonal antibodies including CD40-

specific agonistic antibody, compounds like ISCOMATRIX (saponin based immune 

adjuvant) and alum, and glycoproteins such as GM-CSF (granulocyte-macrophage 

colony-stimulating factor) (Hu et al., 2018). Due to high therapeutic potential of TLR 

receptor recognition, TLR agonists have been investigated over the years in cancer 

immunotherapy (Braunstein et al., 2018). As discussed previously, TLR9 agonist 

CpG-ODN is when recognized by its receptor is known to activate the signalling 

cascade and stimulate the necessary mechanism for anti-tumour immunity (Krieg, 

2006). Similar to this is another pattern recognized by TLR9 receptor, RNA:DNA 

hybrid. The hybrid works the same way and has found to boost immune response 

against the antigen (Rigby et al., 2014).         

CpG-Oligodeoxynucleotides (ODN) 

CpG-ODNs are unmethylated CG dinucleotide motifs that trigger a strong immune 

response by recognizing the TLR9 receptor present in the immune cells such as DCs 

and B-cells. Such a response induces Th1 and mediates the production of 

proinflammatory cytokines that is the characteristic response for an anti-tumour 

immunity (Bode et al., 2011).  CpG motifs are generally found in bacteria and viruses 

but are methylated and suppressed in vertebrates. Therefore, TLR9's endosomal 

location enables for efficient detection of invading viral nucleic acids while also 

limiting ‘accidental' activation by CpG patterns found in self-DNA (Krieg, 2006). 

Synthetic TLR9 ligand containing CpG motifs function to induce type I interferons 

via TLR9-MyD88-IRF7 signalling pathways, as well as enhances the production 

proinflammatory cytokines by immune cells (Temizoz et al., 2016). Currently, CpG-

ODNs have been categorised into four main families based on different structures 

and biology that have shown to generate Th-1 mediated response in clinical and 

preclinical models (Bernd Jahrsdörfer & Weiner, 2008; Krieg, 2006). A-class or D-

type ODNs consists of a partial phosphodiester and phosphorothioate backbone that 

contain only one CG motif along with poly G tail at the 3` and 5` ends. This class of 

ODNs induce the secretion of IFN-α via MyD88/IRF7 pathways and activates the 

maturation of DCs (Bode et al., 2011).  Another class of CpG-ODN is class B or K-type 

CpG-ODN. These constructs comprise of five CG motifs and have a longer half-life in 
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vivo because of their stable phosphorothioate backbone. Induction of 

proinflammatory cytokines such as TNF-α, and IL-6 due to their recognition 

potentially activates antibody mediated response. However, this class of ODNs 

weakly induces type I interferon (Bode et al., 2011; Temizoz et al., 2016). While D-

type ODNs form aggregates due to the presence of ploy-G tails, K-type ODNs do not 

form aggregates in a solution and hence are widely used in clinical trials (Temizoz 

et al., 2016). Class C or C-type ODNs represent properties in between those of A and 

B classes. They are similar in structure to K-type ODNs and possess the properties 

of D-type ODNs ( Krieg, 2006). Due to its similarities, C-type ODNs stimulate a B-cell 

response to induce IL-6 and type I IFN response by maturation of DCs (Bode et al., 

2011). A P-type ODNs also exists that contains two palindromic sequences allowing 

them to form complex structure. This class of ODNs induce a higher type I IFN 

response when compared to other classes of CpG-ODNs (Bode et al., 2011). All the 

ODN classes localize at different compartments and modulate their immunological 

effects accordingly (Honda et al., 2005). Clinical studies in cancer patients utilising 

CpG ODN as an immunotherapeutic agent, such as melanoma and NSCLC, have 

shown that combining CpG ODN with chemotherapy or employing CpG ODN alone 

can generate powerful anti-tumor immune responses that correspond with clinical 

benefit (Temizoz et al., 2016). Numerous pharmaceutical companies including 

Pfizer, Idera, and Dynavax have been investigating CpG-ODNs for the therapeutic 

use in cancer. Other TLR9 agonists have also been explored few of which are in 

clinical trials for the treatment of hematopoietic and solid cancers (Murad & Clay, 

2009). The K type ODNs have proved to be clinically safe. CpG-ODN 7909, a class B 

(K-type) ODN in a vaccine preparation has shown to elicit CD8+ T cell response in 

patients with advanced melanoma (Baumgaertner et al., 2012). It has also 

demonstrated to be an effective adjuvant to NY-ESO-1 vaccine formulation to induce 

immunological memory and cytotoxic T lymphocytes (Fourcade et al., 2008). 

RNA:DNA hybrid 

It has been known that microbial nucleic acids are recognized by different PRRs 

present in the cytoplasm or endosome of the immune cells (Obermann et al., 2019).  

Stimulation of a PRR leads to a potent immune response that results in the secretion 

of cytokines and interferons (Jensen & Paludan, 2014). Sensing of an endosomal 

TLR9 by nucleic acid immune stimulant initiates the release of proinflammatory 

cytokines and induces a type I IFN response and mediates a Th1 immunity (Krieg, 
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2006). Cytoplasmic sensing of DNA induces a type I IFN response mediated via 

cGAS-STING pathway, where stimulator of interferon genes (STING) acts as an 

adaptor molecule contributing to signal transduction to IFN secretion (Paludan & 

Bowie, 2013). This recognition of cytosolic DNA drives IFN-α production which is 

mediated through nucleotidyl transferase cGAMP synthase (cGAS) that activates 

STING adaptor protein by 2`-5`-linked cyclic dinucleotide formed by the interaction 

of DNA with cGAMP (Obermann et al., 2019). Interestingly, RNA:DNA hybrids have 

been established to be a unique class of immunostimulatory molecules that are also 

recognized by the endosomal TLR9 just like unmethylated CpG-ODNs and induce 

inflammatory cytokines and IFN-α response in DCs (Jensen & Paludan, 2014). 

RNA:DNA hybrids are found to be potent inducer of type I IFN response via PRR 

activation. This has been evident in an antiviral response as RNA:DNA hybrids are 

generated during replication by most pathogenic viruses such as HIV, CMV, EBV, and 

Hepatitis B (Rigby et al., 2014). Another study that supports the potential of 

RNA:DNA hybrid to induce an inflammatory response is its accumulation in RNase-

H deficient Aicardi-Goutières syndrome (AGS) patient cells to stimulate a PRR 

dependent inflammatory response (Crow & Rehwinkel, 2009). The activation 

properties of RNA:DNA hybrid also include the stimulation of cGAS-STING pathway. 

Cytosolic RNA:DNA hybrids have demonstrated to elicit a strong type I IFN response 

mediated via cGAS-STING stimulation (Mankan et al., 2014). Bacterial derived 

RNA:DNA hybrids on the other hand, were observed to activate NLRP3 

inflammasome. Nucleotide-binding domain and leucine rich repeat containing 

family, pyrin domain containing 3 (NLRPs) plays a vital role in innate immune 

system and is activated by several pathogens. Activation of NLRPs leads to the 

secretion of proinflammatory cytokine such as IL-1β and it has been evident from 

the study of Kailasan and colleagues that RNA:DNA hybrid is a potent activator of 

innate immune response (Vanaja et al., 2014). The immunostimulatory activity of 

RNA:DNA hybrid has been demonstrated to induce a TLR9 dependent response by 

the stimulation of type I IFN response and MyD88 mediated activation of DCs (Rigby 

et al., 2014). Recently, the immunostimulatory potential of the hybrid was compared 

to single stranded DNA (ssDNA). The study showed an overall production of IFN-α 

was enhanced when the cells were stimulated by the hybrid. Moreover, the hybrid 

was much more stable than the corresponding ssDNA which is comparable with the 

heightened activation of TLR9. Nevertheless, this confirms that RNA:DNA hybrids 
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serve to be a potent PAMP that are sensed by TLR9 receptor to induce a strong 

immune response (Obermann et al., 2019). Considering the immune stimulating 

activities of RNA:DNA hybrid, utilisation of such an immune stimulator in a cancer 

vaccine combination would enhance antigen presentation and induce cytotoxic T 

lymphocytes against the antigen, leading to a potential antitumour response. 

2.8.4. Delivery route 

The delivery of a vaccine is of vital significance. The choice of delivery route should 

be able to protect the vaccine components and release it in the target area for 

optimal priming and stimulation of T-cells (Hu et al., 2018). Several viral vectors and 

biomaterials have been successfully employed for the delivery of cancer vaccines 

which may have improve the immunogenicity of TAA (Pilla et al., 2018). These 

include delivery by gene gun, electroporation, nanoparticles, immune cells, and 

biomaterials such as lipids, polymers, and artificial nano/microstructures (Paston 

et al., 2021). Water in oil emulsion-based route of administration of cancer vaccines 

are the most widely used vessel in clinical trials. Montanide ISA-720 and Montanide 

ISA-51 are the examples of delivery emulsion, and the latter has been employed in 

vulvar intraepithelial neoplasia for the vaccination with E6 and E7 oncoproteins. 

The study demonstrated improved CD4+ and CD8+ T cell response to against the 

antigen and resulted in complete clinical response n 47% patients (Hu et al., 2018). 

Electroporation of plasmid DNA in the APCs by applying small electrical pulses. The 

transient pores formed in the cell membrane allows the entry of genetic material 

into the cell which then elicits the necessary signals in the intracellular 

compartment. Electroporation damages the local tissue causing the stimulation of 

inflammatory response, thus creating an adjuvant effect (Paston et al., 2021).  Gene 

gun delivery system uses gold nanoparticles to wrap the mRNA and deliver them in 

vivo directly into the cell cytoplasm (Pilla et al., 2018). Such a delivery often uses less 

DNA or RNA and has shown promising results in phase I and II clinical trials for head 

and neck squamous cell carcinoma and cervical cancer (Paston et al., 2021). More 

recently, lipid carriers have been employed for the delivery of cancer vaccines. 

Liposomes are known to deliver the antigens into the endosomal and cytosolic 

compartment for recognition by the APCs and drive them to the draining lymph 

nodes. Synthetic liposomes have been used in preclinical models to direct CpG into 

the cell where it was shown to trigger a strong cytotoxic T-cell response (Hu et al., 

2018).  Liposomes such as virosomes that consist of fusogenic viral particles have 
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been investigated clinically in metastatic breast cancer patients (Hu et al., 2018). In 

addition, administration of immune stimulators using such biomaterials in a 

melanoma vaccine has been investigated in mouse models that displayed delayed 

tumour progression and improved overall survival (Pilla et al., 2018). Liposomes 

have been of great interest and are currently being employed to deliver RNA based 

vaccines. Current example is the delivery lipocomplex, RNA-LPX in melanoma 

patients at a phase I trial that target four melanoma associated antigens including 

NY-ESO-1, MAGE-3, tyrosinase, and TPTE.  This vaccine induced CD4+ and CD8+ T 

cell responses and has shown promising results till date (Sahin et al., 2020). These 

delivery vessels aim to elevate the magnitude of innate immune response and 

increased immunogenicity and it is important to choose and appropriate vehicle to 

direct the immune response (Hu et al., 2018; Paston et al., 2021; Pilla et al., 2018).  

It is evident from the literature that not many studies have been done to investigate 

the activity of RNA:DNA hybrid in antitumour immune response. In this study, 

immunostimulatory properties of RNA:DNA hybrid transfected into immune cells 

via liposomal pathway and subsequent activation of innate immune system in 

stimulation of an antitumor response has been investigated. It has been understood 

from previous literature that vaccine strategies using a potent immune stimulator 

in combination with a TAA has the potential to favour tumour regression. Numerous 

other antigen-based vaccines are being developed and have entered clinical trials 

for non-small cell lung cancer. Nucleic acid vaccines have gained a lot of attention 

lately and multiple clinical trials are currently ongoing to test the potential of CpG-

ODN based vaccine as well as mRNA-based vaccine strategies. Therefore, evolving 

cancer vaccines have offered a great opportunity to researchers in the field of cancer 

immunotherapy to establish an active immunotherapy that can improve survival in 

cancer patient.
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3.1. Significance of the study 

RNA:DNA hybrids have been shown to activate the innate immune system by the 

release of various cytokines and interferons. Transfection with RNA:DNA hybrid 

induces proinflammatory cytokine response upon recognition by antigen 

presenting cells (APCs). It is sensed by TLR9 ligand and activates the receptor, 

triggering the innate immune response and making it a potent immunostimulatory 

nucleic acid molecule (Rigby et al., 2014). Considering the potential of immune 

stimulators, this study has been focused to utilise RNA:DNA hybrid molecule in 

combination with Globo-H (an overexpressed TAA) in a vaccine formulation, which 

would be a novel approach to cancer immunotherapy. Since innate immune system 

is the first line of defence action and on activation triggers various signalling 

cascades, such a vaccine would be really effective to initiate a strong innate immune 

response and lead to the induction of immunologic memory. It is believed that 

RNA:DNA hybrid would target to elicit the innate immune response via TLR9 

signalling which would present the cancer antigen to the T cells via MHC-peptide 

complexes and secrete proinflammatory cytokines such as TNF- and IFNs to 

generate an antitumor response in vitro and in vivo models of animals. Previously, 

CpG-ODNs have demonstrated to enter the endosomal compartment and sense 

TLR9 receptor, thereby inducing a potent innate immune response via signal 

transduction. This has been supported by various studies and therefore has been 

used to compare the potential of RNA:DNA hybrid. The nucleic acid hybrid ligand 

complexed with a liposomal transfection agent is believed to likely mimic a 

microbial infection to activate antigen presenting cells such as macrophages and 

DCs which in turn would enhance antigen processing and presentation. Such an 

interaction would induce a TLR9-dependent innate immune response and elevate 

the production of cytokines like IL-12, TNFα, IL-6, and type I IFN. This would further 

boost the adaptive immune system via various signalling cascades and induce an 

immunological memory. It has been theorized that combined innate and adaptive 

immune system should have a greater response to fight against cancer. Active 

immunotherapy using RNA:DNA hybrid to elicit a tumour response has never been 

done previously. This is the first time such a cancer vaccine has been proposed and 

being created. 
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3.2. Overall objective 

The overall objective of the proposed project is to develop a novel cancer vaccine 

that utilizes tumour associated antigen, Globo-H and an immune stimulator, 

RNA:DNA hybrid to generate an immunological response against cancer. The newly 

formed vaccine would be able to target the macrophages and/or dendritic cells via 

a liposomal mediated transfection. 

In this approach a lipo-complex is formed by incubating a 60-mer sequence of 

RNA:DNA hybrid with a liposomal agent. Carbohydrate cancer antigen is then added 

to the lipo-R:D60 complex to construct a vaccine formulation. The developed 

vaccine is tested in vitro using two cell lines including mouse macrophage cell line, 

RAW 264.7 and human monocyte differentiated THP-1 macrophage and dendritic 

cells. It is also investigated in animal models of C57BL/6 mice and tumour 

challenged model of LLC1 in C57BL/6 mice. The main objective of the study is to 

imitate a microbial infection and activate TLR9 dependent innate immune response, 

where the uptake of hybrid would recognise the PRR in APCs that will present the 

cancer antigen and process it to initiate antitumour T cell response. Such a 

recognition would build an antitumor environment and trigger antitumor immune 

response thus promoting an enhanced and stronger adaptive immune response.  

3.3. Hypothesis 

It is hypothesized that RNA:DNA hybrid will be able to target the toll like receptor, 

TLR9 in the endosomal compartment that would activate macrophages and/or 

dendritic cells. This recognition will induce signal transduction and activate 

pathways to induce proinflammatory cytokines and interferons which will induce T 

cells. The activated APCs will then be able to actively process the carbohydrate 

cancer antigen, thus achieving a strong and lasting anticancer immune response 

(Fig. 6). 

This hypothesis has been investigated to test the potential of the developed vaccine 

in vitro by stimulating the immune cells and in vivo by injecting the vaccine in a 

preventative setting in animal models of lung cancer at an optimised dose. Enhanced 

production and expression of pro-inflammatory cytokines, increased expression of 

antigen presentation machinery, are anticipated responses for this theory.  

The overall aim of the study is to induce an active innate immune response and 

produce proinflammatory cytokines upon exposure to the developed novel nucleic 



 

98 
 

acid-based vaccine in vitro in innate immune cells and in vivo in mouse model of 

cancer.   

 

 

 

 

 

 

 

 

To test this theory, the study was divided into six specific aims. 

Aim 1: Determine the potential of the immune stimulators, CpG 7909 and 

RNA:DNA hybrid, and immunogenicity of the antigen, Globo-H to induce innate 

immune response in vitro cellular model. 

a) Three experimental groups of CpG 7909, R:D60 and Globo-H will be created 

and tested for their immune response in mouse and human cell lines. The 

proinflammatory cytokine (TNF-α) response will be detected using ELISA 

assay to test different doses at which these agents activate the immune 

response. The optimum selected dose of each of them will then be used for 

vaccine construction.  

b) IL-12 and IL-6 mediated inflammatory response will be detected using ELISA 

for the selected concentration of immune stimulators as well as the antigen 

to determine the inflammatory response. 

Figure 6. The current hypothesis of the study.  

The cancer antigen (Globo-H) and RNA:DNA hybrid will be introduced into the immune cells such as 

macrophages in vitro and injected in mouse model of cancer in vivo in a vaccine formulation. Hybrid 

is known to trigger an immune response as soon as it gets recognised by TLR9 receptor in the 

endosomal compartment of the cell. The antigen in the vaccine will then be presented these immune 

cells via MHC complex formation. T-cells will be activated following presentation which will 

differentiate into Teff cells. This will lead to the secretion of proinflammatory cytokines including 

TNF-, IL-6 and IL-12, simultaneously triggering the type 1 IFN responses and further stimulate 

antitumour activity and memory response.    
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c) Gene expression of the proinflammatory cytokines using real-time 

quantitative PCR (qPCR) will be analysed to quantify the level of 

proinflammatory cytokine expression    

Aim 2: Develop a potential vaccine using the immune stimulators and Globo-H and 

determine whether the vaccine induces an immune response in vitro.  

a) Vaccine construct will be developed for both nucleic acid-based vaccines: 

i) RG (RNA:DNA 60 + Globo-H): formulation of a lipo-hybrid complex along 

with Globo-H as the cancer antigen using the optimised concentrations. 

ii) CG (CpG 7909 + Globo-H): formulation containing the optimised dose 

concentrations of CpG 7909 and Globo-H. 

b) The cell lines will be exposed to both the vaccines and the generation of 

proinflammatory cytokines will be detected using ELISA to determine the 

stimulation of an immune response by the prepared vaccines.  

c) Gene expression of the cytokines TNFα, IL6 and IL12A will be quantified using 

real-time quantitative PCR to observe the level of cytokine expression. 

Aim 3: Determine the level of MHC II expression induced by the novel vaccine 

combination in vitro. 

a) The level of MHC II expression in macrophages and dendritic cells will be 

quantified to determine the extent of antigen presentation via real-time 

quantitative PCR analysis 

Aim 4: Determine the activation of innate immune response generated by the 

immune stimulators and antigen by itself, and in a vaccine combination at 

optimised concentrations in in vivo mouse model. 

Selected mouse model: 6-8 weeks female C57BL/6.  

The mice will be injected with the immune stimulators CpG 7909 and RNA:DNA 

hybrid, Globo-H only, and the vaccines at concentrations determined previously. 

Blood serum and spleen samples will be collected for the analysis of inflammatory 

response generated by the innate immune system. 

a) Blood serum will be subjected to ELISA assay and proinflammatory cytokines 

will be quantified to determine the stimulation of inflammatory response.  
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b) Spleens will be homogenized to extract the RNA form the splenocytes. The 

RNA will be used to determine the expression of the said proinflammatory 

cytokines. Gene expression of proinflammatory cytokines will be quantified 

using real time quantitative PCR.    

Aim 5: Determine the antitumour response generated by preventative cancer 

vaccine in vivo mouse model of Lung cancer. 

C57BL/6 mice will be injected with both the vaccines separately. After a certain 

incubation period the mice will be provided with Lewis lung cancer (LLC1) cells for 

tumour induction. Pre-clinical trial for the developed preventative vaccine will 

determine tumour formation, regression or prevention and the generation of 

antitumour response.  

a) Blood serum samples will be collected to determine the stimulation of 

proinflammatory cytokines in lung cancer model of mice. 

b) Spleens will be isolated and used to extract RNA to detect the gene expression 

of proinflammatory cytokine and quantify the level of immune response 

generated by real time quantitative PCR analysis.  

Aim 6: Determine the antigen expression via upregulation of MHC II induced by 

the vaccine. 

a) The level of MHC expression in mouse immune cells will be quantified using 

the isolated RNA and subjecting it to real-time quantitative PCR to determine 

the antigen presentation. 
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Chapter 4 

Methodology 
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4.1. In vitro experimental analysis  

In this project two types of immune cells were used. 

a) RAW 264.7 (ATCC® TIB-71™) a mouse macrophage cell line, 

b) THP1-Dual™ (InvivoGen, USA) a human monocyte cell line differentiated 

into human macrophages and dendritic cells. 

4.1.1. Preparation of Cell lines 

a) RAW 264.7 mouse macrophages 

Mouse RAW 264.7 macrophage cell line was revived from liquid nitrogen stocks in 

high glucose, sodium pyruvate Dulbecco’s modified Eagle medium (DMEM, Merck, 

Germany) supplemented with 10% Fetal Bovine Serum (FBS, ThermoFisher 

Scientific, Australia) and 1% Penicillin-Streptomycin (100 IU/ml penicillin, 100 

μg/ml streptomycin, ThermoFisher Scientific, Australia). The cells were spun in a 

centrifuge at 125 x g for 5 minutes to remove the cryoprotectant, dimethyl sulfoxide 

(DMSO) (Chem-supply, Australia). The cells were resuspended in the growth media 

(DMEM) and transferred to a 25cm2 tissue culture flask. The mouse macrophage 

cells are adherent (see appendix I) in nature and hence were harvested using a cell 

scrapper or by using 0.25% trypsin-ethylenediamine tetra acetic acid (EDTA) 

(Gibco, FisherScientific, Loughborough, UK) for a continuous culture. Thereafter 

these were maintained in 75cm2 and/or 175cm2 tissue culture flasks depending on 

the number of cells needed for subsequent experiments.   

Human monocyte cell line, THP1-Duals was procured from a colleague at the school 

of Medical Science, Griffith University and were previously purchased from 

Invivogen (Invivogen, San Diego, USA). The cells were subcultured and prepared in 

75cm2 tissue culture flasks in Rosewell Park Memorial Institute-1640 (RPMI-1640, 

Merck, Germany) containing glutamine and sodium bicarbonate which was 

supplemented with 10% Fetal Bovine Serum (FBS, ThermoFisher Scientific, 

Australia) and 1% Penicillin-Streptomycin (100 IU/ml penicillin, 100 μg/ml 

streptomycin, ThermoFisher Scientific, Australia). These cells are non-adherent in 

nature and therefore were harvested using centrifugation at 400 x g for 5 minutes. 

After centrifugation the supernatant was discarded, and the cell pallet was 

resuspended in fresh growth media and transferred to a tissue culture flask.       
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All the cell lines were grown and maintained at 37°C in a humidified incubator 

containing 5% CO2. During subsequent subcultures, the cell lines were always 

washed in 1X phosphate buffered saline (PBS, Merck, Germany) to remove dead cells 

and impurities. For storage, both the cell lines were stored separately in their 

respective growth medium. These were collected and supplied with fresh growth 

media, counted using a haemocytometer (Appendix I) for up to 1x106 cells/mL and 

were cryopreserved in vapour phase liquid nitrogen using 10% DMSO (Appendix I). 

b) Differentiation of THP1-Dual cell line 

Monocyte derived macrophages 

Human THP1-Dual monocyte cells were maintained in exponential growth phase in 

tissue culture flasks. They were harvested by centrifugation at 800 x g for 5 min and 

the cell pellet was resuspended in fresh complete growth media at a concentration 

of 2x105 cells/mL. The cells were inoculated in a 24-well plate in a final volume of 

1mL. Macrophage phenotypes were induced using 100 ng/mL of phorbol 12-

myristate 13-acetate (PMA, Merck, Germany, cat no. P1585) and incubated for 48 

hours at growth culture conditions of 37°C in a humidified incubator containing 5% 

CO2 . The induced macrophages were washed twice with 500 µL of phosphate 

buffered saline (PBS, Merck, Germany) by rocking the plate back and forth to remove 

unbound or dead cells. Next, the cells were supplied with PMA-free complete growth 

media (RPMI-1640) and were allowed to settle in a humidified incubator at 37°C for 

another 24 hours (Daigneault et al., 2010; Verhoeckx et al., 2015). Thereafter, the 

cells were ready to be used for the further experiments (Appendix I).   

Monocyte derived dendritic cells 

To induce dendritic cells, THP1-Dual monocytes were maintained in tissue culture 

flasks and were harvested by centrifugation at 800 x g for 5 min. The supernatant 

was disposed, and the cell pellet was resuspended in serum free growth medium at 

concentration of 2x105 cells/mL. These were then transferred to a sterile, 175cm2 

tissue culture flask to a final volume of 20 mL and were incubated at 37°C for 24 

hours in a humidified incubator containing 5% CO2 to attain confluency. 80% 

confluent cells were differentiated into mature DCs by using a mix of 4 different 

cytokines. Optimized amounts of cytokines, GM-CSF (100 ng/mL, cat no 130-093-

862), IL-4 (200 ng/mL, cat no. 130-093-920), TNF-α (20 ng/mL, cat no. 130-094-
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014) (Miltenyi Biotec, Australia) along with ionomycin (200 ng/mL) (Abcam, 

Australia, cat no. AB120116) were added to the suspension of the cells (Berges et 

al., 2005). The treated cells were allowed to grow in a humidified incubator with 5% 

CO2 at 37°C for 24-72 hr (upto 5 days) and the growth media was replenished every 

48 hr with a fresh supply of cytokines (Berges et al., 2005; Ogasawara et al., 2009) 

(Appendix I). The cells were seeded in a microtiter plate for further experiments.  

4.1.2. Microscopy 

This investigation used an inverted phase contrast microscope (Nikon Ts2) for cell 

visualization and counting. The confluency and health of the cells were assessed 

using phase contrast microscopy. Moreover, the phenotypic changes in the cells 

reflected by morphological alterations and to identify THP-1 monocyte induced 

macrophages or dendritic cells were also observed using this technique. Prior to 

seeding cells on microtiter plates for studies, phase-contrast microscopy was 

employed in conjunction with a Bright-Line haemocytometer (Sigma-Aldrich) to 

count cells. The cells were extracted in the culture media, diluted 5-fold in 1X PBS 

(Merck, Germany) and counted using Trypan Blue (MP Biomedicals Inc.) to stain the 

cells. Post staining, the cells were observed using haemocytometer under the phase 

contrast microscope and only the live cells present in each of the four quadrants 

were counted (Appendix I). The total number of the cells existing within the 

quadrants were averaged and multiplied by 5 (dilution factor) and then by 1x104 to 

produce the number of cells present per millilitre. Further with this number, 

suitable dilutions may be made using C1V1=C2V2 to achieve desired cell 

concentration for experimental procedure.     

4.1.3. Dose escalation study for nucleic acid immune stimulators and the 

antigen 

Mouse macrophage cell line (RAW 264.7) was used to determine the optimum 

concentrations of individual immune stimulators and tumour associated 

carbohydrate antigen (TACA), Globo-H. The cells were seeded in separate 48 well 

plates at 6.2x104 cells per well in 1 mL growth culture medium supplemented with 

FBS and antibiotics. They were incubated at 37°C in a humidified incubator with 5% 

CO2 for 24 hours. On the day of stimulation, the cells were washed with PBS and 

replaced with fresh growth media. The microtiter plates containing the cells were 

treated with CpG 7909 (Integrated DNA Technologies, Australia), transfected with 
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b) Determine the optimum dose concentration of RNA:DNA hybrid 

i) Optimum volume of transfection reagent 

To determine the dose concentration of the RNA:DNA hybrid, the optimum volume 

of the transfection reagent, Lipofectamine® LTX PLUS reagent (ThermoFisher 

Scientific, Australia, cat no. 15338100) was analysed according to the 

manufacturer’s protocol. 1.5 mL eppendorf vials were prepared in four aliquots of 

40 µL reduced serum media, OptiMEM (Invitrogen, USA). Each aliquot was diluted 

with 0.3 µg of R:D60 hybrid (manufacturer’s protocol) and 0.375 µL of lipofectamine 

PLUS™ reagent. The mix was incubated at room temperature for 15 min before the 

addition of transfection reagent Lipofectamine® LTX. Every aliquot received 

different volumes of Lipofectamine® LTX varying as 0.75 µL, 1 µL, 1.25µL, and 1.50 

µL (see appendix II). The solution was gently mixed by inversion and incubated at 

room temperature for 30 min to form R:D60-LTX complexes. After half hour 

incubation, 40 µL of the formed complexes were directly added to each well 

containing the cells and mixed by rocking the plate back and forth. The cells were 

incubated at 37°C in a 5% CO2 containing humidified incubator for 18 hours and the 

supernatant was collected for further analysis. The optimum volume of LTX reagent 

was quantified for subsequent use. 

ii) Optimum concentration of RNA:DNA hybrid 

After determining the optimum volume of transfection reagent for high efficiency, a 

dose escalation study was performed to determine the optimum dose at which 

RNA:DNA hybrid would induce a strong immune response. A similar setup was 

created where five different concentrations (Table 4) of the RNA:DNA hybrid was 

diluted in 40 µL reduced serum media, (OptiMEM, Invitrogen, USA) along with the 

addition of 0.375 µL of lipofectamine PLUS™ reagent. This was incubated for 15 min 

at room temperature. Each of the sample tube received the optimised (0.75 µL as 

per the experimental analysis) volume of Lipofectamine® LTX. The samples were 

homogenised by gentle mixing by inversion and were incubated at room 

temperature for 30 min. This was to allow the formation of RNA:DNA-LTX 

complexes. These complexes were directly added to each well containing the 

immune cells in an amount equal to 40 µL and were mixed by rocking the plate back 

and forth. 
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c) Determine the optimum concentration of Globo-H antigen 

RAW 264.7 cells were exposed to four different concentrations of Globo-H antigen. 

6.2x104 cells/well were seeded in a 48 well microtiter plate and were incubated 

with four different concentrations of Globo-H as mentioned in Table 4. The cells 

were allowed to release cytokines for 18 hours before the cell culture supernatant 

was collected for analysis. Optimum dose determined for this antigen was used in 

two cancer vaccine candidates proposed in this study.  

d) Positive and negative controls 

i) Lipopolysaccharide as a positive control 

Lipopolysaccharide (LPS, Invitrogen) was used as a positive control in this study. It 

has proved to elicit an inflammatory response by recognising TLR4 receptor (Reis 

et al., 2011). Therefore, it was the best choice given its potential to trigger the innate 

immune system to compare the responses elicited by the selected immune 

stimulators (CpG 7909 and RNA:DNA hybrid). LPS was used at a concentration of 

200 ng/mL as previously optimised by our lab group and was incubated with the 

cell lines at 37°C for 18 hours in a humidified incubator with 5% CO2.  

ii) Unstimulated cells, Non-CpG, chloroquine as negative controls  

Cells incubated with complete media were used as the unstimulated or non-

stimulated negative control for this study. A 20-mer oligonucleotide sequence 5`-

GCTTGATGACTCAGCCGGAA-3` (Non-CpG, Hycult Biotech) was used as a nucleic acid 

control. Non-CpG is a sequence that does not contain CpG motif and is not readily 

recognized by TLR9 receptor (Krieg, 2002). Chloroquine was another type of 

negative control used for this study. Chloroquine (CQ) is a known TLR9 inhibitor 

and does not activate the immune system by TLR9 recognition (Kužnik et al., 2011). 

Both of these negative controls were used at a concentration (predetermined by our 

lab group) of 4 µg/mL and 40 nM respectively in the immune cells. The cells were 

stimulated at 37°C for 18 hours with all the negative controls separately in a 

humidified incubator with 5% CO2. Supernatants of the stimulated cells was 

harvested, centrifuged at 800 x g for 5 min at 4°C for proinflammatory cytokine 

analysis using ELISA and for dose determination.  

All the experiments were performed in triplicates and analysed for highest secretion 

of TNF-α. The best dose determined from the aforementioned dose escalation study 
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was used to design two different nucleic acid cancer vaccines. The proposed vaccine 

candidates have never been used previously in any investigation which makes both 

of them novel strategies.  

4.1.4.  Construction and design of novel cancer vaccines 

i. CpG 7909-based cancer vaccine (CG-Vax) 

 CpG 7909 at the determined optimum concentration of 0.5 µg/mL was used as an 

immune stimulator in this study. TACA, Globo-H was used at a concentration of 5 

µg/mL as a tumour antigen for the development of cancer vaccine. CpG ODNs have 

previously been used in many vaccine studies as a vaccine adjuvant, but it is for the 

first time being used with a TACA in a vaccine combination (Appendix III). Both the 

agents at their corresponding concentrations were prepared in nuclease free water 

for in vitro cell culture stimulation of immune cells. Proinflammatory cytokine 

release and gene expression were used to assess CG-Vax’s immunostimulatory 

effects on the cells post exposure to the vaccine. 

ii. R:D60-based cancer vaccine (HG-Vax) 

R:D60 hybrid was determined to optimally stimulate the cells at 150 ng/mL and was 

used as an immune stimulator for HG-Vax. The common antigen between both the 

vaccine was Globo-H which was used at 5 µg/mL. R:D60 is a novel PAMP that 

recognises TLR9 to initiate an immune response but has never been used in a 

vaccine combination. This is the first time any study proposes to use its capacity to 

trigger TLR9 in a cancer vaccine with tumour associated antigen. First step in 

preparing HG-Vax was to make R:D60-LTX complexes using a transfection agent 

(described previously). Secondly, Globo-H was added to the solution containing the 

hybrid-LTX complex and was allowed to incubate for 30 min at RT. The cells were 

transfected with this vaccine and its immunostimulatory effects was analysed by 

proinflammatory cytokine secretion and gene expression. 

4.1.5. Stimulation of immune cells by individual immune stimulators, antigen, 

and the developed vaccines 

All the three cell lines including RAW 264.7 mouse macrophages, human THP-1 

induced macrophages and human THP-1 induced dendritic cells were stimulated 

with CpG 7909, R:D60, Globo-H, CG-Vax, and HG-Vax. Both macrophages cell lines 

were seeded at 1x105 cells/well and 2x105 cells/well respectively. The dendritic 
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cells were seeded at 5x105 cells/well and were differentiated post seeding. The 

higher number of dendritic cells was used keeping in mind that some cells may dies 

or may not convert into DC phenotype during the differentiation process. All the cell 

lines were treated with five different experimental groups and four controls in 

triplicate for statistical analysis. These cells were incubated at 37°C for 18 hours in 

a humidified incubator with 5% CO2 and allowed to release proinflammatory 

cytokines. Three types of proinflammatory cytokines including TNF-α, IL-6, and IL-

12 were determined that are expected to be secreted upon stimulation of an 

inflammatory response. The production of the cytokines was detected using enzyme 

linked immunosorbent assay (ELISA) and the corresponding gene expression was 

analysed using real-time quantitative PCR (qPCR). Also, antigen processing and 

presentation was detected by investigating the upregulation of major 

histocompatibility complex (MHC) class II.    

4.1.6. Quantification of inflammatory response in vitro 

The in vitro analysis was completed using two types of assays, first, enzyme-linked 

immunosorbent assay (ELISA) that is used to detect the presence of soluble 

substances such as protein(s), in this case proinflammatory cytokines and second 

real-time quantitative polymerase chain reaction (qPCR) which is able to calculate 

the amount of protein being produced by quantifying the expression of the gene 

responsible for producing it.  

a) ELISA 

Sandwich ELISA was performed utilising cell culture supernatants that were earlier 

collected from the microtiter plate following the treatment with nucleic acid 

molecules (CpG 7909, R:D60), antigen (Globo-H), and the vaccine candidates (CG-

Vax, HG-Vax). These supernatants were analysed for three proinflammatory 

cytokines, TNF-α, IL-6 and IL-12 which are produced during an inflammatory 

response. To detect the secretion of cytokines, ELISA kits (elisakit.com) were used 

following manufacturer’s protocol. 

i) Detection of TNF-α using ELISA 

ELISA was performed in triplicates to detect and quantify TNF-α produced after 

stimulating the cells. The protocol was followed according to manufacturer’s 

instructions. The cell culture samples were prepared in the cell culture media. A 
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standard curve was generated for each run for the quantification of the cytokine. 

Lyophilized standard protein for TNF-α provided with the ELISA kit was 

reconstituted in assay diluent 1B and was dissolved for 15 min at room temperature 

by gentle inversion. The standard mixture was serially diluted using culture media 

starting at 1000 pg/mL to 15.625 pg/mL prior to the ELISA reaction and was run in 

duplicates. All the reagents were freshly prepared before use. The precoated strips 

of 8 wells each were removed from the kits and 50 µL of assay diluent was added to 

each of the wells. 50 µL each of the standards, samples and controls were loaded 

into the respective wells containing assay diluent and the plate was sealed with an 

adhesive cover. Reaction plate was allowed to incubate at room temperature for 2 

hours. Later, the solution was aspirated, and the wells were washed 4 times with 

250 µL of wash buffer. A 100 µL of biotinylated detection antibody was added to 

each well and the plate was sealed and incubated at room temperature for 1 hour. 

Subsequently, the antibody was aspirated, and the wells were washed as done 

previously. Freshly diluted 100 µL of streptavidin-HRP conjugate was added to each 

well and was sealed for incubation at room temperature for 45 minutes. Again, the 

conjugate was aspirated, and the wells were washed 5 times with wash buffer 

provided with the kit to remove any extra reagent. 100 µL of TMB substrate was 

added to the wells for the development of the plate. The plate was incubated for upto 

15 min at room temperature away from the light and was checked every 5 min for 

over development of the blue colour. Finally, the reaction was stopped by the 

addition of 50 µL stop solution which was indicated by the colour change from blue 

to yellow. The plate was read on a FLUOstar OPTIMA (BMG Labtech, Australia) 

multifunctional micro-plate reader for the optical density (OD) at 450 nm. Data from 

the plate reader was extracted and a standard curve was plotted for reference. TNF-

α production was calculated in pg/mL using the resultant equation derived from the 

standard curve. 

ii) Detection of IL-6 using ELISA 

For the measurement of IL-6 cytokine generated during the process, an ELISA was 

conducted in triplicates. The detection followed a similar technique and was carried 

out according to the manufacturer's instructions. The cell culture samples were 

produced using cell culture medium, and a standard curve for IL-6 was created by 

serially diluting the lyophilised IL-6 protein standard from 1000 to 15.625 pg/mL. 

Before usage, all of the reagents were newly made and added in the same order as 
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the TNF-α ELISA experiment, but at different quantities. In a nutshell, the precoated 

strips with eight wells were removed from the kit and 100 mL of standards, samples, 

and controls were added to the appropriate wells. The plate was covered with an 

adhesive cover and incubated for 2 hours at room temperature. The wells were 

cleaned four times with 250 µL of wash buffer after the solution was aspirated. Each 

well plate received 100 µL of biotin-labelled detection antibody, which was 

incubated at room temperature for 1 hour. After aspirating the antibody, the wells 

were rinsed four times as previously. In addition, each well received 100 mL of 

newly produced streptavidin-HRP conjugate, which was sealed and incubated at 

room temperature for 45 minutes. The solution was aspirated again, and the wells 

were washed with the wash buffer five times to eliminate any remaining reagent. 

100 mL TMB substrate was added to the wells and incubated at room temperature 

for up to 15 minutes away from the light, with periodical checks every 5 minutes for 

overdevelopment of the blue colour. Finally, the reaction was halted by adding 50 

µL of stop solution, which changed the colour of the reaction from blue to yellow. 

The plate was read for optical density at 450 nm using a microplate reader, and the 

data was used to create a standard curve. The polynomial equation obtained from 

the standard curve was used to determine IL-6 production in pg/mL. 

iii) Detection of IL-12 using ELISA 

The IL-12 detection ELISA kit was used to measure IL-12 cytokine produced in the 

reaction in triplicates using a similar procedure. The cell culture samples were 

prepared using the appropriate cell culture medium, and a standard curve for IL-12 

was created with concentrations ranging from 3000 to 46.88 pg/mL. The 8-well 

precoated antibody strips were removed from the ELISA kit, and the chemicals were 

added step by step in the same manner as done for the other two cytokines. Between 

each stage, the wells were washed to eliminate any undesirable backdrop. The data 

was retrieved for additional computations and graph plots after the optical density 

was measured at 450 nm on the micro-plate reader. 

b) Real-time quantitative PCR (qPCR) 

i) RNA isolation 

Total RNA was isolated from the stimulated cells using RNeasy kit (Qiagen, 

Germany). The suspension cells (dendritic cells) were subjected to centrifugation at 



 

112 
 

800 x g for 5 min and were pelleted for cell lysis. However, the adherent cells were 

directly lysed in the microtiter plate wells using the lysis buffer. The procedure was 

performed for animal cells using spin technology defined in manufacturer’s 

protocol. The cells were disrupted using 350 µL RLT buffer (lysis buffer) added to 

the cells directly and were homogenized by vortex for 1-2 minutes or till the cell 

clumps are not visible. 1 volume (350 µL) of 70% ethanol was added to the 

homogenized cell lysate, mixed well, and transferred to a RNeasy spin column. The 

solution was centrifuged at 8000 x g for 15 sec and the filtrate was discarded. The 

spin column was placed back on the tube and 700 µL of RW1 buffer (wash buffer) 

was added to the column. The solution was spun at 8000 x g for 15 sec. The flow 

through was discarded and the column was again put into the tube. 500 µL of RPE 

buffer was added to the column and spun at 8000 x g for 2 min. The longer 

centrifugation was performed to get rid of any extra ethanol that would have been 

carried over from previous steps. This step was performed twice in order to wash 

the column thoroughly. Spin column was transferred to another 2 mL centrifuge 

tube and spun at 8000 x g for a min to ensure the elimination of any carry over 

buffer. Subsequently, the column was transferred to a 1.5 mL collection tube. 30 µL 

of RNAse-free water was added to the column membrane carefully to without 

touching the filter. The tube was centrifuged at 8000 x g for a min and total RNA was 

eluted in the tube. RNA concentration was analysed using Nanodrop 

spectrophotometer (ThermoFisher Scientific, Australia) for each sample and stored 

at -20°C.       

ii) cDNA synthesis using reverse transcriptase-PCR (RT-PCR) 

Reverse transcription or complementary DNA (cDNA) synthesis was performed 

using the isolated RNA as the initial template for each sample. cDNA was generated 

utilising reverse transcriptase (RT) that catalyses the reaction where the primer 

binds to the 3` end of the template RNA to generate the first DNA strand. After 

generation of the first strand, cDNA is amplified during a polymerase chain reaction 

(PCR) to generate multiple copies of the gene and hence this reaction is called an 

RT-PCR. The synthesis was done using a reverse transcriptase enzyme (M-MuLV, cat 

no. M0253S), primer (d(T)23VN), human placental RNase inhibitor (cat no. 

M0307S), and dNTPs. All these reagents were acquired from New England Biolabs 

(NEB, Australia) and/or GeneWiz (GeneWiz, USA) and were used according to 

manufacturer’s instructions. For each sample, 1 µg of total RNA was added to a 
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cocktail of 2 µL of 50 µM universal primer d(T)23VN (GeneWiz, USA), 1 µL of 10 mM 

dNTP mix, 2 µL of 10X M-MuLV transcription buffer, 1 μL of M-MuLV reverse 

transcriptase, 0.2 μL of human placental RNase inhibitor (NEB, Australia). The 

reaction mixture was topped up with nuclease-free water to a total volume of 20 μL. 

The reaction for cDNA synthesis was carried out in a thermocycler. The cycles were 

set at 42°C for one hour to activate the enzymes, following inactivation or enzyme 

degradation and termination at 85°C for 5 min. The generated cDNA was used for 

gene expression analysis in the subsequent experiments.      

iii) Primer design for target genes  

Sequence specific primers were used to amplify the specific gene responsible for the 

generation of cytokines in a quantitative real time PCR (qPCR) setting. The primer 

sequences for all the analysed genes were extracted from the origene website 

(www.origene.com) and were verified using PrimerBLAST tool from the National 

Centre for Biotechnology Information (NCBI) website (www.ncbi.nlm.nih.gov). 

The parameters for primers were predefined ensuring the length of the amplicon 

was between 75-250 bp, the melting temperature (Tm) was within 50°C and 65°C 

and the primer pairs did not differ by more than 3°C. Table 5 and 6 describes the 

primer sequence and their related accession numbers. Different primers were 

designed for the genes to be amplified from mouse and human origin. Primer 

sequences were selected to avoid secondary structure formation, primer-dimer 

formation, long repeats of Gs and Cs but with 50-60% GC content. The primer 

specificity was validated by performing melt curve analysis for the target gene of 

interest. 

iv)  qPCR 

Quantitative PCR (qPCR) also known as real time PCR technique was used to 

investigate the gene expression for the target protein. Relative levels of gene 

expression were quantified in real time using QuantStudio 3 Real Time PCR system 

(Applied Biosystems, USA) and analysed using the associated software. A dye-based 

qPCR reaction was prepared in flat capped, clear PCR tubes (ThermoFisher 

Scientific, Australia) using 10 µL of 1 X SsoAdvanced universal SYBR® Green super 

mix (Bio-Rad Laboratories, CA, USA, cat no. 1725272) containing hot-start Sso7d 

fusion polymerase, dNTPs, MgCl2, SYBR® Green 1 dye, enhancers, stabilizers and 

mix of inert reference dyes including carboxyrhodamine (ROX) and fluorescein. The 
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for each of the samples for relative gene expression by evaluating the difference 

between the gene of interest in samples to the respective untreated control 

(unstimulated control). Finally, the fold change in the gene expression was 

evaluated by 2-ΔΔCt. The mathematical reasoning for the relative quantification has 

been detailed in appendix IV. Using this method, three different cytokines for their 

respective genes were analysed which include TNFα, IL6, IL12A. Antigen processing 

and presentation was analysed by the detection for the expression of H2-Eα in 

mouse macrophages and HLA-DRA in human macrophages, dendritic cells in a 

similar manner. Statistical validation was done using one-way ANOVA and Tukey’s 

post-hoc test in GraphPad Prism v 8.4.1.  

4.1.8. Statistical Analysis - ANOVA 

All experimental groups in each experimental procedure were investigated in three 

biological replicates and no technical replicates unless mentioned otherwise. All 

graphed data in this research is provided as mean values ± Standard Error of the 

Mean (SEM). This investigation uses GraphPad Prism version 8.4.1 software for the 

statistical analysis and graph production. The alpha level for the current 

investigation was set at 0.05, and all statistically significant outcomes had to have a 

p-value of less than this when compared to the negative control group (non- 

stimulated cells). Shapiro-Wilk and Anderson-Darling tests, as well as skewness and 

kurtosis values, were used to evaluate all datasets for the property of normal 

distribution. If the dataset was proven to be typical of a normal or non-normal 

distribution, statistical analysis would proceed as parametric or non-parametric 

analysis of variance (ANOVA), with appropriate post-hoc testing, in this case Tukey’s 

post-hoc test. 

4.2. In vivo investigation of the vaccine in animal model of lung cancer 

The optimized vaccine doses were tested in animal model of C5BL/6 mice to observe 

innate immune response in vivo. Mice models and the cancer cell line chosen were 

immuno-compatible and presented to be an ideal model for testing of a preventative 

cancer vaccine.  

4.2.1. Animal Ethics approval 

The procedure used in this study has been approved under the project ID: 

MSC/03/20/AEC by the Griffith University Ethics Committee for the 



 

117 
 

“Development of a novel cancer vaccine”. All the animals were acquired from 

Animal Resource Centre, Perth, Australia. The experiments were conducted in 

compliance with the guidelines and legislations outlined in Australian Code for the 

Care and Use of animals for scientific purposes 8th edition 2013, the Queensland 

Animal Care and Protection Act (2001), and the Griffith University guidelines for 

Animal Care and Use in teaching and research. Any modifications to the current 

protocol were approved by the ethics committee prior to its application. No adverse 

events were reported during the procedure and the animals were humanely 

sacrificed as per the guidelines and the approved protocol.   

4.2.2. Mouse model and the cancer cell line 

a) Mouse model 

Inbred mouse model C57BL/6 were chosen for the study. Six to seven weeks old 

female mice were attained from Animal resource centre, Perth, WA.  All mice were 

allowed to acclimatise for one week before the experiment. These were kept on a 

12-hr light/12-hr dark cycle at a temperature of 22 °C and a humidity of 75%. Each 

cage consisted of 3 mice each and 2 cages represented one group of the experimental 

procedure. All mice were well fed and were provided with sterilized food and water, 

along with tissue paper to keep the mice active and healthy. A total of 114 mice were 

used in the study which were divided into eighteen groups of six mice each. The 

whole in vivo model was divided into two broad categories, namely the vaccine 

model and tumor challenge model which have been explained in the following 

sections. Briefly, the vaccine model contained the mice which were inoculated with 

individual immune stimulators, antigen and the two vaccines. Some of the test mice 

were treated with a booster shot of the vaccine after 14-day interval of the initial 

shot. Hence, the data was collected at 14-day time point and a 28-day time point 

from the vaccinated mice. Similarly, a tumour challenge model was created where 

the mice initially received a single or a double dose of the respective vaccine and 

subsequently challenged with tumour cells to investigate the anti-tumour activity of 

our vaccine candidates. Again, the data was collected at 14-day and 28-day to 

evaluate the existence of immune response. 
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b) Cancer cell line and its preparation 

Lewis lung cancer LLC1 cells have been previously isolated from lung cancer bearing 

C57BL mouse (Stankevicius et al., 2016). Therefore, given its origin, LLC1 cells are 

compatible with the immune system of C57/BL6 used in this study. As mentioned 

earlier many solid malignancies including breast cancer, lung cancer and pancreatic 

cancer express various TACAs on their surface including Globo-H. In this study we 

used Globo-H as a glycan antigen that is highly expressed on tumours of epithelial 

origin. It is evident from a study that not only human cancer cells but also mouse 

cancer cells may express Globo-H on its surface (Liao et al., 2013). For this study we 

required a cancer cell line that would express Globo-H and is compatible with the 

selected mouse model. Therefore, LLC1 cell line was chosen which expresses Globo-

H as a surface antigen (Liao et al., 2013).  

The tumor cells were obtained from the liquid nitrogen stock of a lab in QIMR, 

Brisbane. The cells were thawed and allowed to equilibrate at room temperature. 

High glucose, sodium pyruvate supplemented DMEM containing 10% FBS 

(ThermoFisher Scientific, Australia) and 1% Penicillin-Streptomycin (100 IU/ml 

penicillin, 100 μg/ml streptomycin, ThermoFisher Scientific, Australia) was added 

to aliquot of LLC1 cells in a falcon tube. This was used to inactivate and remove 

DMSO from the cells to prepare a fresh culture. The cells were centrifuged at 125 x 

g at room temperature for 5 min and the supernatant was discarded. The cell pellet 

was resuspended in 1XPBS and washed to remove cell debris and dead cells by 

centrifugation at the same conditions. The supernatant from this spin was also 

discarded and the cell pellet was resuspended in complete DMEM to be cultured in 

a 25 cm2 tissue culture flask and grown at 37°C in a humidified incubator with 5% 

CO2. These cells were sub-cultured to maintain a continuous culture following the 

same procedure that was used to culture the immune cells in vitro. The cells were 

maintained in DMEM at humidified conditions and sub-cultured continuously to 

reach 80% confluency, before they were ready to be inoculated in the mice at 2x105 

cells per mouse for the tumor challenge model. 

4.2.3. Preparation of vaccine 

Consistent to the previous vaccine preparation, two vaccine candidates were 

prepared to compare the immune response in vivo and in preventative vaccine 

model. Different immune stimulators were used in both the vaccines in combination 
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with a same antigen. CpG 7909 was used in vaccine 1 (CG-Vax) at 0.5 µg/mL along 

with the cancer antigen Globo-H at a concentration of 5 µg/mL and vaccine 2 (HG-

Vax) comprised of R:D60 hybrid at a concentration of 150 ng/mL in combination 

with Globo-H at 5 µg/mL. Both the vaccines were prepared under sterilized 

conditions in a PC2 laboratory. 

a) CG-Vax 

This vaccine contained CpG-ODN 7909 which has been described in earlier sections 

(Appendix II). CpG-ODN 7909 was obtained from Integrated DNA Technologies 

normalized at 100 µM in IDTE buffer at a pH 8.0. A stock concentration of 100 µg/mL 

was made from the freshly obtained motif in nuclease free water. Globo-H was 

obtained from Carbosynth in lyophilised form at a stock of 5 mg. This was diluted in 

1 mL of deionised water to make a final stock concentration of 5 mg/mL. Different 

aliquots of 100 µl/mL and 1 mg/mL for CpG 7909 and GH were made respectively 

to reduce the number of freeze thaw cycles. The vaccine was freshly prepared prior 

to injections in 0.9% saline instead of nuclease free water using the prepared 

aliquots of both CpG-ODN and GH (Appendix V). A volume of 100 µL was injected 

per mouse subcutaneously in the loose skin over the neck under anaesthesia as per 

the approved protocol (MSC/03/20/AEC). Depending on the number of 

vaccinations being administered, a master mix was made before preparing the 

injections. 

b) HG-Vax 

This vaccine contained RNA:DNA hybrid, a sequence of 60 oligonucleotides as 

described previously (Appendix II). R:D60 was purchased from integrated DNA 

Technologies (IDT, Singapore) and was purified by standard desalting method. The 

purchased hybrid was provided as a lyophilized material and was diluted to a final 

concentration of 5 µg/mL . Aliquots were made for 1 µg/mL to avoid frequent freeze 

that cycles.  

To achieve the transfection of the hybrid, a non-viral in vivo transfection agent was 

used. In vivo-jetRNA® was purchased from In Vitro Technologies (In Vitro 

Technologies, Australia, cat no. POL20410). It is safe to administer, cost effective and 

an efficient vehicle for nucleic acid delivery. The hybrid complexes were made in 

PC2 laboratory conditions according to the manufacturer’s protocol. Briefly, the 
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 Figure 7. Flow diagram displaying the experimental procedure for a preventative vaccine animal model including the type of experiments, number of animals being used 

and fate of animals. The figure displays the number of mice used for particular experiments. 12 were mice used in Cp model of which 6 were sacrificed on day 14 and 

other 6 were sacrificed on day 28. In the booster group model, a total of 24 mice were used including 12 for CG-Vax study and 12 for HG-Vax study. Of them 6 from each 

vaccine model were incubated with the booster dose for 14 days and other 6 were incubated for 28 days prior to their termination on the respective days.   

Groups: Cp: positive control, LPS: bacterial lipopolysaccharide at 200 ng/mL; Cn: negative control, 0.9% saline; A: Globo-H at 5 µg/mL, N1: CpG 7909 at 0.5 µg/mL; N2: 

R:D60 at 150 ng/mL; V1: CG-Vax with CpG 7909 at 0.5 µg/mL + Globo-H at 5 µg/mL; V2: HG-Vax with R:D60 at 150 ng/mL + Globo-H at 5 µg/mL. V1b: booster dose of 

CG-Vax; V2b: booster dose of HG-Vax. 
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Figure 8. The flow chart depicts the tumour challenge model to determine the efficacy of the test 

vaccine as a preventative vaccine in animal model of lung cancer. The figure displays number of 

mice used for the tumour challenge model. 6 mice each was mice used in Cp model of which 6 

were sacrificed on day 14 and other 6 were sacrificed on day 28. In the booster group model, a 

total of 24 mice were used including 12 for CG-Vax study and 12 for HG-Vax study. Of them 6 from 

each vaccine model were incubated with the booster dose for 14 days and other 6 were incubated 

for 28 days prior to their termination on the respective days.   

Groups: Cp: positive control, LPS: bacterial lipopolysaccharide at 200 ng/mL; Cn: negative 

control, 0.9% saline; A: Globo-H at 5 µg/mL, N1: CpG 7909 at 0.5 µg/mL; N2: R:D60 at 150 ng/mL; 

V1: CG-Vax with CpG 7909 at 0.5 µg/mL + Globo-H at 5 µg/mL; V2: HG-Vax with R:D60 at 150 

ng/mL + Globo-H at 5 µg/mL. V1b: booster dose of CG-Vax; V2b: booster dose of HG-Vax. 
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4.2.6. Data collection from in vivo model 

The mice were kept under deep terminal anaesthesia for the collection of the blood. 

The blood was collected from the heart via cardiac puncture to obtain a good 

quantity of blood. An average of 500 µL of blood was extracted from the mice and 

the animals were humanely sacrificed for the collection of other organs. The blood 

sample was centrifuged at 125 x g for 10 min (Thavasu et al., 1992) to separate 

serum from other blood components. Serum was settled as a top layer of the solution 

and the blood was clotted after centrifugation in 1.5 mL tube. The serum layer was 

carefully removed into 1.5 mL Eppendorf tubes using micropipette without touching 

the blood clots. The serum was aliquoted into three different vials in a volume of at 

least 50 µL in each aliquot for analysis of the cytokines using ELISA. This was done 

to avoid freeze thaw cycles and loss of proteins present in the serum.    

Spleens were excised from the animals after they were humanely euthanised. The 

spleens were harvested and immediately stored at -80°C for future use. At the time 

of homogenisation, the spleens were thawed and prepared for total RNA isolation. 

These organs were cut and homogenised in a 1.5 mL tube after addition of a lysis 

buffer. RNA was extracted from the spleens using PureLinkTM RNA mini kit 

(Invitrogen, Australia) according to the manufacture’s protocol. The RNA protocol 

has been described in the following sections.  

4.2.7. In vivo data investigation post sample collection 

a) ELISA 

The serum samples attained from vaccine model and tumour challenge model were 

analysed for proinflammatory cytokine secretion. ELISA kits for in vivo cytokine 

analysis were acquired from ThermoFisher, Australia. In the in vivo study, only two 

cytokines were analysed which include TNF-α and IL-12. This is because IL-6 

remained undetected in in vitro data analysis. Both the cytokines were analysed 

following the manufacturer’s protocol and the data was analysed in the same way 

as mentioned in section 1.8.  

i) TNF-α detection  

Proinflammatory cytokine TNF-α was detected using the precoated microwell strips 

provided in the kit. All experimental samples, blanks and standards were prepared 

to quantify TNF-α in the groups. The wells were pre-washed with sample diluent 
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twice as indicated in the manufacturer’s protocol. Standards were prepared from 

2000 pg/mL to 31.3 pg/mL by serial dilution using the calibrator diluent. 50 µL of 

calibrator diluent was added to the blanks and same amount of assay diluent was 

added to all the other wells. Thereafter, 50 µL of standards and the prepared 

samples were added to the respective wells. Further, biotin conjugate was freshly 

prepared and added to all the wells in a volume of 50 µL per well. The plate was 

covered with an adhesive film and incubated at room temperature on a microplate 

shaker for 2 hours. Subsequently, streptavidin-HRP conjugate was diluted and 

added to the wells after aspirating the previous solution and washing with the wash 

buffer. Streptavidin-HRP conjugated was added at a volume of 100 µL in the empty 

well post washing. The plate was covered with the film and allowed to incubate at 

RT for 1 hour. Furthermore, the wells were aspirated and washed 6 times as before. 

TMB substrate was pipetted to the well at a volume of 100 µL per well. The samples 

were incubated at RT for 30 min in a dark place avoiding exposure to direct light. 

The colour development in the plate was monitored periodically and the reaction 

was stopped when the highest standard turned dark blue. 100 µL of the stop solution 

was finally added to the well to inactivate the enzyme and the optical density was 

read at 450nm in a FLUOstar OPTIMA microplate reader. 

ii) IL-12 detection 

Interleukin-12 cytokine was detected using a similar protocol. Microwells were 

extracted from the ELISA kit and washed twice using 400 µL of wash buffer provided 

within. The lyophilised standard was diluted using distilled water to make a stock 

of 4000 pg/mL and subsequent dilutions were made using the assay buffer provided 

with the kit. The standards were diluted from 2000 pg/mL to 31.3 pg/mL in 

separate microtiter plate where 100 µL of assay diluent was added to the empty 

wells and 100 µL of the reconstituted standard was added to the first well to achieve 

2000 pg/mL. This was then serially diluted to generate a standard curve. A 50 µL of 

the assay diluent was added to the microwells being used for analysis. Further, 50 

µL of the standards, blank, controls, and samples were added into the wells. Freshly 

prepared biotin-conjugate antibody was subsequently added to the well at a volume 

of 50 µL. The wells were allowed to incubate at RT on a microplate shaker for 2 

hours.  Later, the wells were washed 5 times using the wash buffer and a 100 µL of 

diluted streptavidin-HRP was added at 100 µL per well. The plate was allowed to 

incubate at similar conditions for 1 hour before aspirating the solution. 
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Furthermore, the wells were washed again for 5 times and 100 µL of TMB substrate 

was added to each of the well for the colour development. The plate was incubated 

for 30 min with regular checks for the extent of blue colour throughout the plate. 

The enzymatic reaction was stopped using 100 µL of stop solution into each well. 

Optical density was measured using FLUOstar OPTIMA microplate reader at an 

absorbance of 450nm.    

b) Real-time qPCR  

i) RNA isolation from spleen 

The spleens isolated from the vaccine model and tumour challenge model were 

processed for total RNA extraction using PurelinkTM RNA mini kit according to the 

manufacturer’s protocol. In brief, the lysis buffer provided in the kit was freshly 

prepared by the addition of 1% 2-mercaptoethanol and added to the tissue sample. 

Appropriate volume of the lysis buffer was added to the procured spleens and the 

tissue was minced used RNase-free pestle until thoroughly homogenised. The 

prepared extract was centrifuges at 1200 x g for 2 min and the supernatant was 

transferred to a fresh nuclease free tube. The suspension was gently passed through 

a 2 mL syringe using an 18-guage and 21-guage needle 5-10 times. The homogenate 

was subjected to centrifugation at 12000 x g for 2 min and the supernatant was 

transferred to a clean RNase-free tube. 1.5 volume of absolute ethanol was added to 

the lysate and vortexed to fully combine the ingredients to disperse any left-over 

precipitate that may have formed after the addition of ethanol. A volume of 700 µL 

of the sample was transferred to the spin column provided within the kit. The 

sample was centrifuged at 12000 x g for 15 seconds and the flow through collected 

in the collection tube was discarded. The spin column was replaced back in the tube 

and any left-over sample was added to the column and the above step was repeated 

to process the entire sample. Wash buffer I provided in the kit was added to the spin 

column and the sample was washed by centrifugation at 12000 x g for 15 sec. The 

flow through was disposed and the column was placed into a fresh collection tube. 

Next, wash buffer II containing ethanol was added to the spin column and 

centrifuged at 12000 x for 15 sec. This step was repeated, and the sample column 

was washed twice with wash buffer II. Further, the spin column was placed on the 

collection tube and spun at 12000 x g for 1 min to get rid of unwanted buffer. 

Collection tube was discarded, and the column was placed in a recovery tube for 
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elution of RNA. 30 µL of RNase-free water was carefully added to cover the filter of 

the spin column and incubated for 1 min at RT. Finally, total RNA was eluted in the 

recovery tube after centrifugation at 12000 x g for 2 min.  The concentration of the 

isolated RNA was measured via Nanodrop spectrophotometer, and the RNA samples 

were stored at -80°C for qPCR analysis.                  

ii) cDNA synthesis and qPCR 

cDNA was synthesised using the same protocol as mentioned in section 1.6. All the 

reagents and parameters used were exactly same. Concentration of total RNA was 

measured, and the amount of 1 µg was calculated to be as a template for cDNA 

synthesis.  

Subsequently for qPCR analysis, previously acquired mouse primer pairs were used 

(Table 7). SYBR green dye was used to analyse real-time PCR reaction according to 

the protocol mentioned in section 1.6.  All the parameters were kept consistent, and 

the reaction was followed as per Table 4. qPCR data reported was analysed using 

ΔΔCt method.  

4.2.8. Data analysis of the in vivo model 

Whole set of data generated from the vaccine and the tumour challenge animal 

models was subjected to the quantification of cytokines and gene expression by 

ELISA and qPCR. MHC II upregulation was also investigated for antigen processing 

and presentation in vivo. The results were analysed using the same methods as 

described in section 1.7. The theory of respective analysis methods has been 

provided in appendix IV. Subsequent statistical validation was done using one-way 

ANOVA program, run in GraphPad PRISM v 8.4.1. The tests used have been 

previously described in section 1.8 and the graphs have been plotted using the data 

analysed for cytokines and fold-change in the gene expression.  
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Chapter 5 

Results and observations of in vitro 

investigation 
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5.1. Dose escalation study of the immune stimulators and antigen in vitro 

To determine the lowest dose that can activate antigen presenting cells, RAW 264.7 

mouse macrophage cells were stimulated with six possible doses of TLR9 agonist 

CpG 7909, five doses of nucleic acid immune-stimulator RNA:DNA hybrid, and four 

of tumour associated carbohydrate antigen, Globo-H (Table 4).  

To achieve this, secretion of proinflammatory cytokine, TNF-α was detected in the 

cell culture supernatant. Bacterial lipopolysaccharide, LPS was used as a positive 

control as it potentially stimulates an immune response. Highest production of TNF-

α was observed in the culture supernatant of the cells stimulated with LPS at a 

concentration of 200 ng/mL.  

ELISA was performed to determine the optimum dose of CpG 7909. Group C1 at 0.5 

µg/mL was found to be the optimum dose and produced 56.49 pg/mL of TNF-α (Fig. 

9). The trend among CpG 7909 doses was different from that of the other immune 

stimulator, RNA:DNA hybrid (R:D60) (Fig. 10). Unlike the first three groups of the 

hybrid, increasing dose concentrations of CpG 7909 resulted in an increase in the 

cytokine production for first four doses (Fig. 9). Thereafter, a slight decline in the 

amount of cytokine produced on treatment with CpG 7909 was observed that 

dropped from 63.18 pg/mL at a dose concentration of 4 µg/mL to 47.74 pg/mL at a 

dose concentration of 8 µg/mL. Interestingly, at a concentration of 16 µg/mL CpG 

7909, the levels of TNF-α increased to 59.4 pg/mL. Unfortunately, no statistical 

difference was observed in the levels of TNF-α secreted by RAW 264.7 macrophage 

cells when exposed to different dose concentrations of CpG 7909. Therefore, the 

lowest dose that demonstrated an effective stimulation of the RAW 264.7 cells was 

0.5 µg/mL of CpG 7909, which was considered the optimum dose for the vaccine 

formulation. A significant difference was demonstrated by LPS treated group when 

compared to the treatment groups and negative controls.  

Comparable significance was observed in the groups treated with R:D60. LPS was 

observed to be highly significant, but no statistical significance was seen in R:D60 

treated cells. Even though no significant difference observed in the amount of TNF-

α produced among the groups treated with R:D60, the levels of TNF-α quantified 

were 47.34 pg/mL, 43.06 pg/mL, 32.76 pg/mL, 44.43 pg/mL, and 41.22 pg/mL 
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 respectively for relative doses of 150 ng/mL (Hy1), 300 ng/mL (Hy2), 600 ng/mL 

(Hy3), 1200 ng/mL (Hy4), and 2400 ng/mL (Hy5) (Fig. 10). The concentration of 

the hybrid that demonstrated highest production of TNF-α was Hy1 at 150 ng/mL, 

which is also the lowest concentration of all the tested dose concentrations. 

Therefore, Hy1 was determined to be the optimum dose concentration for 

developing the hybrid-based cancer vaccine.        

The cancer antigen Globo-H exhibited a continuous fold increase in the production 

of TNF-α with increasing dose concentrations from 2 µg/mL to 250 µg/mL (Fig. 

11a). It was clearly seen that Globo-H at a concentration of 10 µg/mL produced 

highest amount of TNF-α. The quantity of TNF-α produced at a smaller 

concentration of 2 µg/mL was significantly lower than Globo-H at 10 µg/mL 

(p<0.001). The antigen at a concentration of 2 µg/mL and 50 µg/mL demonstrated 

to stimulate the production of this proinflammatory cytokine equally well. Unlike 

the quantity of cytokine produced by adding Globo-H at 2 g/mL and 10 g/mL, there 

was no significant difference between the 2 g/mL and 50 g/mL doses. Moreover, 

Globo-H at the highest concentration of 250 µg/mL showed a slight increase in the 

production of TNF-α and was significantly different from the levels produced by 

Globo-H treated cells at 10 µg/mL (Fig. 11a). Based on these findings, the 

stimulatory effect of Globo-H was relatively small at 2 µg/mL when compared to 10 

µg/mL. Moreover, the levels of TNF-α produced in RAW 264.7 macrophages when 

stimulated with Gobo-H at 50 µg/mL and 250 µg/mL were comparable to the levels 

observed with Globo-H at 2.  

Since it was a 5-fold dilution from 2 µg/mL and 10 µg/mL and the trend was 

observed to be increasing and decreasing at different doses, a separate dose was 

investigated in RAW 264.7 macrophages. A dose of 5 µg/mL antigen was used to 

stimulate mouse macrophages which was observed to produce a high amount of 

TNF-α when compared to the effect of Globo-H at 10 µg/mL (Fig. 11b). There was 

no statistical significance observed between the two doses, but the levels of TNF-α 

were different. Henceforth, lowest optimum dose for Globo-H was determined to be 

5 µg/mL as it demonstrated to be more stimulating than Globo-H at 10 µg/mL, is 

less in concentration and satisfies the objective of this study.  

Using the selected doses of immune stimulators and the antigen, two vaccine 

candidates based on the chosen nucleic acids were prepared to determine their  
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along with the controls and vaccine candidates.  

i) CpG-ODN 7909 

Production of TNF-α: ELISA analysis showed that RAW 264.7 macrophages 

stimulated with oligonucleotide CpG 7909 showed a relatively low production of 

TNF-α (Fig. 12a). When compared to the positive control LPS, a significant difference 

in the amount of cytokine release was observed (p<0.001). LPS induced a noticeably 

increased amount of TNF-α compared to the treatment group and other negative 

control groups. A statistically significant difference was observed between the 

positive and negative control groups (p<0.001). However, TNF-α detected in the 

treatment group was not statistically different from the negative control group, 

unlike the significance observed with the positive control. Even though stimulation 

by CpG 7909 did release TNF-α (Mean=56.49), the secretion was not different from 

the amount observed in the negative control groups of chloroquine (M=49.75) and 

Non-CpG (M=51.433). This trend is evident from the plotted graph (Fig. 12a).  

Production of IL-6: A similar trend to that of TNF-α production was observed in the 

detection of IL-6 upon stimulation with CpG 7909 (Fig. 12b). The highest amount of 

proinflammatory cytokine, IL-6 was observed when the cells were exposed to LPS 

(M=683.19) which is significantly more than the amount observed in the treatment 

group (M=26.37). CpG 7909 treated group showed a positive stimulation for IL-6 

but was not statistically different to the unstimulated cells and other negative 

controls. Data for IL-6 was seen to be consistent with the results obtained for TNF-

α, which therefore suggests CpG 7909 has low stimulatory effects in mouse 

macrophages RAW 264.7. 

Production of IL-12: Secretion of IL-12 observed for all the groups did not show 

statistical significance. A significant variance was observed in the data set for each 

of the treatment group. Cells stimulated with LPS showed the highest production of 

IL-12, which is not statistically different from the amount produced when the cells 

were exposed to CpG 7909 (p>0.05). The negative control chloroquine failed to 

induce IL-12, and the production remained undetected in the cytokine pool (Fig. 

12c). The other two negative control groups were not significant and demonstrated 

to be statistically similar to the positive control and the treatment group. Although 

CpG 7909 stimulated RAW 264.7 macrophages, the data showed a lot of variance 

and did not provide enough evidence to support the said hypothesis.    
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ii) RNA:DNA hybrid (R:D60) 

Production of TNF-α: RAW 264.7 cell lines were transfected with R:D60 using a 

liposomal carrier. The cells were observed for the induction of inflammatory 

responses post transfection. Similar to what was previously observed with CPG 

7909, the secretion of TNF-α in the R:D60 treated group was significantly low 

compared to the LPS control (Fig. 13a). The cytokine response produced by R:D60 

was neither significantly different to the negative controls nor to the unstimulated 

macrophage cells. This was consistent to the results obtained with CpG 7909, 

suggesting poor induction of inflammatory responses in vitro in RAW 264.7 

macrophages. Overall, the statistical analysis shows that the data was statistically 

significant (p<0.05), but the individual groups showed variable significance 

compared to each other.  

Production of IL-6: The data for IL-6 is consistent with the results obtained for 

proinflammatory cytokine TNF-α. However, R:D60 stimulated RAW cells and 

showed a slight rise in IL-6 production (Fig. 13b). In comparison, positive control 

LPS exhibited a significant increase in the secretion of IL-6, which was as expected. 

No significant difference was observed within the negative control groups non-CpG, 

unstimulated cells. Compared to the group transfected with R:D60, a minimal 

increase in the production of IL-6 was observed. ANOVA analysis showed that the 

data is statistically significant (p<0.05), yet the difference in the stimulation of RAW 

264.7 macrophages within the negative groups and the treatment group is low.  

Production of IL-12: Stimulation of RAW 264.7 macrophages transfected with R:D60 

showed the release of proinflammatory cytokine IL-12 (Fig. 13c). However, the 

secretion was found to be insignificant when compared to the control groups. As 

seen in the graph, cells exposed to LPS and transfected with R:D60 show equivalent 

stimulation. Statistical analysis using one-way ANOVA did not show significance of 

the data observed for IL-12 secretion by RAW 264.7 macrophages (p>0.05). 

These results have been consistent with the previous observations for CpG-ODN 

7909 in this study. They suggest that selected immune stimulators do not show a 

significant rise in the production of proinflammatory cytokines, inconsistent with 

the proposed hypothesis.       
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iii) Globo-H 

Production of TNF-α: Tumour associated carbohybrdate antigen, Globo-H was used 

to stimulate RAW 264.7 macrophages at 37°C for 24 hrs. RAW 264.7 cells, when 

exposed to Globo-H antigen, showed relatively increased production of 

proinflammatory cytokine TNF-α (Fig. 14a). The induction of TNF-α by 

macrophages demonstrated a significant rise when treated with LPS. Negative 

controls were observed to remain unstimulated and showed minimal release of the 

cytokine. Moreover, TNF-α secretion in cells treated with Globo-H was statistically 

significant to the positive and negative control groups and suggested an 

inflammatory response in RAW 264.7 macrophages. Overall, one-way ANOVA 

analysis showed high significance in the data (p<0.001) and significant production 

of TNF-α in Globo-H (p<0.05), which corresponds to positive stimulation of RAW 

264.7 mouse macrophage in vitro.   

Production of IL-6: Induction of proinflammatory cytokine IL-6 was observed to be 

low in comparison to TNF-α. The data demonstrated a minimal secretion of IL-6 in 

cells exposed to Globo-H and comparatively increased secretion in the group of cells 

treated with the positive control LPS (Fig. 14b). Statistical significance was observed 

between the treatment group and the positive control (p<0.05). However, it was not 

seen to be true when the data for treatment group was compared to the negative 

control groups (p>0.05). These findings show that Globo-H does not stimulate the 

production of IL-6. 

Production of IL-12: The secretion of IL-12 upon exposure to the antigen, Globo-H, 

was higher than the production in the LPS treated group. Evidence suggests that 

Globo-H may induce the stimulation of IL-12, but no significance was observed 

between the LPS treated groups and the treatment groups (Fig. 14c) (p>0.05). 

Production of IL-12 in the unstimulated cells and non-CpG treated cells was seen to 

be similar to the production observed in LPS. IL-12 production by chloroquine, on 

the other hand, remained undetected in the cytokine. Even though there was a 

significant difference between the LPS treated group and antigen group, 

considerable activation was detected in the antigen group. Nevertheless, the 

substantial variation in the data set does not provide a conclusive result for the 

production of IL-12 in RAW 264.7 cells stimulated by Globo-H.  
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These findings support the hypothesis that Globo-H is poorly immunogenic, as 

evident from the secretion of IL-6 and IL-12. However, considering the increased 

TNF-α production, Globo-H is observed to be stimulating TNF-α cytokine response, 

which does not align with the hypothesis.                

iv)  Vaccine 

Two separate vaccines were prepared using nucleic acid immune stimulators, CpG 

7909 and R:D60 combined with antigen Globo-H. Murine macrophages RAW 264.7 

were exposed to both of the formulated vaccine, and induction of proinflammatory 

cytokines was detected.  

Production of TNF-α: Secretion of TNF-α detected in the groups demonstrated to be 

highly significant (p<0.001). As observed previously, cells treated or transfected 

with CpG 7909 and R:D60, respectively, did not show much increase in the 

production of TNF-α (Fig. 15a). A comparatively higher amount of TNF-α was 

released by the cells upon exposure to the antigen Globo-H. However, even though 

low stimulation was observed in the cells exposed to immune stimulators, a 

significantly high production was seen in the groups exposed to separate vaccines. 

Interestingly, secretion of TNF-α in the cells exposed to the Globo-H antigen was 

highly significant to the vaccine treated groups (p<0.001). It is seen that the cells 

treated with the vaccine combinations showed increased stimulation of TNF-α than 

the cells treated with antigen or immune stimulators alone (Fig. 15a).  Furthermore, 

the graph shows that the cells transfected with the combination of R:D60 and Globo-

H (HG) vaccine secreted higher TNF-α when compared to the cells treated with 

vaccine combination of CpG 7909 and Globo-H (CG). In addition, these observations 

were statistically significant (p<0.001) to the positive and negative controls, but the 

vaccine treated groups did not show a statistical difference in the production of TNF-

α. This data is in contrast to the previous observations where each nucleic acid or 

antigen was not able to induce significant activation of the RAW 264.7 macrophages, 

suggesting that they might produce a potent immune response in combination.  

Production of IL-16: The same groups were detected for the secretion of 

proinflammatory cytokine IL-6. Consistent with previous results, the secretion of IL-

6 was noticeably higher in the positive control LPS. The negative control groups 

showed limited production of the cytokine and were statistically insignificant to 

each other. High statistical significance was found in the LPS treated group vs. the 
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negative controls and the treatment groups (p<0.001) (Fig. 15b). As expected, 

Globo-H did not seem to stimulate RAW 264.7 macrophages for the production of 

IL-6. The same was true for CpG 7909 and R:D60 treated cells. However, cells 

transfected with R:D60 by itself as an immune stimulator showed a minimal 

increase in the secretion of IL-6 when compared to the release observed in Globo-H 

and CpG 7909 treated groups. Yet, the rise was not statistically different to any of 

the mentioned groups. Surprisingly, the cells exposed to the two vaccines did not 

show much increase in the induction of IL-6, which is in contrast to the secretion of 

proinflammatory cytokine TNF-α. Moreover, R:D60 when used in combination with 

Globo-H to transfect the macrophages seemed to have downregulated the response 

of IL-6 with a minimal decline. In contrast, a similar response was observed in the 

production of IL-6 when the cells were exposed to CpG 7909 alone or in a vaccine 

formulation. Nevertheless, the vaccine groups did not show a significant difference 

(p>0.005) in the secretion of IL-6 cytokine, which is consistent with the previous 

observations when cells were treated with individual entities.  

Production of IL-12: Secretion of IL-12 did not show expected results in the 

previously identified groups. The data observed for the production of 

proinflammatory cytokine, IL-12 did not show a statistical difference between the 

groups analyzed. Though there were different secretion levels monitored when the 

cells were exposed to different types of molecular entities (Fig. 15c), it is seen from 

the plot that the cells treated with antigen shows an increase in the amount of IL-12 

production whereas LPS treated cells showed a decline in its production. The data 

suggests that in combination with CpG 7909, the antigen Globo-H has an increased 

stimulatory effect on the macrophage cells. Alternatively, when the cells were 

transfected with R:D60 alone, the response was slightly more than those transfected 

with the vaccine combination of R:D60 and antigen Globo-H. Both the vaccine 

groups were not significantly different in the production of IL-12, suggesting that 

both the vaccines have similar potential to induce IL-12. While the difference 

between both the vaccines is not significant, the cells treated with LPS also did not 

show statistical significance compared to the vaccine groups. Additionally, the non- 

CpG control, when compared to the LPS and vaccine groups, did show some 

production of IL-12, but the induction of IL-12 was statistically similar within the 

groups. However, many variations in the data sets leads to inconclusive 

observations for the production of IL-12 in vitro in RAW 264.7 macrophage cells. 
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Observations from the above data for the induction of proinflammatory cytokine 

does not satisfy the hypothesis of the study. Nevertheless, the induction of TNF-α in 

the vaccine treated groups relates to establishing an inflammatory response.    

5.2.2. THP-1 differentiated macrophages.  

A similar analysis was done in a human monocyte cell line, THP-1, that was treated 

with PMA to induce macrophage like phenotype. THP-1 monocyte-induced 

macrophages were stimulated with CpG 7909, R:D60, Globo-H, and two vaccine 

candidates. The proinflammatory cytokines were detected in the cell culture 

supernatant after stimulation at 37 °C for 18 hours. 

i) CpG 7909 

Production of TNF-α: The exposure to the nucleic acid adjuvant or immune 

stimulator CpG 7909 stimulated the THP-1 monocyte induced macrophages which 

was detected by the production of TNF-α. A significant response was observed in 

the cells treated with CpG 7909, which was statistically significant to LPS and the 

negative controls. The proinflammatory cytokine TNF-α detected in LPS treated 

cells was higher than all the other groups which is consistent with the previous 

results observed in mouse macrophages (Fig. 16a). All the negative control groups 

showed negligible production of TNF-α that was significantly different to the 

positive control (p<0.05). TNF-α production in CpG 7909 stimulated groups indicate 

its potency as a potent stimulator of macrophages for an inflammatory response. 

This finding was in contrast to the previously observed TNF-α production in mouse 

macrophages.  

Production of IL-6: Induction of proinflammatory cytokine IL-6 was observed to 

show a little response. A small quantity of IL-6 induction was detected in cells 

treated with CpG 7909. This observation was comparable to the negative controls 

as they did not show much response (Fig. 16b). THP-1 monocyte induced 

macrophages when exposed to LPS showed a high response in the production of IL-

6. There was no statistical difference between the unstimulated THP-1 macrophages 

and the CpG-ODN stimulated macrophages. However, the induction of IL-6 by LPS 

treated group was statistically significant to the treatment group that showed 

minimal response compared to the positive control.
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Production of IL-12: The cell supernatant obtained from the stimulated cells was 

detected for the release of proinflammatory cytokine, IL-12. Negative values of IL-

12 were observed in all the groups including negative and positive controls as well 

as the CpG 7909 treatment group (Fig. 16c). Statistically, none of the groups were 

significant and variance was observed within the data points and among the groups.  

Where TNF-α production aligns with the hypothesis of the study, none of the other 

two cytokines seemed to support the study.   

ii) R:D60 

Production of TNF-α: A similar study was conducted for the detection of 

proinflammatory cytokine TNF-α with the transfection of R:D60 in THP-1 monocyte 

derived macrophages. A considerable amount of TNF-α in the cells stimulated with 

R:D60 was observed. The negative controls showed no regulation of TNF-α and were 

statistically different to the treatment group (p<0.05). A significant difference was 

observed between the cytokine levels of LPS treated group and R:D60 transfected 

macrophages. Macrophages exposed to LPS showed incredibly increased 

production of TNF-α which was statistically significant to all other groups observed 

(Fig. 17a). Interestingly, production of TNF-α was observed to be slightly higher 

than previously observed in the cells treated with CpG 7909.  

Production of IL-6: Other proinflammatory cytokine IL-6 was also observed in the 

cell culture supernatant isolated after stimulating the THP-1 monocyte derived 

macrophages. The overall cytokine response for IL-6 was comparatively low and 

was not statistically significant among the negative groups and the transfected 

group. However, as expected cells on LPS exposure induced markedly high amount 

of IL-6 when compared to the R:D60 transfected group (Fig. 17b). The LPS induced 

cytokine response was statistically significant to the negative controls and 

treatment group.     

Production of IL-12: Secretion of IL-12 upon stimulation with R:D60 did not show 

significant result. The observed levels of IL-12 indicate negative response for the 

cytokine in the cells transfected with R:D60. Even when the cells were treated with 

different agents, the production of IL-12 remained negative. Likewise, negative 

values were observed in the cells treated with positive control, LPS (Fig. 17c). This 

finding is consistent with the previously observed response for IL-12 cytokine in  
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THP-1 monocyte induced macrophages treated with CpG 7909.  

These observations again implies that macrophages when transfected with R:D60 

stimulated production of TNF-α, while other cytokines were either low or 

completely remained undetected. The findings are not aligned with the hypothesis 

but show consistently similar results with both the immune stimulators, CpG 7909 

and R:D60.   

iii) GLOBO-H 

Production of TNF-α: The THP-1 monocyte induced macrophages were exposed to 

the carbohydrate antigen, GLOBO-H and allowed to release the proinflammatory 

cytokines. TNF-α was seen to be increasingly produced in the cells treated with the 

positive control, LPS. However, the induction of TNF-α declined in the cells exposed 

to Globo-H when compared to LPS treated group. A high degree of statistical 

significance was observed in the quantities of TNF-α released by cells treated with 

Globo-H and LPS (p<0.001) (Fig. 18a). Even though, no statistically significant 

difference was observed in the induction of TNF-α by the negative controls and 

Globo-H, the treatment with the latter produced a slightly more TNF-α than the 

negative controls.  

Production of IL-6: Along with the release of TNF-α, proinflammatory cytokine IL-6 

was also detected in the cells treated with Globo-H. Consistent with the previous 

data for the two immune stimulators, the cells treated with the positive control, LPS 

produced IL-6 in much higher quantities (Fig. 18b). The level of IL-6 produced in the 

treatment group was seen to be comparable to the amount produced in the negative 

control groups. Induction of IL-6 in negative controls was statistically insignificant 

when compared to production in Globo-H treatment groups. Whereas high 

statistical difference was observed in the LPS treated cells and the Globo-H treated 

cells.  

Production of IL-12: Production of IL-12 has been consistently remained undetected 

or negative in THP-1 monocyte induced macrophages regardless of the agent being 

used. Induction of IL-12 in the cells exposed to Globo-H antigen showed no different 

result than the previously used immune stimulators. Negative response of IL-12 was 

observed in the cells treated with negative controls, positive control, and the antigen 

and the data were not found to be statistically significant (Fig. 18c). 
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iv) Vaccine 

THP-1 induced macrophages were treated and transfected with each of the vaccine 

separately and allowed to release the cytokines at 37 °C for 18 hours.  

Production of TNF-α: Considerable production of TNF-α was observed when the 

cells were exposed to the each of the vaccine separately. When compared to the 

levels found in cells treated with CpG 7909 and R:D60 alone, TNF-α production was 

seen to decrease in the vaccine groups, whereas it was increased in comparison to 

the levels observed in cells when exposed to the antigen, Globo-H  (Fig. 19a). 

Significant amount of the cytokine was produced in the LPS treated group which was 

statistically different to the amounts produced in vaccine groups (p<0.05). Cytokine 

levels observed in the antigen treated group alone was highly significant to the 

values observed in LPS treated group (p<0.001), but no statistical significance was 

observed when compared to the negative control groups (p value>0.05). 

Additionally, quantities of TNF-α found in cells exposed to Globo-H cells were 

statistically significant to CpG 7909 and R:D60 treated cells groups alone (p<0.05). 

Interestingly, a statistical difference in TNF-α induction was observed between the 

cells transfected with hybrid-based vaccine and cells transfected with hybrid only 

(p<0.05) while no significant difference was observed in hybrid-based vaccine 

transfected group and antigen treated group (p>0.05). In addition, TNF-α detected 

in the treatment groups was statistically different to all the negative controls 

(p<0.05). LPS treated group was significantly higher than the other treatment 

groups and there was no statistical difference observed among the negative control 

group.  

Production of IL-6: IL-6 production in monocyte induced THP-1 macrophages when 

treated with positive control, LPS, showed an incredible when compared to the 

individual groups. In contrast to the significant difference observed in the positive 

control and the treatment groups, no statistical significance was observed in the 

negative control groups and the treatment groups (Fig. 19b). A similar trend was 

observed with the HG combination group when compared to the individual R:D60 

and Globo-H treatment group. As seen from the trend, there was a slight increase in 

the amount of IL-6 produced in both vaccines treated groups in comparison to the 

individual immune stimulator groups. This increase was also evident in the vaccines 

when compared to IL-6 induction observed in the cells exposed to Globo-H. 
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However, little significance of the data does not provide convincing evidence for the 

induction of IL-6 in all the treatment groups.    

Production of IL-12: As observed previously, the induction of IL-12 in THP-1 

monocyte induced macrophages has shown to be negatively values or remain 

undetected which is consistent in the vaccine treated cells (Fig. 19c). These findings 

suggest immune stimulators in combination with the antigen lose their ability to 

demonstrate an induction of an inflammatory response.  

Overall, exposure of THP-1 monocyte differentiated macrophages to vaccines 

induced a rise in TNF-α production, exhibited minimal levels of IL-6, and 

demonstrated a negative response of IL-12. These findings advocate that 

immunogenicity of the vaccine is higher than the antigen by itself. However, 

cytokine response of TNF-α was observed to be higher in RAW 264.7 cells and 

comparatively lower in induced THP-1 macrophages. 

5.2.3. THP-1 differentiated dendritic cells (DCs) 

Another phenotype of THP-1 human monocyte cell line is dendritic cells. THP-1 

monocyte cells were treated with a cocktail of cytokines and growth factors to 

induce mature dendritic cells (mDCs). These dendritic cells were exposed to all 

different test/treatment groups as well as the positive and negative controls. The 

cell culture supernatant was collected, and the induction of inflammatory response 

was investigated by testing the production of proinflammatory cytokines. As 

previously observed with the macrophages, the three proinflammatory cytokines 

including TNF-α, IL-6 and IL-12 were detected from supernatant pool.   

i) CpG 7909 

Production of TNF-α: Secretion of TNF-α in the cells treated with CpG 7909 did not 

show any significance. Upregulation of TNF-α was observed in the cells treated with 

LPS which was statistically significant to all the negative control groups as well as 

CpG 7909 exposed groups. Little induction of TNF-α was shown by CpG 7909 which 

was comparable to all the negative controls and showed no significance to the 

negative control data (Fig. 20a). These findings are in contrast to what has been 

observed in the stimulation of macrophages using the same concentration of CpG 

7909.
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Production of IL-6: As observed from the plot, induction of IL-6 was quantified to be 

the highest in LPS stimulated dendritic cells and showed high significance among all 

the groups. Secretion of IL-6 remained undetected in unstimulated cells, non-CpG 

control, and the negative control chloroquine (Fig. 20b). Additionally, cells treated 

with CpG 7909 did not produce any IL-6 as is evident from the undetected levels of 

IL-6 in previous observations.  

Production of IL-12: Dendritic cells exposed to CpG 7909 showed negative values 

for the induction of IL-12. This finding is consistent to the earlier results where THP-

1 induced macrophages also showed negative values for IL-12. Such a response was 

not only observed in cells treated with CpG 7909 but was also seen in the cells 

stimulated with positive and negative controls (Fig. 20c). Overall, the data did not 

show any statistical significance. 

ii) R:D60 

Monocyte induced mature dendritic cells were transfected with the immune 

stimulator R:D60 and allowed to release cytokines for 18 hours at 37 °C.  

Production of TNF-α: Induction of proinflammatory cytokine TNF-α was not 

particularly observed in the cells transfected with R:D60. The positive control, LPS, 

as expected showed a great increase in the production of LPS which was seen to be 

statistically significant when compared to the negative controls and the treatment 

group (Fig. 21a). Downregulation of TNF-α was demonstrated by the cells 

transfected with R:D60 hybrid which was not statistically significant to the negative 

control groups.  

Production of IL-6: Levels of IL-6 released by the cells transfected with R:D60 

remained undetected in the cell culture supernatant. The increase in the production 

in the cells treated with LPS was statistically significant to the treatment group. 

However, undetected IL-6 remained consistent in the negative control groups as 

well (Fig. 21b). None of the negative control groups were statistically significant 

among each other and to the R:D60 treatment group. 

Production of IL-12: Release of IL-12 by dendritic cells upon stimulation with R:D60 

was no different to what has been observed with CpG 7909. Negative values for IL-

12 production were observed in all the groups including the positive and negative 

controls (Fig. 21c). These finding does not align with the hypothesis of this study. 
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iii) Globo-H 

THP-1 derived  mature dendritic cells were exposed to the carbohydrate antigen for 

18 hours at 37 °C and the cell culture supernatant was detected for proinflammatory 

cytokines.  

Production of TNF-α: Secretion of TNF-α was observed in the positive control group 

on exposure to LPS which was seen to be statistically significant to all the negative 

control groups as well as the antigen group. The induction of TNF-α was down 

regulated on exposure to antigen TNF-α and remained undetected. There was no 

statistical significance observed among the negative control groups as well as in 

comparison to the antigen treated group (Fig. 22a). This indicates poor 

immunogenicity of the antigen in the dendritic cells.  

Production of IL-6: The cells exposed to the antigens did not show any upregulation 

of the proinflammatory cytokine IL-6. Only the groups treated with LPS, the positive 

control were seen to induce IL-6 in the dendritic cells. Production of IL-6 remained 

undetected in all the negative control groups as well as the antigen treatment groups 

(Fig. 22b). Statistical significance was only observed the cells treated with LPS and 

overall, no significance among the data was established.  

Production of IL-12: The production of IL-12 has been consistently seen to be 

provide negative values among the groups in dendritic cells. With the exposure to 

the antigen, the cells did not release IL-12 and showed negative result as is evident 

from the observed graph (Fig. 22c).  

iv) Vaccine 

Dendritic cells were treated with both vaccine formulations and allowed to produce 

proinflammatory cytokines.  

Production of TNF-α: Exposure of the cells to the vaccine formulation induced a 

certain amount of TNF-α which was observed to be higher than the amount induced 

by the treatment of cells with antigen and CpG 7909/ R:D60 alone. Significant 

amount of secretion was observed in the positive control group when the cells were 

treated with LPS (Fig. 23a). Release of TNF-α in the cells treated with LPS showed 

statistical significance when compared to all other groups (p<0.001). The data 

showed no statistical significance among CpG 7909 and R:D60 groups when used 
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alone or in a vaccine formulation with Globo-H. It was seen that R:D60 hybrid did 

not produce significant amount of TNF-α, however, when combined with Globo-H in 

a vaccine formulation, the production of TNF-α was increased and showed a positive 

response. Also, when compared to the CpG 7909 based vaccine group, the secretion 

of TNF-α by the cells transfected with R:D60 based vaccine was slightly higher. 

Nevertheless, there was no significance observed in the production of TNF-α by both 

the groups. 

Production of IL-6: Induction of IL-6 was only seen in the cells treated with LPS. The 

production of IL-6 in the vaccine treated groups did not show any different 

observation to the individual treatment group. None of the groups showed statistical 

significance except for LPS which was significantly different to all other groups (Fig. 

23b).  

Production of IL-12: Production of IL-12 has repeatedly been shown to produce 

negative values across all treatment groups in dendritic cell. The cells did not 

produce IL-12 after being exposed to both vaccines, resulting in a negative outcome, 

as shown in the graph (Fig. 23c). 

5.3. Gene expression of proinflammatory cytokines TNF-α, IL-6, and IL-12 in 

RAW 264.7 mouse macrophages 

5.3.1. Real time PCR analysis for gene expression in RAW 264.7 macrophages 

induced by CpG 7909 

RAW 264.7 macrophage cells were exposed to CpG 7909 and the positive and 

negative controls. The gene expression of proinflammatory cytokines after 

stimulation was detected by qPCR. 

Gene expression of TNFα: Exposure of RAW 264.7 macrophages to the positive 

control, LPS was observed to express highest amount of TNFα. There was an 8.5-fold 

increase in the expression of TNFα when cells stimulated with LPS were compared 

to unstimulated cells (Fig. 24a). The other negative controls did not show statistical 

significance in the expression of TNFα on comparison to the unstimulated cells. 

There was a slight increase observed in the expression of TNFα in the cells 

stimulated with CpG 7909 when compared to unstimulated control. However, the 

expression profile was quite low in comparison to LPS induced expression. While 

only LPS induced expression of TNFα showed statistical significance compared to
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negative control groups and the treatment group evidence suggest very little 

significance of CpG 7909 induced immune response. 

Gene expression of IL6: RAW 264.7 macrophages when stimulated with LPS showed 

elevated levels of expression of IL6 gene. The increase was 69-fold more than the 

levels observed in unstimulated cells. The expression of IL6 gene observed in CpG 

7909 treated cells was not much increased. It is observed from the data plot that 

CpG 7909 induced downregulation of IL6 gene and hence lower expression is 

associated with CpG 7909 group (Fig. 24b). No statistical significance was observed 

among the negative controls and the treatment group. However, the elevation 

observed in the positive control was highly significant to the other treatment 

groups.  

Gene expression of IL12A: It has been seen previously that RAW macrophages when 

exposed to CpG 7909 do not release high amounts of proinflammatory cytokine IL-

12. Similar findings in the gene expression analysis confirm that CpG 7909 regulates 

the induction and/expression of IL12A gene. When compared to the unstimulated 

cells, the treatment groups including the positive control, LPS does not demonstrate 

gene expression of proinflammatory cytokine, IL12A (Fig. 24c).  However, a very 

minute elevation was observed in the expression of IL12A when the cells were 

treated with CpG 7909 (Mean = 1.10) in comparison to the unstimulated cells (Mean 

= 1.00) which did not reach statistical significance.  

The gene expression profiles have shown consistent results to the production of the 

proinflammatory cytokines TNF-α, IL-6, and IL-12 which shows that CpG 7909 does 

not induce a strong immune response in  RAW 264.7 mouse macrophage cells.  

5.3.2. Real time PCR analysis for gene expression in RAW 264.7 macrophages 

induced by RNA:DNA hybrid (R:D60) 

Gene expression of TNFα: Stimulation of RAW264.7 macrophages to express TNFα 

by R:D60 show comparable results to those observed by stimulating the cells with 

CpG 7909. LPS induced expression of TNFα has been observed to incredibly high 

when compared to the unstimulated cells as well as the transfected cells. 

Transfection of R:D60 in the macrophage cell line has been observed to express 8.6 

times less TNFα than the positive control, LPS (Fig. 25a). The expression was 

observed to be slightly lower than unstimulated cells and established no statistical
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significance between the groups.  

Gene expression of IL6: In contrast to TNFα expression, cells transfected with R:D60 

showed a slight increase (mean = 1.13) in the expression of proinflammatory 

cytokine IL6 when compared to the unstimulated cells (mean = 1.00). However, the 

expression observed in LPS treated cells was significantly higher than that 

demonstrated by the hybrid group itself (Fig. 25b). The results in the treatment 

group did not reach statistical significance and demonstrate a low IL6 response. 

Gene expression of IL12A: The expression of IL12A was seen to peak upon 

transfection of RAW 246.7 macrophages by R:D60. The response generated by 

exposure to R:D60 was 2 times higher than the unstimulated cells. Also, the levels of 

expression were significantly different to the positive control, LPS which was 

observed to downregulate the expression of IL12A in mouse macrophages (Fig. 25c). 

Even though the results did not reach statistical significance, the level of expression 

of IL12A gene was observed suggesting the potential of immune stimulation by 

R:D60. Nevertheless, none of the treatment groups showed statistical significance.  

5.3.3. Real time PCR analysis for gene expression in RAW 264.7 macrophages 

induced by antigen, Globo-H 

Gene expression of TNFα: RAW 264.7 cells when stimulated with the carbohydrate 

antigen, Globo-H did not show the gene expression of TNFα analysed by qPCR. LPS 

control on the other hand showed a significant rise in the gene expression of TNFα 

which was statistically different to the elevation shown by Globo-H exposed group. 

While there was statistical significance was not reached by the negative controls and 

Globo-H treated group, there was a slight elevation observed in the response 

generated by exposure to the antigen group (Fig. 26a). These results suggest poor 

antigenicity of the antigen in mouse macrophage.  

Gene expression of IL6:  The gene expression of IL6 in the cells exposed to Globo-H 

antigen was statistically insignificant to the unstimulated cells. Macrophages 

exposed to LPS showed an expected 69-fold increase in the expression of IL6 in 

comparison to the unstimulated cells (Fig. 26b). There was no statistical significance 

observed in the cells treated with the negative controls and Globo-H treatment 

group.
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Gene expression of IL12A: RAW 264.7 macrophages stimulated with Globo-H 

antigen showed an incredible 15.8-fold increase in the expression of IL12A relative 

to the unstimulated cells. As seen from the graph, LPS seemed to regulate the 

expression of IL12A which has been mentioned previously for CpG 7909 and R:D60 

and is significantly lower to the level of expression observed in Globo-H treated 

group. This increase, however, did not reach statistical significance when compared 

to negative and positive control groups (Fig. 26c).  

5.3.4. Real time PCR analysis for gene expression in RAW 264.7 macrophages 

induced by CpG 7909 based vaccine and R:D60 based vaccine 

Gene expression of TNFα: RAW 264.7 macrophage cell lines when exposed to both 

the vaccines showed an increase in fold-change for the expression of TNFα relative 

to the unstimulated cells and the individual treatment groups. LPS stimulated 

macrophages showed a 9.5-fold increase in the expression of TNFα, as mentioned 

previously, but was not statistically significant to the expression induce by CpG 7909 

and R:D60 based vaccine combination (Fig. 27a). However, statistical significance 

was achieved by LPS when compared to the expression induced by negative control 

groups, unstimulated cells, and individual immune stimulators (CpG 7909 and 

R:D60). While no statistical significance was observed among individual immune 

stimulator groups and the vaccine groups, there is evidence suggesting slight 

increase in the expression of TNFα when the two are compared. It has also been seen 

that HG5 (R:D60 based vaccine) shows better response in the expression of 

proinflammatory cytokine TNFα than CG5 (CpG 7909 based vaccine), which is 

consistent with the earlier results observed for the production of TNFα in RAW 

264.7 macrophages.  

Gene expression of IL6: The macrophage cells stimulated with vaccines showed a 

decline in the expression levels of IL6. While RAW 264.7 cells treated with LPS 

showed spiking increase in the expression profile of IL6, the individual immune 

stimulator groups showed a small fold-change when compared to unstimulated 

cells. On the other hand, Globo-H by itself also stimulated the cells to express IL6 but 

the fold change was negligible relative to the unstimulated cells. Fold change 

expression of IL6 declined even more when CpG 7909 and Globo-H were used in a 

vaccine combination (Fig. 27b). Even though hybrid by itself was able to express IL6 

and showed a small increase in the level of IL6 expression, hybrid-based vaccine  
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displayed a decrease in the expression of IL6. These finding are consistent with the 

ELISA results produced earlier where the production of IL6 remained undetected in 

the cell culture supernatant. 

Gene expression of IL12A: Stimulation of RAW 264.7 macrophages with vaccines 

and with the individual treatment groups showed varying expression of IL12A. Cells 

exposed to Globo-H antigen only showed a 15.8-fold increase when compared to the 

unstimulated cells and was seen to be significantly higher when compared to the 

fold-change observed in R:D60 treatment group. Surprisingly, their combination in 

vaccine seemed to have declined the expression of IL12A (Fig. 27c). When detected 

for CpG 7909, not much of IL12A expression was observed in RAW 264.7 

macrophages. Considering the high increase demonstrated by Globo-H only, the 

antigen in combination with CpG 7909 is observed to decrease the expression of 

IL12A. Despite the levels of expression observed in Globo-H, both the vaccines did 

not show a significant rise in the expression of IL12A. However, none of the groups 

were able to reach statistical significance. 

The expression profiles of TNFα, IL6, and IL12A demonstrated varying observations. 

While the expression of TNFα has indicated an effective immune response generated 

by the vaccines, both IL6 and IL12A have been seen to be downregulated by the 

treatment with vaccines in RAW 264.7 macrophages. These findings only partially 

satisfy the hypothesis in terms of the expression of proinflammatory cytokines. 

5.4. Gene expression of proinflammatory cytokines TNF-α, IL-6, and IL-12 in 

THP-1 monocyte induced macrophages 

THP-1 monocyte differentiated macrophages were exposed to CpG 7909, R:D60, 

Globo-H, two different vaccines and the positive and negative controls. The gene 

expression of proinflammatory cytokines after stimulation was detected by qPCR  

5.4.1. Real time PCR analysis for gene expression in THP-1 derived  

macrophages induced by CpG 7909 

Gene expression of TNFα: As expected, the stimulation of THP-1 monocyte induced 

macrophages via LPS produced 3.5-fold increase in the expression of TNFα. 

However, the data did not prove to be significant to the unstimulated cells or any of 

the other negative controls (Fig. 28a). The fold change observed in the cells treated 

with CpG 7909 was similar to the unstimulated cells and no statistical significance  
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was seen among both the groups. Additionally, the expression was no different to 

the positive control, LPS as well. 

Gene expression of IL6: The expression of IL6 led to a positive fold change in the cells 

exposed to LPS which was seen to be 1.41 compared to the unstimulated cells (Fig. 

28b). The change did not reflect any statistical significance relative to the 

unstimulated cells or the negative control groups. Even with the treatment with CpG 

7909, human THP-1 monocyte derived macrophages showed a comparable change 

in the expression of IL6 gene. This data was not statistically significant to the fold 

change observed in the cells treated with LPS, negative controls as well as 

unstimulated cells.  

Gene expression of IL12A: Stimulation of human macrophages with LPS showed 

significant expression of IL12A which was 6635-fold higher than the unstimulated 

cells (Fig. 28c). This fold change was statistically significant to the unstimulated cells 

and the other negative control groups. The expression observed in the cells treated 

with CpG 7909 was 2.2-fold higher than the unstimulated cells and was statistically 

significant to the expression observed in the LPS treatment group. However, the 

relative expression of IL12A gene was not significant in the CpG 7909 treated group 

and the unstimulated or negative control groups.   

5.4.2. Real time PCR analysis for gene expression in THP-1 derived  

macrophages induced by R:D60 

Gene expression of TNFα: Transfection of THP-1 monocyte differentiated 

macrophages using R:D60 showed 1.5-fold increase in the expression of TNFα  when 

compared to the unstimulated control. LPS induced expression of the TNFα by the 

cells was observed to be 3.5-fold change which was statistically significant to the 

unstimulated cells (Fig. 29a). The data represents statistical significance with the 

LPS groups which is different to the R:D60 transfected group. However, no statistical 

significance was seen in the expression of TNFα among the negative control groups 

and the R:D60 transfected group.   

Gene expression of IL6: As observed previously with CpG 7909, transfection of 

human macrophages with R:D60 did not show a significant difference. Expression 

of IL6 was seen to have declined and was observed to be 0.9 in comparison to the 

unstimulated cells (Mean = 1.00) (Fig. 29b). The data did not show statistical 
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significance with the LPS treated group either. The cells treated with LPS were seen 

to express IL6 with a fold change of 1.4 relative to the unstimulated cells. None of 

the negative control groups were significantly different to the treatment group 

(R:D60) or the positive control (LPS).  

Gene expression of IL12A: The gene expression of IL12A was seen to be significantly 

higher in the LPS treated group when compared to the unstimulated group. This 

change was not only observed to be statistically significant to the unstimulated 

group or the negative control groups but was also seen to be different to the 

expression observed in the treatment group. Nevertheless, expression of IL12A was 

seen to be slightly higher in the R:D60 transfected cells which was 3.2-fold change 

when compared to the unstimulated cells (Fig. 29c). Although there was no 

statistical significance observed among the groups, the relative change in the 

expression of IL12A in the treatment group shows upregulation of IL-12 

proinflammatory cytokine.  

5.4.3. Real time PCR analysis for gene expression in THP-1 derived 

macrophages induced by the exposure to the antigen, Globo-H. 

Gene expression of TNFα: Stimulation of monocyte induced macrophages was 

observed to trigger the expression of TNFα in vitro by Globo-H. The fold change in 

the expression of TNFα demonstrated by Globo-H was 0.4 times higher than the 

unstimulated cells. Compared to the cells treated with LPS that showed 3.5-fold 

change in the expression of TNFα, the fold change observed in the Globo-H treated 

group is significantly lower (Fig. 30a). None of the negative control groups including 

the unstimulated cells, and the antigen group reached statistical significance except 

for LPS treated group (p<0.05).  

Gene expression of IL6: Consistent with the expression observed by the immune 

stimulator treated cells, Globo-H was also seen to be unable to induce the expression 

of IL6 (Fig. 30b). When compared to the upregulation of IL6 shown by the LPS 

treated group, the cells exposed to Globo-H did not show significant increase in the 

expression of IL6 gene. Even though there was some level of expression produced 

by LPS, the data displays statistical insignificance among all the control and the 

treatment groups.
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Gene expression of IL12A: The gene expression of IL12A observed in the cells on 

exposure to Globo-H showed a slight elevation when compared to the unstimulated 

cells. However, this increase was lower than the negative controls where non-CpG 

control showed 2.8-fold change and Globo-H exposed cells showed 1.8-fold increase 

in the expression of IL12A (Fig. 30c). However, this change was not statistically 

different to each other as well as to the unstimulated control. The expression 

observed in the cells treated with LPS, positive control was statistically significant 

to all the other experimental groups. 

5.4.4. Real time PCR analysis for gene expression in THP-1 derived 

macrophages induced by the treatment with vaccines.  

Gene expression of TNFα: The treatment of the cells with LPS has consistently shown 

an increase in the expression levels of TNFα. The 3.5-fold change observed in the 

cells treated with LPS is significantly different to the vaccine treatment groups. The 

expression levels demonstrated by CpG 7909 based vaccine has shown an increase 

compared to the CpG 7909 treatment group alone (Fig. 31a). On the other hand, the 

vaccine based on R:D60 has shown a decline in the expression levels of TNFα relative 

to the expression observed in the cells transfected with R:D60 alone. This finding 

was not statistically different to the unstimulated cells as well as among the vaccine 

treated groups. However, when compared to the positive control group the 

expression seen in the vaccine groups was statistically significant (p<0.05).  It was 

also observed that expression of TNFα in CpG 7909 based vaccine was higher than 

the antigen exposed groups, whereas R:D60 based vaccine showed a decline in TNFα 

expression when compared to the antigen group alone. The finding suggests that 

hybrid in combination with Globo-H seem to down regulate the expression of TNFα 

which is consistent with the results demonstrated by ELISA analysis.  

Gene expression of IL6: Stimulation of human macrophages by the vaccines has 

shown a different expression profile for IL6. The levels of IL6 expression observed 

in CpG 7909 based vaccine has shown to decrease in combination with Gobo-H 

which is in contrast to the finding of TNFα expression. However, the expression of 

IL6 in the R:D60 vaccine group demonstrated 1.6-fold increase when compared to 

the Globo-H only and hybrid only treatment group (Fig. 31b). This level was also 

seen to be higher than the expression observed in the positive control group. 
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Nevertheless, none of the experimental groups reached statistical significance even 

though the levels of IL6 expression were different among them. 

Gene expression of IL12A: Fold change in the expression of IL12A was seen to be 

statistically insignificant among all the experimental groups, except for LPS. The 

expression of IL12A gene by the vaccine treatment groups showed varying levels. 

CpG 7909 vaccine group was seen to express lower levels of IL12A than the CpG 

7909 and Globo-H treatment groups alone (Fig. 31c). In contrast, the hybrid-based 

vaccine displayed 3.9-fold increase compared to the unstimulated cells which was 

also slightly higher than the fold change observed in the hybrid treatment group 

alone (Mean= 3.2) and Globo-H treated group alone (Mean = 1.8). Nevertheless, both 

the vaccine treated groups did not show statistical significance among them.  

The overall findings demonstrated by the stimulation of THP-1 derived 

macrophages in the gene expression of proinflammatory cytokines is inconsistent 

with the ELISA analysis. Where TNFα has shown to be the most expressed gene, IL6 

has shown to be downregulated on stimulation with the treatment groups. ELISA 

analysis showed negative values for the production of IL-12, but the gene expression 

analysis showed upregulation of IL12A for R:D60 based vaccine as well as for LPS.   

5.5. Gene expression of proinflammatory cytokines TNF-α, IL-6, and IL-12 in 

THP-1 monocyte induced dendritic cells.  

Human THP-1 monocytes were differentiated into mDCs and exposed to CpG 7909, 

R:D60, Glob0-H, nucleic acid-based vaccines as well as the positive and negative 

controls. The cells were exposed for 18 hr at 37 °C in a humidified incubator. Cell 

culture supernatant was removed, and the cells were lysed for RNA isolation for the 

quantification of gene expression of proinflammatory cytokines via qPCR.  

5.5.1. Real time PCR analysis for gene expression in THP-1 derived  dendritic 

cells induced by CpG 7909 exposure 

Gene expression of TNFα: The stimulation of dendritic cells demonstrated a slight 

increase in the expression of proinflammatory cytokine TNFα when the cells were 

exposed to CpG 7909 (Fig. 32a). This expression of TNFα when compared to 

unstimulated cells was higher but not statistically significant. Furthermore, the level 

of expression was comparable to the negative control non-CpG and did not reach 

statistical significance. The extent of TNFα expression in dendritic cells was 



 

174 
 

quantified to be 6.3-fold higher on treatment with LPS relative to the unstimulated 

cells. The upregulation of TNFα gene via LPS was observed to be statistically 

significant (p<0.001) when compared to the gene expression observed on the 

treatment with CpG 7909 alone.  

Gene expression of IL6: Treatment of dendritic cells CpG 7909 alone did not show 

an elevated level of IL6 expression. When compared to the unstimulated group, the 

increase was observed to be 3.1-fold in the CpG 7909 treated group, whereas the 

level of cytokine expression demonstrated by the LPS treated group was highly 

significant and showed a 660.1-fold increase (Fig. 32b). Surprisingly, the negative 

controls non-CpG and chloroquine displayed an increase in the expression of IL6 

which does not satisfy the significance of the study. However, the values were not 

statistically significant and were comparable to the unstimulated cells. Statistical 

significance was only reached in the group of cells exposed to LPS.  

Gene expression of IL12A: Expression levels of IL12A were seen to be statistically 

insignificant in all the experimental groups. The cells treated with LPS showed a 

decline in the level of IL12A gene expression when compared to unstimulated cells. 

Astonishingly, the cells treated with negative control non-CpG was seen to have 

increase expression of IL12A which does not align with the expected results (Fig. 

32c). CpG 7909 treated cells did not show any elevation in the gene expression of 

IL12A but was seen to have higher expression than LPS treated group. Nevertheless, 

the treatment with all the experimental groups did not show statistical significance 

and hence do not align with the hypothesis of the study.  

5.5.2. Real time PCR analysis for gene expression in THP-1 derived dendritic 

cells induced by the transfection of R:D60. 

Gene expression of TNFα: The cells transfected with R:D60 produced certain level of 

expression of TNFα relative to the unstimulated cells but was not statistically 

significant. The elevated amount of TNFα expression observed in the cells treated 

with LPS was highly significant when compared to the unstimulated cells and the 

R:D60 transfected cells (Fig. 33a). The expression observed in the negative control 

groups in comparison to the non-stimulated group and the treatment group was 

statistically insignificant. 





 

176 
 

Gene expression of IL6: On transfection with R:D60 the expression of IL6 

demonstrated an increase of 6.8-fold when compared to the unstimulated cells. The 

cells when exposed to LPS showed an incredible increase in the level of expression 

of IL6 (Fig. 33b). Unexpectedly, the amount of expression observed in non-CpG 

control was higher than the amount detected in hybrid transfected cells. However, 

both the groups were comparable as they did not reach statistical significance. The 

only group that showed statistical significance was the LPS treated group which is 

660.1-fold increase than the unstimulated cells and the fold change was significant 

to all the other experimental groups.  

Gene expression of IL12A: As seen from the data, the gene expression of IL12A is 

evidently higher in hybrid transfected group in comparison to the non-stimulation 

control (Fig. 33c). LPS treated group has shown to downregulate the expression of 

IL12A relative to the unstimulated group and the stimulation of IL12A is seen to be 

lower than R:D60 treated group. However, the data does not provide statistical 

significance among the different experimental groups. Even though the expression 

of IL12A did not reach statistical significance in hybrid treated group, a little increase 

inclines towards slight stimulation of the dendritic cells. 

5.5.3. Real time PCR analysis for gene expression in THP-1 derived  dendritic 

cells induced by the exposure to Globo-H      

Gene expression of TNFα: The expression of TNFα in THP-1 derived dendritic cells 

showed a slight increase when exposed to the cancer antigen Globo-H. This increase 

was however comparable to the negative control groups and did not show statistical 

significance. When compared to the positive control, LPS, the 660.1-fold increase 

showed a significant difference in the expression levels displayed by Globo-H alone 

(Fig. 34a). The subtle increase in the expression of TNFα in dendritic cells on 

exposure to Globo-H shows poor stimulation of the cytokine by the selected antigen. 

Gene expression of IL6: Stimulation of dendritic cells on exposure to Globo-H 

displayed gene expression of IL6. The cells were also treated with LPS that has 

shown to highly stimulate dendritic cells as is evident from 660.1-fold increase in 

the expression of IL6 gene relative to the unstimulated cells (Fig. 34b). This increase 

is statistically significant to the fold change of 6.0 in the expression of IL6 as 

observed in the cells exposed to Globo-H. An increase in the amount of IL6 was also 
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observed in the cells treated with non-CpG control but the values were statistically 

insignificant when compared to the unstimulated control.  

Gene expression of IL12A: Relative to the non-stimulation control, the expression of 

IL12A in dendritic cells exposed to Globo-H showed a decreased level of IL12A gene. 

Moreover, a similar decline was observed in the cells treated with positive control 

LPS and hence the levels of expression in both the groups was comparable (Fig. 34c). 

Even though the levels in non-CpG control show slight increase in the expression of 

IL12A, the data showed no statistical significance among all the experimental 

groups.  

5.5.4. Real time PCR analysis for gene expression in THP-1 derived dendritic 

cells induced by the treatment of both nucleic acid-based vaccines 

Gene expression of TNFα: As observed previously in ELISA, TNFα has been 

consistently produced by the exposure to the vaccine immune stimulators as well as 

the vaccines itself. A positive regulation in the expression of TNFα in dendritic cells 

has been seen in R:D60 based vaccine group when compared to R:D60 group alone. 

The fold change observed in the R:60 vaccine treated group was 1.7-fold increase 

compared to the unstimulated cells (Fig. 35a). Moreover, the data presents a slight 

increase in the level of expression of TNFα in the hybrid-based vaccine  group when 

compared to Globo-H and R:D60 groups alone. While the hybrid-based vaccine 

demonstrated little stimulation of TNFα, the CpG 7909 based vaccine displayed 

downregulation of the cytokine expression. The expression levels of TNFα were seen 

to be no different in the Globo-H treated group and the CpG 7909 treated groups 

alone but in combination of a vaccine these downregulate the expression of TNFα. 

Although the levels of expression suggest that R:D60 based vaccine is slightly more 

stimulating than the CpG 7909 based vaccine, the data did not reach statistical 

significance. Expect for the LPS treated group which showed a great increase in the 

expression level of TNFα, none of the experimental groups reached statistical 

significance.    

Gene expression of IL6: Stimulation of THP-1 differentiated dendritic cells via 

transfection of hybrid-based vaccine has shown to express IL6. Previously it was 

observed that transfection with Globo-H or hybrid alone does not stimulate the gene 

expression of IL6. However, when combined in a vaccine formulation they have 

shown to synergistically enhance the expression of IL6. The fold change observed in 
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the gene expression of the cytokine in vaccine transfected cells is 32-fold when 

compared to the unstimulated cells (Fig. 35b). While the expression observed did 

not reach statistical significance, the level of gene expression is significantly higher 

than all the experimental groups except for LPS. On the contrary, the amount of 

cytokine expression in the CpG 7909 based vaccine was incredibly low when 

compared to the hybrid-based vaccine. Even when compared to the CpG 7909 and 

Globo-H only treated groups, the level of IL6 expression declined in the CpG 7909 

based vaccine group. Relative to the unstimulated cells, a little stimulation of IL6 by 

CpG 7909 based vaccine was observed by 3.3-fold increase. The statistical 

significance of the data was observed only in LPS treated group and unfortunately 

none of the vaccine groups reached statistical significance.  

Gene expression of IL12A: The gene expression analysis for IL12A revealed that 

treatment with R:D60 based vaccine demonstrates higher expression of IL12A when 

compared to the CpG 7909 based vaccine. The trend shows that CpG 7909 based 

vaccine downregulates the expression of IL12A when compared to the CpG 7909 and 

Globo-H only groups (Fig. 35c). Also, the expression has seen to be declined when 

compared to the no stimulation control. While the hybrid-based vaccine shows an 

increase in the amount of cytokine expression, the hybrid only group expresses 

slightly more IL12A in comparison. However, this increase is seen to be certainly 

more than Globo-H only group. Nevertheless, the LPS treated group displayed a 

negative regulation of IL12A and did not reach significance. All the experimental 

groups did not reach statistical significance but showed varying levels of expression 

which can be a point to consider.  

The overall data suggests some regulation of the proinflammatory cytokines in the 

dendritic cells. In all treatment groups where TNF-α was shown to be the most 

stimulated cytokine, its gene expression suggests otherwise. IL-6 displayed 

consistent results as it was undetected in the ELISA analysis which align with its low 

gene expression. Surprisingly, IL12A gene expression had varying results from that 

of the ELISA. The production of IL-12 showed negative values but its gene 

expression profile for all the treatment groups especially the vaccines have shown 

fold change increase. 
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Chapter 6 

Discussion of in vitro observations 
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This study has been designed to develop a cancer vaccine using potent immune 

stimulator that would trigger an innate immune response mediated by TLR9 

receptor recognition. It was hypothesized that a strong antitumour response will be 

generated when an immune stimulator binds to the TLR9 receptor thereby 

presenting antigen to the T cells via MHC II and activating them to induce a long-

lasting immunity. Cancer antigens by themselves are not highly immunogenic and 

require an immune modulator that can trigger a strong immune response to aid in 

the presentation of an antigen. Selection of an immune stimulator plays a crucial role 

in the development of a cancer vaccine. Therefore, two different immune 

stimulators were investigated in the current study with TACA, and their varying 

efficacy was analysed. This section is divided into two major sub-headings based on 

the two different types of immune stimulators used in this study. A comparison of 

both the stimulators alone and in combination with Globo-H has been done to 

analyse which one of the two can show better stimulatory properties.  

6.1. Analysis of CpG 7909 as an immune stimulator and its corresponding 

vaccine CG-Vax to induce an inflammatory response 

6.2. Analysis of RNA:DNA 60 (R:D60) as an immune stimulator and its 

corresponding vaccine HG-Vax to induce an inflammatory response 

The overall results from the mouse and human antigen presenting cell activation 

partially aligned with the said hypothesis in vitro. The secretion and expression of 

proinflammatory cytokines described a positive as well as negative immune 

regulation leading to unexpected results.   

6.1. Analysis of CpG 7909 as an immune stimulator and its corresponding 

vaccine CG-Vax to induce an inflammatory response 

6.1.1. Dose dependent response of CpG 7909 and the antigen Globo-H in vitro. 

Aim of this dose dependent study was to determine the lowest best possible dose 

that could initiate and accelerate an innate immune response in in vitro tissue 

culture. Macrophages are specialised cells that stimulate inflammatory responses by 

the release of various genes that encode for proinflammatory cytokines. Activated 

macrophages initiate a T-cell response which is responsible in generating immunity 

(Sanjabi et al., 2000). Therefore, RAW 264.7 mouse macrophage cell lines were 

chosen to determine the precise dosage of TLR9 agonist, CpG 7909 and cancer 
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antigen for the development of a cancer vaccine. It is known that TLR9 ligands 

trigger an inflammatory response which release proinflammatory cytokines such as 

TNF-α (Dowling & Mansell, 2016). Hence, secretion of proinflammatory cytokine 

TNF-α after stimulating mouse macrophages cells was the deciding factor in 

determining the potential dose for this vaccine study.  

RAW 264.7 cells were exposed to synthetic oligodeoxynucleotide (CpG 7909) which 

is a known TLR9 agonist that enhances inflammatory immune response (Murad et 

al., 2007) and has been recently approved as a vaccine adjuvant for infectious 

diseases and cancer    (Luchner et al., 2021; Speiser et al., 2005). The data observed 

for different dose concentrations for CpG 7909 did not show statistical significance 

among the tested doses. When the cells were exposed to increasing doses of CpG 

7909 the secretion of TNF-α increased for the first four doses of 0.5 µg/mL, 1 µg/mL, 

2 µg/mL, and 4 µg/mL respectively. This shows the dose dependent relationship of 

the four different doses of CpG 7909 suggesting that with an increase in CpG 7909 

dose, TNF-α production also increases. However, an unexpected drop in the 

secretion of TNF-α was observed when the dose was further increased by 2-fold. As 

the dose increased to 16 µg/mL, the production of TNF-α surprisingly increased, 

suggesting stimulation of an immune response. Since no statistical significance was 

observed between the doses of CpG 7909, the lowest stimulating dose for CpG 7909 

selected was at the concentration of 0.5 µg/mL. This is in comparison to a dose 

sparing study for CpG ODN, the adjuvant at 0.5 µg/mL showed increased levels of 

TNF-α suggesting that low levels of CpG DNA can induce a potent 

immunostimulatory response (Diwan et al., 2005). Nevertheless, it can be said that 

these results showed an unpredicted trend as a linear relationship was 

hypothesized for different concentrations of CpG 7909, but the results failed to 

demonstrate a meaningful activation of RAW 264.7 macrophages. It has been shown 

previously that bacterial lipopolysaccharide (LPS) induces a strong inflammatory 

response by binding to the TLR4 receptor on the cell surface. This binding triggers 

TNF-α response in vitro RAW 264.7 macrophages (Reis et al., 2011). Similar results 

were demonstrated in this study where LPS at 200 ng/mL incredibly induces the 

secretion of TNF-α when compared to other experimental groups.   

Globo-H is a type of tumour associated antigen (TAA) that falls under the category 

of tumour associated carbohydrate antigens (TACA). It is expressed exclusively in 

cancer cells and can serve to be a great antigen candidate for a cancer vaccine (Yang 
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et al., 2017). In this study, Globo-H was tested for its immunogenicity in RAW 264.7 

macrophage cells. At four different concentrations the immune response generated 

by Globo-H seemed to have varying stimulatory effects. TNF-α response was 

observed when the cells were exposed to 2 µg/mL up to a concentration of 250 

µg/mL with consistent fold increase of 5. While TNF-α production increased from 2 

µg/mL to 10 µg/mL, a drop was observed when the cells were treated with 50 

µg/mL of Globo-H. However, at a concentration of 250 µg/mL, Globo-H showed an 

increase in TNF-α secretion which was higher than the levels observed at a 

concentration of 50 µg/mL but lower compared to the levels observed with Globo-

H at 10 µg/mL. The data displays varying immune response with increasing 

concentrations. It has previously been demonstrated that higher expression or 

concentration of Globo-H is associated with tumour progression and anti-

inflammatory response (Yu et al., 2020). Therefore, downregulation of 

proinflammatory cytokine could be attributed to the immune suppression induced 

by Globo-H (Tsai et al., 2013). Since Globo-H can induce regulatory mechanisms at 

higher doses, we decided to find an appropriate dose between 2 µg/mL to 10 µg/mL. 

The lower dose of 2 µg/mL produced small amount of TNF-α relative to 10 µg/mL. 

Hence, a random dose of 5 µg/mL was examined to observe TNF-α response. 

Interestingly, strong stimulation of RAW 264.7 cells was detected when the cells 

were exposed to Globo-H at 5 µg/mL. The levels of TNF-α were incredible significant 

to the amount produced on exposure to Globo-H at 2 µg/mL. Even though Globo-H 

at 5 µg/mL produced slightly higher TNF-α relative to Globo-H at 10 µg/mL, there 

was no statistical significance observed between the two doses. As stated before, 

Globo-H at higher concentrations can induce immunosuppressive mechanisms, 

hence, Globo-H at 10 µg/mL was disregarded and a dose of 5 µg/mL was determined 

to be optimum concentration for the development of nucleic acid plus carbohydrate 

cancer vaccine. Nevertheless, a larger sample size and a broad range of 

concentrations may have facilitated the data to be more precisely evaluated and 

statistically validated.  

6.1.2. Production and expression of proinflammatory cytokines induced by 

vaccine adjuvant (CPG 7909), antigen (Globo-H), and developed vaccine 

(CG-Vax) in immune cells in vitro. 

Succeeding the determination of optimum doses for CpG 7909 and cancer antigen 

Globo-H, a novel vaccine candidate utilising both agents was developed. 
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Formulation consisted of the vaccine adjuvant CpG 7909 at 0.5 µg/mL and Globo-H 

at 5 µg/mL. Two types of immune cells including macrophages and dendritic cells 

were exposed to the adjuvant, antigen, and the combined vaccine separately to 

determine the extent of inflammatory response in vitro via induction of three 

different proinflammatory cytokines namely TNF-α, IL-6, and IL-12. RAW 264.7 

mouse macrophages, human THP-1 monocyte induced macrophages, and human 

THP-1 monocyte derived mature dendritic cells were the three types of antigen 

presenting cells utilised to determine the immune response induced by CpG 7909 

based cancer vaccine.    

a) Secretion and expression of proinflammatory cytokines in the cell 

culture supernatant on exposure to CpG 7909, Globo-H, and CG-vax in 

RAW 264.7 mouse macrophages 

Secretion of proinflammatory cytokines upon stimulation of RAW 264.7 cells by CpG 

7909 did not produce significant results. It was demonstrated that TNF-α response 

induced by CpG 7909 was comparable to the response observed in the unstimulated 

cells and negative controls. Similar observations were made with respect to the 

release of another proinflammatory cytokine IL-6. These responses were 

significantly lower than the stimulation displayed by positive control, LPS. The 

observed data in this study is contradicting to the established investigations as 

studies have demonstrated high stimulatory activity of CpG DNA facilitating the 

release of proinflammatory cytokines which allows the adjuvant to induce cellular 

and humoral responses (Krieg, 2002; Murad et al., 2007). Expression of TNFα and 

IL6 remained low and did not show upregulation of the corresponding cytokine. The 

fold change in the expression of TNFα induced by positive control (LPS) does not 

match the marked increase in the TNF-α secretion on exposure to LPS. In contrast, 

the expression of IL6 gene validates the level of IL-6 cytokine produced in RAW 

264.7 macrophages and suggested that exposure to CPG 7909 does not induce IL-6 

mediated inflammatory responses. While TNF-α and IL-6 hardly showed any 

elevation, IL-12 was observed to induce some level of activation in RAW 264.7 

macrophages when compared to the positive control. The data however did not 

show statistical significance and had high standard deviation among the sample set. 

Perhaps large number of samples and a more sensitive assay may provide a better 

outlook for induction of IL-12. It is obvious from a previous study that synthetic 

unmethylated CpG ODN induced inflammatory responses that release TNF-α, IL-6, 
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and IL-12 and enhances the immune function of RAW 264.7 macrophage cells 

(Crabtree et al., 2001). When IL12A gene expression was observed in RAW 264.7 

macrophage cells, the data showed a strange trend. The gene expression in negative 

controls was higher when compared to the treatment group CpG 7909 and the 

positive control. This is in conflict to the data observed to produce IL-12 where CpG 

7909 showed slight stimulation of the cytokine. Unfortunately, the data from our 

study showed inconsistent observations and did not enhance the proinflammatory 

cytokine response in mouse macrophage cell culture. Even though real-time PCR 

analysis is much more sensitive assay, it produced no significance for the observed 

data which nullified our hypothesis of high stimulatory effects of CpG 7909 in mouse 

macrophage cell lines. This can be owed to the fact that type B CpG 7909 is optimised 

for interacting with human TLR9 receptor (Radovic-Moreno et al., 2015).  

On the other hand, stimulation of RAW 264.7 macrophage cells have shown some 

interesting results on exposure to Globo-H antigen. Globo-H is generally present in 

endothelial cancer cells including NSCLC and is originated from human breast 

cancer cell line MCF-7 (Yang et al., 2017). The findings of our current study showed 

that Globo-H is quite stimulating for most of the tested doses which, however, 

contrasts with many studies explicitly stating that Globo-H has low immunogenicity 

and does not induce a potent immune response (Lee et al., 2014; Zhai et al., 2021). 

Some studies have also investigated whether extent of its expression produces 

immunomodulatory effects in the tumour microenvironment (Yu et al., 2020). 

Unlike CpG 7909, Globo-H has shown to secrete higher amounts of TNF-α which was 

nevertheless comparatively lower to the secretion observed with LPS. Secretion of 

TNF-α by Globo-H was statistically significant when compared to the positive and 

negative controls suggesting that this antigen can induce an immune stimulatory 

response in RAW 264.7 macrophages. Levels of TNF-α protein interpreted from 

ELISA show a potential immune response but TNFα gene relatively showed minimal 

expression in the cells. In contrast to the TNF-α findings, induction of IL-6 in 

response to Globo-H activated RAW 264.7 macrophages, was not significant. Release 

of IL-6 was highly significant for the LPS induced stimulation when compared to the 

Globo-H stimulated cells. Similar consistency was observed in the expression profile 

of IL-6 cytokine. Fold change in gene expression of IL6 was not significant which 

certainly is in accordance with its low protein secretion. This suggests that IL-6 

mediated inflammatory response was not stimulated by the RAW 264.7 cells on 
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exposure to Globo-H antigen. However, this was not observed in the secretion of IL-

12. Although the secretion levels of IL-12 were quite low in number, its production 

was higher in Globo-H stimulated cells than in LPS stimulated macrophages. 

Nonetheless, the data did not reach statistical significance and high variance was 

observed among the data sets and sample sets. Better interpretation of IL-12 

cytokine may require a larger number of samples to avoid variance and produce 

statistical significance. Where the gene expression of two cytokines (TNF-α and IL-

6) did not show increased fold change, IL12A gene expression was increased 

significantly in RAW 264.7 macrophages. This fold change was markedly higher 

when compared to the unstimulated cells as well as to the LPS control. Nevertheless, 

the fold change suggests the potential of an immune response generated by Globo-

H in relation to the positive control which can be tested further with a larger range 

of sample sets. Interestingly, the ELISA analysis from the activation of RAW 264.7 

macrophages by Globo-H does not align with the gene expression profiles of Globo-

H induced immune response, except for IL-6. 

For a successful cancer vaccine candidate, a potent immune stimulator (or adjuvant) 

is necessary to overcome the poor immunogenicity of the target antigen and 

enhance an immune response (Banday et al., 2015). Based on well-known 

established bacterial vaccine adjuvant, CpG, a vaccine candidate, CG-Vax, was 

formulated using Globo-H as the antigen (Murad et al., 2007). This is a novel vaccine 

that utilises CpG 7909 in combination with Globo-H as a pan antigen to target 

various epithelial cancers. The immunostimulatory properties of CG-Vax was 

investigated in vitro in RAW 264.7 macrophages and compared to the stimulation 

generated by individual agent. CG-Vax showed an increase in the stimulation of TNF-

α in RAW 264.7 macrophages. It is evident from the trend that CG-Vax can elicit a 

higher immune response when compared to the adjuvant and antigen alone. Even 

though Globo-H showed higher stimulation of TNF-α in mouse macrophages than 

CpG 7909 alone, the activated response is much lower in comparison to CG-Vax. This 

suggests that both CpG 7909 and Globo-H in combination enhance the inflammatory 

response in mouse macrophages. Furthermore, it can be said that where CpG 7909 

based vaccination has been already in clinical trials (Murad et al., 2007), this vaccine 

adjuvant in a novel combination with Globo-H has the potential to target cancer cells 

that express Globo-H. Cytokine secretion induced by CG-Vax in RAW 264.7 

macrophages was validated by real-time PCR where an increase in fold change of 
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TNFα gene expression was observed which is consistent to ELISA results. This 

increase was found to be more than the expression induced by individual agents 

alone. Even though the expression of TNFα did not reach statistical significance, the 

findings suggest an induction of inflammatory response in RAW 264.7 macrophages 

upon treatment with CG-Vax. On the contrary, release of the proinflammatory 

cytokine, IL-6 remained undetected and did not show any sign of activation in CG-

Vax treated RAW 264.7 macrophages even when compared to the individual groups. 

This suggests that neither of the individual agents nor the vaccine candidate 

stimulates IL-6 in mouse macrophages. A study demonstrated that bacteria and its 

products can induce the synthesis of certain proinflammatory and anti-

inflammatory cytokines. It also demonstrated that supernatant from heat 

inactivated bacteria when incubated with RAW 264.7 cells failed to induce a 

significant production of IL-6 (Jorjão et al., 2015) and it has been identified that CpG 

DNA is an active ingredient of bacterial lysates (Poth et al., 2010). Therefore, one can 

undoubtedly say that activation with bacterial lysates or similar synthetic agents 

(CpG 7909 in this case) may not be able to produce IL-6. The expression of IL6 

verifies this theory when CpG 7909 only treated group showed negligible expression 

of IL6. The expression in Globo-H treated cells was only slightly higher than the CpG 

7909 treated group. The gene expression observed for IL6 was observed to be 

extremely high in LPS treated cells. While the Globo-H only group showed slight fold 

change relative to the unstimulated cells, this fold change seemed to have declined 

in CG-Vax group in comparison to Globo-H group. It is obvious that when these 

factors were combined, IL6 expression was either repressed or downregulated. in 

RAW 264.7 macrophages. This is in accordance with the ELISA results which 

showed undetected IL-6 protein in the cell culture supernatant. Additionally, the 

secretion of IL-12 in RAW 264.7 macrophages with the treatment of CG-Vax did not 

show significance. The level of cytokine secretion was observed to be higher than 

the individual groups and the positive control, but the production of IL-12 remained 

low. The observations might provide little information that the CpG 7909 and Globo-

H in combination can actively enhance IL-12, their insignificance and high variance 

does not satisfy the hypothesis. However, a more sensitive assay and a larger data 

set can be employed to understand IL-12 activation. Gene expression of IL12A also 

demonstrated comparable results to that observed with the release of protein IL-12. 

Globo-H appeared to outnumber the expression of IL12A observed in LPS-
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stimulated RAW 264.7 macrophages. Even though there was an incredible fold 

change in Globo-H treated group, none of the other groups showed significance. The 

vaccine treated group did not show any elevation in the expression of IL12A 

indicating downregulation of IL12A in RAW 264.7 macrophage cells. As discussed 

earlier, the high variance of the data does not corroborate with statistical 

significance and detail analysis for the production and expression of IL12A may be 

performed to validate the study further.                      

b) Secretion and expression of proinflammatory cytokines in the cell 

culture supernatant on exposure to CpG 7909, Globo-H and CG-Vax in 

human THP-1 monocyte induced macrophages. 

CpG DNA has been a very well identified vaccine adjuvant for cancer vaccines that 

activates immune system via Th-1 response as discussed (Krieg, 2002). Upon 

exposure to CpG 7909, THP-1 cells induce various cytokines including 

proinflammatory proteins such as TNF-α, IL-6 and IL-12, and anti-inflammatory 

genes such as LxR, IL-10 receptor (Kuo et al., 2005). In this study we have already 

seen that type B CpG 7909 hardly stimulates mouse RAW 264.7 macrophages. This 

low stimulation can be attributed to the characteristic of CpG 7909 that it has only 

been optimised for human immune cells and is a ligand for human TLR9 (Radovic-

Moreno et al., 2015). Therefore, we investigated its response in human THP-1 

monocyte induce macrophages. It was observed that CpG 7909 was able to elicit a 

TNF-α response in human macrophages which was approximately 10 times higher 

than that observed in RAW 264.7 cells. The findings were statistically significant and 

thus aligns with the notion that CpG 7909 works in human immune cells. The gene 

expression of TNFα does not corroborate with its protein production. There was no 

significance found among the experimental groups except for LPS. Release of IL-6 

cytokine was similar with our previous data observed in RAW 264.7 macrophages. 

No IL-6 production was shown by CpG 7909 treated THP-1 induced macrophages in 

the cell culture supernatant. Where IL-6 is highly released during an initial 

inflammatory response, it has been found that longer exposure of THP-1 cells to CpG 

ODN release regulatory genes that inhibit IL-6 secretion (Kuo et al., 2005). It can 

therefore be said that 18-hour exposure of THP-1 macrophages to CpG 7909 release 

some negative regulators of inflammatory response that may inhibit the production 

of proinflammatory cytokines. Also, gene expression of IL6 did not yield any 

information on the activation of an immune response generated by CpG 7909. This 
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is consistent to protein secretion and suggests that proinflammatory cytokine IL-6 

was not active during the reaction. The release of IL-12 upon exposure to CpG 7909 

exhibited values on the negative scale. This data is surprisingly negative and 

unexpected as THP-1 cells are known to produce a small inflammatory response to 

CpG ODN (Kuo et al., 2005). Till date none of the studies have reported negative 

values for IL-12 secretion following an inflammatory response. However, a previous 

study showed low or no production of IL-12 following stimulation of monocyte 

derived macrophages which was described as an effect of TNF-α induction that 

inhibits IL-12 secretion in macrophages (Ma et al., 2000). Additional study reported 

that TNF-α negative mice compared to TNF-α positive mice show higher production 

of IL-12 cytokine (Hodge-Dufour et al., 1998). This possibly explains the variation 

observed in IL-12 secretion in test macrophage cell lines in this study. Further 

induction of certain inhibitory mechanisms can be evaluated to explain the negative 

response generated by human macrophages. The gene expression of IL12A did not 

show negative values but showed no expression. These findings indicate negligible 

IL12A and supports that IL-12 was not produced or is being inhibited in the cells 

upon exposure to CpG 7909.  Our data shows the mRNA expression profiles after 18-

hour of incubation of the cells with CpG 7909. It has been seen that mRNA 

expression level is transient and changes with shorter or longer exposure to an 

agent (CpG 7909) which modulates the biological functions in the cell (Kuo et al., 

2005). This has also been evidenced in a study where it was found that levels of 

mRNA expression declines over time (Kwon et al., 2003). This suggests that 18-hour 

time point to analyse the gene expression is not optimal.  

A small increase in the production of TNF-α was observed when human 

macrophages were exposed to Globo-H. This increase was not significant when 

compared to the unstimulated cells but was quite low relative to the positive control. 

This shows that Globo-H by itself produces a low immune response in human 

immune cells as it is a poor antigen (Yu et al., 2020). Studies have been done to 

increase the immunogenicity of this TACA by conjugation of a potent immunogen to 

elicit an increase response against the antigen (Danishefsky et al., 2015; Slovin et al., 

1999). To substantiate these observations, real-time PCR analysis was performed to 

confirm the gene expression of proinflammatory proteins. The observations from 

gene expression profiles uphold the results demonstrated by ELISA analysis. TNFα 

expression seemed to be comparatively low and does not contribute to the notion of 
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increased immune response. Antigenicity of Globo-H was also investigated by 

release of IL-6. It was observed that Globo-H failed to induce IL-6 in THP-1 induced 

macrophages. This aligns with our previous finding that IL-6 is not produced in THP-

1 induced macrophages even with an immune stimulator CpG 7909. Even with the 

gene expression of IL6 Globo-H expressed comparable levels of IL6 to the 

unstimulated cells. This implies that Globo-H does not express IL6, which is 

consistent with the downregulation of cytokine production revealed by ELISA assay. 

Nevertheless, the induction of third important cytokine in an inflammatory 

response, IL-12 seemed to show negative values upon exposure to Globo-H in THP-

1 macrophages. These findings suggest that Globo-H by itself does not produce a 

potent inflammatory response and may require a carrier or a vaccine adjuvant to 

elicit a genuine T-cell response in human macrophages. The outcomes align with 

protein secretion where the cytokine release was not significantly different. IL12A 

expression produced by LPS, on the other hand, seemed to be very high and did not 

match the observed cytokine production in the cells. These observations support 

our idea, indicating that Globo-H is poorly immunogenic and requires an immune 

stimulator to be presented to activate an antigen-directed Th-1 immune response.  

Globo-H was combined with the immune stimulant CpG 7909 to see if a response 

could be elicited in human macrophages when both were used together in a vaccine 

formulation. Contrasting to our theory, immune response generated by CG-Vax by 

the production of TNF-α was downregulated. The response in comparison to Globo-

H only treated group was slightly higher but when compared to CpG 7909 group 

only, the response relatively declined. However, when their expression profiles 

were examined, there was a relative spike in the expression of TNFα. CG-Vax 

demonstrated increase in the expression of TNFα when compared to both the 

treatment groups alone. However, this increase was not significantly different but 

the whole data demonstrating the production and expression of TNFα are in conflict. 

On the other hand, IL-6 cytokine secretion exhibited slight increase in the amount 

of cytokine release. This increase did not show any significance and was hardly 

different to the individual groups. When seen for IL6 expression, the fold change 

demonstrated downregulation of IL6 gene expression in CG-Vax treated THP-1 

induced macrophages. Nevertheless, the release of IL-12 remained consistent with 

previous findings and showed negative results which does not seem to fit our 

current hypothesis. Since none of the studies have found negative values for IL-12 
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for a cancer vaccine response, we do not have a proper explanation for the observed 

results. Consistent to the findings in CpG 7909 and Globo-H only cells, IL12A 

expression was high by LPS treated cells. Whereas no expression for IL12A was 

observed in vaccine treated cells. The induction and expression profiles do not 

match with each other and conflict our study. Previously, CpG 7909 has 

demonstrated to be a potent immune stimulator but in THP-1 induced macrophages 

our study shows otherwise (Radovic-Moreno et al., 2015). Due to its activating 

properties, CpG 7909 is being administered as a vaccine adjuvant in various clinical 

trials (Murad et al., 2007). In addition, Globo-H has also been used in conjugate 

vaccines and is being tested in several clinical trials (Danishefsky et al., 2015). It 

seems even though CpG 7909 and Globo-H provide good targets for a vaccine 

candidate, they do not work in synergy to elicit an immune response rather initiate 

a downregulation of inflammatory response in human macrophages in vitro. Further 

studies to evaluate their mechanism inside the cell might provide a better 

understanding of their response in vitro. However, our study also sheds light on 

their action in in vivo animal model which has been discussed in further chapters.                   

c) Secretion and expression of proinflammatory cytokines in the cell 

culture supernatant on exposure to different agents in human THP-1 

monocyte induced dendritic cells 

Following our observations in macrophages it is clear that CpG 7909 in combination 

with Globo-H downregulates an inflammatory response. Previous studies illustrate 

that CpG 7909 is a well-tolerated and a potent vaccine adjuvant that triggers an 

immune response (Radovic-Moreno et al., 2015) and Globo-H is known to enhance 

an immune response in combination with an immunological adjuvant (Lee et al., 

2014; Livingston, 1995). In a vaccine combination, our results with macrophages 

clearly demonstrate otherwise and therefore, we tried to analyse the potential of 

both the agents individually as well as in a vaccine combination in advanced 

professional antigen presenting cells i.e., human dendritic cells (Kadowaki et al., 

2012). THP-1 human monocytes were differentiated into dendritic cells and used 

for analysis.  

Induction of TNF-α in THP-1 derived dendritic cells upon exposure to CPG 7909 

seemed to be low. In comparison to the secretion of TNF-α by LPS, the cytokine 

production in CpG 7909 treated cells was not significant. When analysed for TNFα 
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gene expression, the results did not demonstrate statistical significance and thus 

were consistent with the production of this proinflammatory cytokine. This finding 

suggests that CpG 7909 does not produce a potent inflammatory response and 

displays its poor immunogenicity in dendritic cells as well. Nevertheless, our THP-1 

derived dendritic cells displays a phenotype of mDCs and they are close to 

macrophage like dendritic cells (described previously). The induction of TNF-α has 

been profoundly found to be activated by CpG ODN in only pDCs or plasmacytoid 

DCs (Krieg, 2002; Kwon et al., 2003). It can therefore be concluded that our results 

are comparable to the established literature for the TNF-α mediated stimulatory 

properties of type-B CpG 7909 that do not activate mDCs (Krieg, 2002). The 

induction of IL-6 cytokine in dendritic cells was not different to the results observed 

in macrophage cells. Only difference was that CpG 7909 stimulated DCs did not show 

any production of IL-6 in the cells whereas, some level of IL-6 activation was seen in 

macrophage cells. Same was true for IL6 gene expression where CpG 7909 treated 

group did not show noticeable fold change compared to the positive control. 

However, there was a distinguishable change observed in LPS treated group which 

can be possible due to its recognition by TLR4 and different kinetics in immune cells 

(Hartmann & Krieg, 1999). CpG ODN have been previously determined to evoke IL-

12 response in immature dendritic cells (Kuo et al., 2005). However, in mDCs this 

activation was found to produce negative values. Even though the gene expression 

of IL12A showed some stimulation, it is in conflict to the negative values obtained 

for the production of IL-12 in dendritic cells. These results do not satisfy the 

hypothesis of this study and eliminates the possibility of immune activation by CpG 

7909 in THP-1 derived mDCs. Besides, the activation of proinflammatory cytokines 

by CpG ODN has been seen in pDCs or immature DCs (Hartmann & Krieg, 1999; 

Krieg, 2002). Conversely, CpG DNA has been found to induce an mDC subtype when 

exposed to human monocyte cells (Speiser et al., 2005).   

The existing literature exhibits the potential of Globo-H to be poorly immunogenic, 

T-cell independent which is unable to elicit a cytotoxic immune response (Zhou et 

al., 2015). It was observed that Globo-H produced visible quantities of 

proinflammatory cytokines than the immune stimulator in macrophage cells. In 

dendritic cells, this response was seen to downregulated. The activation of TNF-α 

was not observed in the cells treated with Globo-H. In addition, it was also seen that 

Globo-H induced expression of TNFα was not enhanced when compared to the 



 

195 
 

unstimulated cells. This aligns with the fact that Globo-H is not an activator of TNF-

α mediated response. Since Globo-H does not produce inflammatory response in 

immune cells, it requires an adjuvant to enhance its immunogenicity to mediate a T-

cell response. A study demonstrates that utilising a glycolipid adjuvant to target 

CD1d receptor on DCs can enhance Globo-H presentation and activation of T-cells 

(Danishefsky et al., 2015). In addition to the observations for TNF-α, induction of IL-

6 in Globo-H exposed mDCs did not provide much information on its stimulatory 

effects. The secretion remained undetected for the cytokine in Globo-H exposed DCs. 

The corresponding gene expression of IL6 verified that the production was either 

downregulated or negatively inhibited in DCs. These results corroborate with the 

findings to IL12A expression in DCs where the expression of IL12A in Globo-H 

exposed DCs was found to be downregulated when compared to the unstimulated 

cells. Negative values observed for IL-12 secretion does not contradict with the 

expression of IL12A. These results provide convincing evidence that Globo-H is 

poorly immunogenic in THP-1 derived mDCs that aligns with our theory and the 

existing literature. As per the literature, it is claimed that an immune adjuvant would 

enhance its immunogenicity in a vaccine combination (Danishefsky et al., 2015; Lee 

et al., 2014; Zhou et al., 2015).        

In combination with CpG 7909, the antigen showed slight increase in the production 

of TNF-α. Previously we found that CpG 7909 and Globo-H alone were not able to 

induce TNF-α, whereas in combination both the agents induced some level of 

activation synergistically which, however, was not significantly different to 

unstimulated cells. As per the literature, an immune stimulator in combination with 

Globo-H could produce high level of TNF-α provided the adjuvant used is potentially 

stimulating (Zhou et al., 2015). The immune stimulator used here has proven to have 

stimulating properties (Murad et al., 2007) but did not produce TNF-α response in 

DCs in this study. However, the expression of TNFα was downregulated when 

compared to CpG 7909 and Globo-H only exposure of THP-1 derived DCs. This 

verifies our prior finding that in combination both these agents downregulate a 

TNF-α mediated immune response. Nevertheless, the stimulation of the DCs with 

CG-Vax did not show any production of IL-6 cytokine either. In corroboration with 

our earlier findings, IL-6 remained undetected in the cell culture supernatant with 

CG-Vax. Furthermore, IL6 gene expression supports these observations, wherein IL6 

expression showed negligible increase relative to the negative control. The release 
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of IL-12 was once again found to produce negative values in the cells treated with 

the vaccine. IL12A expression nevertheless showed a potential increase in the 

positive control, the vaccine group was determined to initiate downregulation of 

IL12A. These results suggest that in a vaccine combination, neither of the two agents 

trigger an immune response which is in opposition to our current hypothesis. A 

further investigation for the kinetics of individual agents may verify their potential 

immune response in tissue culture.       

6.2. Analysis of RNA:DNA 60 (R:D60) as an immune stimulator and its 

corresponding vaccine HG-Vax to induce an inflammatory response 

6.2.1. Dose dependent response of RNA:DNA hybrid in vitro. 

Utilisation of RNA:DNA hybrid to stimulate an inflammatory response is a novel 

approach to cancer vaccinations. Only a single study led by Rigby and colleagues has 

previously demonstrated its efficacy as a PAMP for TLR9 receptor which on 

recognition induces a potent inflammatory response (Rigby et al., 2014). In this 

study we evaluated the levels of TNF-α secretion using five different doses of 

RNA:DNA hybrid to obtain an effective dose for vaccine formulation. RAW 264.7 

macrophage cells were transfected with different doses of the hybrid that 

demonstrated to produce comparable levels of TNF-α. These values were in the 

range of 32.76 pg/mL to 47.34 pg/mL and there was no significant difference 

observed in the secretion of the cytokine among several concentrations of R:D60. 

However, the highest amount of cytokine production was observed in the cells 

transfected with 150 ng/mL of R:D60 which is in contrast to the concentration 

previously evaluated by Rigby et al (Rigby et al., 2014). It has been demonstrated 

that liposomal transfection agent (LTX) does not interfere in the induction of 

proinflammatory cytokines which has also been observed in this study (Rigby et al., 

2014). The levels of activation using only the transfection agent (Lipofectamine 

LTX) are not significant when compared to the levels observed in liposomal 

mediated R:D60 transfected cells. Nonetheless, a liposomal carrier is necessary as it 

leads the hybrid to the endosomal compartment of an immune cell where it can bind 

to the TLR9 receptor and trigger an immune response. As seen earlier, LPS induced 

activation of the macrophage cell line is significantly higher suggesting the 

immunostimulatory properties of LPS.  
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6.2.2. Production and expression of proinflammatory cytokines induced by 

immune stimulator RNA:DNA hybrid and the corresponding vaccine 

candidate in immune cells in vitro. 

Following the discovery of the optimal dosages for RNA:DNA hybrid and previously 

observed doses for cancer antigen, Globo-H, a new vaccination candidate combining 

the two agents was created. The immune stimulator used in the vaccine was 

RNA:DNA hybrid at 150 ng/mL and Globo-H was at a concentration of 5 µg/mL. 

RAW 264.7 mouse macrophages, human THP-1 monocyte induced macrophages, 

and human THP-1 monocyte induced dendritic cells were transfected with the 

immune stimulator, exposed to the antigen, and transfected with the combined 

vaccine separately to determine the extent of inflammatory response in vitro. 

Consistent to CpG 7909 analysis, induction of three different proinflammatory 

cytokines, TNF-, IL-6, and IL-12 was investigated to analyse the immune response 

triggered by R:D60-based cancer vaccine.  

a) Secretion and expression of proinflammatory cytokines in the cell 

culture supernatant on exposure to RNA:DNA hybrid and HG-vax in RAW 

264.7 mouse macrophages 

A 60-mer RNA:DNA hybrid (R:D60) is another immune stimulator that has 

previously demonstrated to be activating TLR9 mediated inflammatory response 

via release of proinflammatory cytokines (Rigby et al., 2014). In comparison to our 

previous findings with exposure to CpG 7909, the hybrid exhibited little or no 

immune stimulation in RAW 264.7 macrophage cells. TNF-α cytokine response 

induced by the transfection of mouse RAW 264.7 macrophages via R:D60 was 

significantly low when compared to the induction observed with LPS. Similarly, 

induction of IL-6 was expected to show high degree of activation due to the immune 

activity of R:D60 which was not observed in the current study. The levels of IL-6 

were found to be negligible in comparison to the positive control and were 

comparable to the negative control. According to the findings of Rigby and 

colleagues where they demonstrated a high TNF-α and IL-6 responses up on 

transfection of R:D60 in mouse Fms-like tyrosine kinase 3-ligand (Flt-3) 

differentiated bone marrow derived dendritic cells (FLDCs), mouse bone marrow 

derived macrophages (BMDMs) failed to produce TNF-α and IL-6 which is 

consistent to the current finding in mouse macrophages (Rigby et al., 2014). Thus, it 
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can be said that R:D60 can only stimulate certain specialised APCs. The protein 

production was confirmed using a more sensitive method of real-time PCR that 

detected the gene expression of the cytokine being tested. Gene expression of TNFα 

and IL6 remained low or undetected which is consistent to the level of protein 

secreted up on activation. When compared to the unstimulated cells, the fold change 

in LPS stimulated cells was much higher as expected. Transfection with R:D60 

exhibited an increase in the secretion of IL-12 cytokine. However, the data did not 

show statistical significance among the experimental groups and incurred high 

variance. Such an observation suggests that there is a need to broaden the sample 

set for elimination of high variance to produce near accurate results for secretion of 

IL-12 proinflammatory cytokine. Similar findings with real-time PCR analysis 

confirmed the downregulation of IL-12 cytokines. The gene expression of IL12A did 

not show statistical significance but considerable fold change was observed after 

transfection. This is technically consistent with the IL-12 production observed from 

the ELISA data which actually produced very low amount of protein but was still 

higher in comparison to the corresponding LPS control. Considering that RAW 264.7 

macrophage cells exhibit low levels of IL-12, downregulation of TNF-α and IL-6 upon 

transfection with R:D60, it can be inferred that R:D60 liposomal mediated 

transfection either did not bind TLR9 or does not trigger an inflammatory response. 

These findings are contradicting to the previous studies where Jensen and Paludan 

reviewed that RNA:DNA hybrid show enhanced inflammatory immune response 

(Jensen & Paludan, 2014; Vanaja et al., 2014). It is known that signalling of 

proinflammatory cytokines in response to an immune response can be different in 

vitro and in vivo (Pruett et al., 2006) and therefore, the further studies for in vivo 

evaluation of immune stimulatory properties of RNA:DNA hybrid has been done to 

validate the current findings.  

Efficacy of a vaccine depends on the immunogenicity of the antigen (Jäger et al., 

2003). However, tumour associated carbohydrate antigens are usually poorly 

immunogenic (Lee et al., 2014) and a strong immune stimulant is required to 

enhance the target antigen's low immunogenicity in a vaccine combination to 

ultimately boost an antigen-specific immune response (Banday et al., 2015). 

According to the only study executed by Rigby and colleagues, R:D60 has been 

recognised to induce a TLR9 mediated immune response (Rigby et al., 2014). Based 

on these findings, we developed a vaccine candidate, HG-Vax, using Globo-H and 
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R:D60 to investigate its immunogenic potential. None of the studies have 

demonstrated the use of this novel PAMP (RNA:DNA, 60-mer) as a cancer vaccine 

adjuvant. This study introduces its use as an immune stimulator in a vaccine 

combination with a cancer antigen, Globo-H to target pan cancer of epithelial origin. 

HG-Vax comprises of an RNA:DNA hybrid (60-mer) complexed to a liposomal carrier 

(lipofectamine) in combination with Globo-H antigen. In vitro, the 

immunostimulatory characteristics of HG-Vax were examined in mouse RAW 264.7 

macrophages, and the stimulation induced by different agents was compared. The 

vaccine formulation demonstrated to elicit a high immune response when compared 

to the individual agents alone. TNF-α secretion clearly displays a higher immune 

activation of RAW 264.7 macrophages when transfected with HG-Vax. The high 

significance between experimental groups in the secretion of TNF-α suggests that 

R:D60 is able to trigger a TNF-α mediated inflammatory response synergistically 

along with Globo-H to activate an increased immune response in RAW 264.7 

macrophage cells. Moreover, it was seen that CpG 7909 based vaccine formulation 

(CG-Vax) was less stimulating than the hybrid-based vaccine. It can be clearly stated 

from this evidence that R:D60 is a better immune stimulator than CpG 7909. This 

finding can be correlated to the previous investigation that demonstrate the efficacy 

of R:D60 to be higher than CpG DNA (Rigby et al., 2014). The gene expression 

profiles of the target cytokines were also analysed to validate the protein secretion. 

TNFα expression in the cells transfected with HG-Vax was observed to be high when 

compared to the individual groups. Although the data did not show statistical 

significance, comparative fold change increase was seen in the vaccine treated 

group. It can also be seen that Globo-H and hybrid only groups show negligible fold 

change in the expression of TNFα, their combination in a vaccine stimulated the gene 

expression of the cytokine. Nevertheless, the data is not statistically significant, and 

the expression levels are not very high which can be due to the fact that mRNA 

expression declines over longer time of period (Kwon et al., 2003). The findings also 

suggest consistency in ELISA and gene expression of TNFα and aligns with the fact 

that R:D60 based vaccine has the potential to yield an inflammatory response. In 

comparison to the release of another proinflammatory cytokine, IL-6, the levels of 

TNF-α are observed to be higher. Even when compared to the individual groups, 

release of the IL-6 remained undetectable and showed no evidence of activation in 

HG-Vax transfected RAW 264.7 macrophages. This means neither the individual 
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groups (immune stimulator or antigen) nor the vaccine candidate promotes IL-6 

production in mouse macrophages. Production of IL-6 was not evident in mouse 

macrophages when R:D60 was used as a TLR9 agonist to induce an immune 

response (Rigby et al., 2014). Since the immune stimulator does not produce IL-6 in 

mouse BMDMs which may be due to downregulation or inhibition of IL-6, the 

observations in mouse RAW 264.7 macrophages with R:D60-based vaccine are 

comparable. IL-6 protein levels went undetected in ELISA assay when the cells were 

treated with HG-Vax. This can is prevalent in the gene expression of IL6, where the 

fold change in the expression of IL6 was comparable to the unstimulated cells. 

Though IL6 expression was observed in hybrid only treatment group, Globo-H and 

hybrid in synergy may not elicit a potential response in RAW 264.7 macrophages. 

Nevertheless, the data did not show significance among the test groups which 

validates the no protein secretion observed with ELISA. The production of IL-12 

cytokine was no different in the cells treated with vaccine to the cells treated with 

individual groups. The data did not reach statistical significance but did show some 

levels of IL-12 production in the experimental groups. It was seen that the amount 

of IL-12 secretion in HG-Vax transfected cell was slightly lower than the R:D60 

treated cells. The increased induction of IL-12 by Globo-H was not significantly 

different to either of the groups. In combination, Globo-H and R:D60 show 

downregulation of IL-12 which suggests that both these agents suppress the 

immunostimulatory response in RAW 264.7 macrophages. However, Globo-H has 

previously shown immunosuppression properties (Tsai et al., 2013) but R:D60 did 

not satisfy the postulated hypothesis of enhancing the poor immunogenicity of 

Globo-H.  Macrophages are identified to be involved in apoptotic cells death and 

might die during the activation process of over 18-hour period. These apoptotic cells 

when comes in contact with the activated macrophage may lead to induce inhibition 

of IL-12 production. Such a mechanism is indicative for the strange levels of IL-12 

production observed in RAW 264.7 macrophages (Liu et al., 2005). Another 

plausible explanation for IL-12 suppression can be the induction of IL-10 anti-

inflammatory cytokine which is known to interfere with the IL-12 production 

mechanisms in antigen presenting cells (Rahim et al., 2005). However, a more 

sensitive assay and a bigger data set can be used to better understand how IL-12 is 

activated. Furthermore, the data observed for the expression of IL12A to release IL-

12 mediated response aligns with observed IL-12 response in ELISA. Increase in the 
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expression of IL12A induced by R:D60 shows the ability of the hybrid to induce 

immune response. However, in combination with the antigen Globo-H, the fold-

change in the expression of IL12A suddenly declined. These findings suggest the 

expression of IL12A is downregulated with the addition of an antigen. It has been 

discussed before that IL-12 secretion can be inhibited by various factors in the 

signalling mechanisms, we can conclude that these mechanisms may also work at 

the molecular level to inhibit or downregulate immune response.  

b) Secretion and expression of proinflammatory cytokines in the cell 

culture supernatant on exposure to RNA:DNA hybrid and HG-Vax in 

human THP-1 monocyte induced macrophages 

RNA:DNA transfection in THP-1 induced macrophages was not different in 

stimulating effects to that of CpG 7909. Production of TNF-α in R:D60 treated human 

macrophages was seen to be elevated when compared to the negative controls. This 

indicates that R:D60 can act as an immune stimulatory agent and can be used in 

vaccination as an immune modulator. The mechanism of TNF-α production is 

unknown and needs to be further evaluated. According to the studies, R:D60 

requires to be recognised by TLR9 in the endosome to be able to trigger an immune 

response (Jensen & Paludan, 2014). Hence, it can be said that the TNF-α response 

generated upon transfection of the hybrid in the cells was indeed upon recognition 

by its receptor in THP-1 induced macrophages. The gene expression profiles 

validate these findings. Expression of TNFα exhibits increase in fold change when 

compared to the unstimulated cells. This increase may be found to be significant but 

aligns with ELISA analysis for TNF-α release. Nevertheless, the IL-6 response states 

otherwise. It was shown previously that R:D60 stimulates a potent IL-6 production 

in certain types of APC, but however failed to produce IL-6 in murine bone marrow 

derived macrophages (Rigby et al., 2014). This establishes a clear explanation for 

limited IL-6 production in macrophage like cells used in our study. Moreover, none 

of the previous studies have been done to investigate the potential of R:D60 in vitro 

in human monocytes. In line with our ELISA data, IL6 gene expression did not show 

much elevation. In fact, the expression remained negligible when compared to all 

the experimental groups. Similar to our previous analysis with CpG 7909, the 

production of IL-12 in THP-1 induced macrophages after transfection with R:D60 

showed negative response. There are no studies that demonstrate negative values 

of IL-12 upon exposure to an immune stimulator. As discussed in the previous 
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section, some researches have demonstrated IL-12 inhibition due to internal 

signalling mechanisms and release of negative regulators of an inflammatory 

immune response (Hodge-Dufour et al., 1998; Ma et al., 2000). Additionally, the gene 

expression of IL12A was not seen to be negative unlike ELISA findings. However, it 

was observed that LPS stimulated cells exhibited dramatic increase in the 

expression of IL12A. This is contrast to the ELISA analysis that showed negative 

values even for the positive control. The findings do not align with the hypothesis 

and provide an information that R:D60 did not induce a high stimulation of THP-1 

induced macrophages upon transfection. The observations of our study in THP-1 

human macrophages aligns with the results of Rigby et al as it shows high 

stimulation of TNF-α at a lower concentration. In addition, IL-6 stimulation was not 

observed in their study with R:D60 in macrophages which supports the results 

found here (Rigby et al., 2014). Moreover, none of the studies support IL-12 

activation with R:D60 which in the current study shows negative regulation based 

on the real-time PCR analysis.  

Upon investigation of HG-Vax, transfection with the vaccine compound showed 

downregulation of proinflammatory cytokines. This suggests that R:D60 in 

combination with Globo-H does not elicit a potent immune response which 

contrasts with the immune response generated by the hybrid only. TNF-α secretion 

induced by R:D60 was significant to the other experimental groups. Although the 

induction of this cytokine by Globo-H was not statistically significant, its 

combination with R:D60 showed downregulation in THP-1 induced macrophages 

when compared to R:D60 only group. This shows the immunosuppressive function 

of Globo-H when combined to an immune stimulator. The findings corelate to our 

previous results observed in THP-1 induced macrophages treated with CG-Vax. This 

produces evidence that Globo-H being the common factor in both vaccines 

suppresses the immune function of known immune stimulators. However, whether 

the inhibition solely depends on Globo-H or if it is due to intrinsic mechanism 

generated because of the treatment is worth considering for future research. 

Analysis of gene expression for the cytokines demonstrated similar results. Fold 

change increase in HG-Vax for TNFα was lower than the individual treatment 

groups. LPS induced expression of TNFα was statistically significant to the vaccine 

treatment group which shows comparatively lower immune response generated by 

transfection with the developed vaccine. When compared to the CpG based vaccine, 



 

203 
 

HG-Vax did not show much of an activation of THP-1 induced macrophages. 

Furthermore, the release of proinflammatory cytokine IL-6 was seen to be very low 

and did not show statistical significance, as expected. Interestingly, it was seen that 

R:D60 with Globo-H produces slightly more IL-6 in the cells which can be 

disregarded as the activation is not very high. Due to the previously mentioned 

reasons for undetected or low production of IL-6, these findings fail to produce 

compelling evidence for the induction of IL-6. In addition, the secretion of IL-6 

showed similar results with CG-Vax. Stimulation of human macrophages did not 

show high amounts of IL-6 as discussed in the earlier data. This is in conflict to the 

expression observed for HG-Vax for IL6. Gene expression profiles suggest that R:D60 

based vaccines expressed higher IL6 than the test groups alone. Globo-H in 

combination with R:D60 showed upregulation of IL6 with a fold change of 1.6. 

However, the data observed is not significant and hence cannot be trusted. IL-12 

production, on the other hand, showed negative values which certainly requires 

further testing. Negative values of IL-12 observed has never been reported 

elsewhere and does not satisfy the hypothesis of our study. This being said, IL12A 

gene expression partially align with the ELISA findings. IL12A expression was not 

observed in cells transfected with HG-Vax, which corresponds to the negative 

feedback response by IL12A expression. However, in contrast to the negative results 

obtained by ELSIA, LPS was shown to induce IL12A expression. There is no plausible 

explanation for this as this is the first time IL-12 expression has been seen with a 

R:D60-based vaccine.         

c) Secretion and expression of proinflammatory cytokines in the cell 

culture supernatant on exposure to RNA:DNA hybrid and HG-Vax in 

human THP-1 monocyte derived dendritic cells. 

In the previous paragraphs we discussed that RNA:DNA hybrid does not stimulate 

proinflammatory cytokines such as TNF-α and IL-6 in macrophage cells but trigger 

a potent response in dendritic cells (Rigby et al., 2014). Therefore, we studied its 

response in THP-1 induced dendritic cells to analyse the immune stimulatory 

properties of R:D60 and immunogenicity of HG-Vax in vitro.  

RNA:DNA hybrid itself is an immunomodulatory agent that targets TLR9 to induce 

a T-cell response (Jensen & Paludan, 2014). We analysed the induction of TNF-α 

upon transfection of THP-1 induced dendritic cells. It was observed that R:D60 by 
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itself did not secrete TNF-α and the level was even lower than the negative controls. 

These findings are supported by the gene expression of TNFα where the expression 

of the gene is comparable to the unstimulated cells. From these observations it 

seems that R:D60 does not stimulate the production of TNF-α in THP-1 induced 

dendritic cells. A TLR9 agonist CpG ODN does not create proinflammatory cytokines 

in mature dendritic cells, as revealed in previous research (Krieg, 2002; Kuo et al., 

2005), therefore it is possible that R:D60 also does not release these cytokines in 

mDCs. Moreover, Rigby and colleagues studied the R:D60 activation of FLDCs which 

induced TNF-α and IL-6 and can be differentiated as the activation may be 

upregulated via different mechanism (Rigby et al., 2014). Owing to the fact the IL-6 

was also seen to be increasingly produced in pDCs and FLDCs, IL-6 cytokine 

secretion was in contradiction to these findings. IL-6 production remained 

undetected in THP-1 induced dendritic cells and its corresponding gene expression 

also did not provide much information for its upregulation upon transfection with 

R:D60. Moreover, IL-12 secretion produced negative results and needs further 

investigation to explain these. Adding to it, IL12A expression was largely seen in LPS 

induced inflammatory response and R:D60 treated cells showed slight increase in 

the expression of IL12A. This contrasts with the IL-12 secretion and does not verify 

the induction of IL-12 mediated inflammatory response. It can be said that where 

R:D60 was determined to be a TLR9 stimulator, our results do not match other 

research (Jensen & Paludan, 2014; Rigby et al., 2014). These new findings however 

can provide an insight that R:D60 does not stimulate a proinflammatory cytokine 

response in in vitro macrophages and dendritic cells. Nevertheless, the potential of 

this immune stimulator can be verified by checking other cytokines such as type I 

IFNs.  

As previously stated, combining Globo-H antigen with an immune stimulator can 

enhance immunogenicity and promote antigen presentation (Yu et al., 2020). TNF-

α secretion upon stimulation of THP-1 induced dendritic cells by HG-Vax produce a 

visible increase. This increase was higher than the hybrid and Globo-H individually. 

Interestingly, it was seen that R:D60 by itself did not show noticeable increase in the 

activation of TNF-α and Globo-H showed only slight elevation in its level. It seemed 

that in a vaccine combination both R:60 and Globo-H stimulate TNF-α synergistically 

which is a positive observation. Moreover, the expression of TNFα was also 

observed to be elevated upon stimulation with HG-Vax. In comparison to being used 
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alone, Globo-H can improve vaccination immunogenicity and antigen presentation 

when combined with a stimulator such as R:D60. It is worth noting that 

immunological stimulation with the hybrid alone did not result in a robust TNF-α 

mediated immune response. The analysis of IL-6 secretion however resulted in 

contrasting results. R:D60 and Globo-H stimulated cells did not secrete IL-6 in 

dendritic cells and likewise their vaccine combination also showed undetected IL-6 

in the cell culture supernatant. However, these results do not align with the 

expression of IL6. The gene expression profile showed a 32-fold elevation in the 

vaccine treated cells when compared to the unstimulated control. Even though it 

was much less than the positive control, the ELSIA results state otherwise. This 

inconsistency is most likely owing to the sensitivity of both ELISA and qPCR, as well 

as the time variations in testing the two methods (Sue et al., 2014). On the other 

hand, IL-12 secretion was observed to be negative in the vaccine treated group as 

well which is consistent to the observations made from the individual groups. When 

its gene expression was analysed, IL12A was seen to be negatively regulated in the 

vaccine treated group. Both the individual groups showed varying expression of 

IL12A wherein Globo-H treated group showed negative regulation of IL12A, the 

R:D60 group upregulated its expression. When combined in a vaccine, this 

regulation seemed to slightly decline when compared to the R:D60 group and was 

increased relative to Globo-H group. However, the data did not find significance and 

was opposite to IL-12 secretion analysed by ELISA. The negative regulation can be 

explained due to the heterodimer of IL-12. This cytokine exists as p40 and p35 

subgroup to make a heterodimer of p70. A study found the p35 subgroup of IL-12 to 

be highly responsible for a cytotoxic Th-1 mediated response (Langowski et al., 

2006). We analysed IL-12 as a heterodimer which may have degraded upon 

prolonged exposure. Our ELISA kits were only able to detect p70 heterodimer which 

was perhaps not being produced. Further study in the detection of the subtypes of 

IL-12 can provide a clear picture of its secretion in dendritic cells.         

In summary, the literature till date does not define any investigation using CpG 7909 

and Globo-H in a combination as vaccine. This makes this vaccine a novel model for 

an active cancer immunotherapy. However, by looking at the results, it does not 

really seem to be a best combination for a vaccine study. It is evident from previous 

findings that CpG ODN motifs are a strong stimulators of innate immunity and 

trigger TLR9 receptor to induce a Th-1 response (Krieg, 2002; Kwon et al., 2003). 
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But this was not observed to be the case for type B, CpG 7909 in mouse or human 

macrophage and human dendritic cells. On the other hand, RNA:DNA hybrid has also 

proved to be highly stimulating and elicits an inflammatory response (Jensen & 

Paludan, 2014; Rigby et al., 2014b). Our study shows that CpG 7909 and RNA:DNA 

60 hybrid induced comparable inflammatory responses. Both the immune 

stimulators elicit the immune cells to release similar levels of proinflammatory 

cytokines. However, when in combination with the antigen, Globo-H, both of the 

agents show varying immune response. Overall, the HG-Vax (hybrid-based vaccine) 

seemed to trigger higher levels of proinflammatory cytokine when compared to CG-

Vax (CpG 7909-based vaccine). This suggests that RNA:DNA hybrid is more 

stimulating in a combination with Globo-H and can serve to be a potential candidate 

for cancer vaccines. It has been verified that R:D60 is more stimulating than CpG 

DNA when recognized by TLR9 receptor in the endosomal compartment (Rigby et 

al., 2014). None of the studies have investigated RNA:DNA hybrid for its role in a 

cancer vaccine as an immune modulator. This is the first time such a hypothesis has 

been proposed and the findings from the in vitro data demonstrate that it can prove 

to be a potent adjuvant provided its endosomal recognition and mechanism of action 

is investigated.  

The findings suggest that CpG 7909 and R:D60 were unable to induce significant 

TNF-α response in mouse macrophages, but a comparatively increased response 

was seen in human macrophages. Given its association with an inflammatory 

response in human cells, it can be justified that CpG 7909 type of ODN is only 

synthesized for human cells (Radovic-Moreno et al., 2015). Therefore, this type of 

CpG ODN is being continuously used as a vaccine adjuvant in clinics (Murad et al., 

2007). The low TNF-α response produced in R:D60 treated mouse macrophages 

corresponds to the observation of Rigby and colleagues where they shows no 

induction of TNF-α and IL-6 in mouse bone marrow derived mouse macrophages 

(BMDMs) in vitro (Rigby et al., 2014). However, this is in conflict to the increased 

TNF-α response indicative in human macrophages. This suggests that R:D60 

produces TNF-α mediated response in human macrophages and it can be proposed 

that like CpG 7909, R:D60 demonstrates interaction in human macrophages. Even 

though the TNF-α response vindicated the activation of human macrophages, IL-6 

and IL-12 responses did not align with the hypothesis. Many studies have shown 

that IL-6 and IL-12 are accelerated upon exposure to a potent immune stimulator 
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such as CpG ODN (Crabtree et al., 2001; Klinman et al., 1996; Park & Cho, 2007). In 

contrast, downregulation of IL-6 and negative regulation IL-12 were observed in the 

current study.   

The downregulated activation of IL-6 may be due to internal signalling pathways 

such as the activation of signal transducer and activator of transcription 3 (STAT3) 

that results in a negative feedback mechanism to limit the secretion of IL-6 

(Verboogen et al., 2018). Also, CpG DNA, a product of bacterial lysate when 

incubated with macrophages showed no sign of IL-6 production in cell culture 

supernatant (Jorjão et al., 2015). Moreover, a clinical study showed that the 

induction of inflammatory response in patients with metastatic esophageal 

squamous cell carcinoma (ESCC) did not show detectable levels of IL-12 or IL-6 

production. They suggested that CpG 7909 in combination with specific peptides 

induced IFN-α mediated response (Iwahashi et al., 2010). This also supports our 

observations for IL-12 cytokine which was release in small quantities and is not 

enough for an immunostimulatory effect. Negative values observed for IL-12 in 

monocyte induced macrophages has never been reported in any study. 

Nevertheless, a study observed low or no production of IL-12 in human monocyte 

induced macrophages which was proved to be an effect of high TNF-α production 

(Ma et al., 2000). Additionally, the IL-12 secretion levels were not statistically 

significant and produced high variance. Therefore, analysis of a large dataset and/or 

a more sensitive assay may provide better interpretation of IL-12 synthesis. 

Likewise, the transfection of R:D60 in BMDMs failed to induce IL-6 and upregulated 

the production of IFN-α (Rigby et al., 2014). The study did not evaluate the levels of 

IL-12 and hence till date none of the study confirms the upregulation of IL-12 upon 

transfection with R:D60. Therefore, the explanation for the undetected and negative 

levels of IL-6 and IL-12 may be applicable for the stimulation observed with R:D60.   

Similar observations were made in human monocyte derived dendritic cells. Our 

study involves mature dendritic cell subtype that also correspond to a macrophage 

like phenotype. Thus, the observations make sense when low inflammatory 

response was observed upon stimulation with immune stimulators in comparison 

to macrophages. It was seen in multiple studies that CpG ODN induced TNF-α 

secretion is found in plasmacytoid DCs and not mature DCs (Krieg, 2002; Kwon et 

al., 2003). Moreover, transfection with R:D60 also showed an induction of TNF-α in 

conventional DCs but not in plasmacytoid DCs (Rigby et al., 2014). Similarly, a study 
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suggested that IL-12 secretion was observed in pDCs and not maturing DCs (Bauer 

et al., 2001).  In contrast, CpG ODNs have been found to induce a mature subtype of 

dendritic cells rather than producing a potent inflammatory response (Bauer et al., 

2001; Speiser et al., 2005). It can thus be said that mature DCs, the subtype used in 

the current study, does not induce proinflammatory cytokines. Furthermore, adding 

to the IL-12 secretion in macrophages and dendritic cells, we detected IL-12 p70 

heterodimer which can degrade after a certain period of time into p35 and p40 

subtypes. A study examined the role of IL-12 in tumorigenesis where they found that 

p35 subgroup is responsible for the cytotoxic Th-1 mediated response (Langowski 

et al., 2006). Our ELISA kits identified the heterodimer of p70 which may have 

degraded during the reaction. However, the primers used for the IL12A were 

directed to detect p35 subtype and hence different results were obtained. Even then, 

the activation of IL12A did not show much response and was limited in all the 

experimental groups. In addition, a study demonstrated that exposure to an 

endotoxin can lead to IL-12 suppression with enhanced endocytosis (Zhang et al., 

2009). This can also explain that upon exposure to PAMPs, the cells can induce IL-

12 suppression post endocytosis.  

Let alone IL12, the undetected levels of IL-6 in human monocyte derived dendritic 

cells might be due to the intrinsic mechanism as discussed before. Considering the 

levels of expression and secretion of the cytokines in macrophages and dendritic 

cells, our study suggests that R:D60 is a better immune stimulator than CpG 7909 

when used in combination of a vaccine with Globo-H.       

Furthermore, stimulatory effects of the experimental groups were detected after 18 

hours of exposure. Generally, the protein is released for a few hours and its 

expression declines after a certain point. Also, longer stimulation of in vitro cells can 

induce anti-inflammatory cytokines which can provide feedback inhibition of 

certain proteins and molecules (Kuo et al., 2005). Hence, detection of 

proinflammatory cytokines can be best visualised between 2-8 hours of exposure to 

evidence protein secretion and expression post exposure to stimulatory agents and 

the vaccine(Kuo et al., 2005; Liu et al., 2005; Radovic-Moreno et al., 2015).  

Immunogenicity of TACAs has been associated with low immune responses (Yu et 

al., 2020; Zhou et al., 2015). Globo-H works well in co-ordination with a protein 

carrier such as keyhole limpet hemocyanin (KLH) and QS-21 (Danishefsky et al., 
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2015; Yu et al., 2020). However, in the current study, Globo-H alone shows higher 

TNF-α production in mouse macrophages. This may be due to the fact that Globo-H 

is expressed scarcely on normal cells and exclusively on human tumour cells 

(Danishefsky et al., 2015; Livingston, 1995; Slovin et al., 1999) and thus can be 

immunogenic in mouse immune cells. When analysed for human macrophages and 

dendritic cells, this response was minimal suggesting that Globo-h is poorly 

immunogenic in human immune cells. In line with our hypothesis, both vaccines 

showed upregulation of proinflammatory cytokines signifying induction of an 

immune response. Both vaccine adjuvants (CpG 7909 and R:D60) and Globo-H 

activated an inflammatory response synergistically. Henceforth, we can say that 

both vaccine candidates have to the potential to induce TNF-α mediated 

inflammatory response and present the antigen to T-cells. Nevertheless, HG-Vax was 

observed to be more stimulating than corresponding CG-Vax candidate vaccine. On 

the other hand, vaccines induced downregulation of IL-6 compared to the individual 

agents. Plausible explanations for such an observation can either be the generation 

of intrinsic mechanisms to inhibit/suppress cytokine secretion or the cytokine 

secretion remained below the detectable levels (Iwahashi et al., 2010; Jorjão et al., 

2015; Verboogen et al., 2018).  Statistical significance for the levels of IL-12 

illustrates high standard deviation and hence a better data set must be employed to 

generate near accurate data. Globo-H has immune checkpoint properties that hinder 

an immune response against the antigen (Tsai et al., 2013). Its production in lung 

cancer cells has also been linked to the expression of immunological inhibitory 

checkpoint protein, PD-L1 (Yang et al., 2017). Therefore, further investigation can 

be performed to test the vaccine by conjugating Globo-H with a protein carrier 

molecule and using an adjuvant such as CpG ODN to elicit immune response. Along 

with that, investigation of immune checkpoint regulatory properties of Globo-H can 

present a clear picture of regulation of an inflammatory response.  

Our study employed two methods, ELISA, and real-time qPCR to quantify the 

activation of immune cells. Discrepancies of ELISA and qPCR data could be 

attributed to the nature of ELISA and qPCR assays as well as the time variations in 

measurements across these methods (Sue et al., 2014).  Therefore, other methods 

to detect type 1 interferons, localisation of the vaccine, TLR9 receptor, and analysis 

of Nf-κB mediated activation can provide a better picture to understand the 

mechanism of activation. 
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Chapter 7 

Results and observations of in vivo 

investigation 
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Preventative cancer vaccine 

7.1. Production of proinflammatory cytokines in mouse model of immune 

system in vivo 

Sandwich ELISA was performed to evaluate the levels of proinflammatory cytokines 

present in serum, isolated from mouse blood. In this procedure, two 

proinflammatory cytokines, TNF-α and IL-12 were detected at 14-day and 28-day 

post vaccination to analyse the extent of inflammatory response induced by 

individual immune stimulators, antigen, and their corresponding vaccines. 

Furthermore, a comparison of both vaccine candidates in terms of immune response 

has also been demonstrated. 

7.1.1. End point termination at 14-day 

All the mice in this procedure were terminated at day 14 after the injection of 

appropriate test sample. Data was collected from each experimental group and was 

analysed for two proinflammatory cytokines.  

a) Antigen (Globo-H) and nucleic-acid immune stimulators (CpG 7909 and 

R:D60) 

Production of TNF-α: Secretion of TNF-α in mice treated with LPS was observed to 

be the highest among all experimental groups. The level of TNF-α secreted in Globo-

H and CpG 7909 group was higher than the levels observed in mice injected with 

normal saline. In contrast, comparable levels of TNF-α secretion were observed in 

mice transfected with R:D60 and the mice treated with normal saline. The group of 

mice exposed to CpG 7909 (N1) produced higher amount of TNF-α when compared 

to R:D60 (N2) transfected mice and Globo-H exposed mice (Fig. 36a). While the 

release of TNF-α was low upon exposure to Globo-H when compared to LPS treated 

group, it was however seen to be more than R:D60 transfected group. Even though 

there was a difference observed in the levels of TNF-α among the controls and the 

experimental groups, statistical significance was not achieved for the observed data. 

Surprisingly, the amount of TNF-α released by exposure to Globo-H was observed 

to be comparable to CpG 7909 but was higher than R:D60 treated group. This data 

did not satisfy the suggested hypothesis. 
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Production of IL-12: Production of IL-12 in vivo in animal model showed varying 

results in comparison to IL-12 produced in vitro in immune cells. Unlike in vitro data 

IL-12 seemed to have been released upon activation by various immune agents in 

animal model. Significant amount of IL-12 was produced by Globo-H, CpG 7909 and 

R:D60 in C57/BL6 mice model. Opposing to the observations for TNF-α cytokine, 

R:D60 treated group produced sufficient amount of IL-12 which was slightly more 

than positive control and other experimental groups. Further, IL-12 release by the 

exposure to Globo-H was observed to be higher than the amount produced by CpG 

7909 treated group (Fig. 36b). However, none of the experimental groups or the 

controls were statistically significant among themselves. Even though the groups 

did not reach statistical significance, the degree of activation of IL-12 by the 

experimental groups partially satisfy the hypothesis.         

b)  Vaccines (CG-Vax and HG-Vax) 

Production of TNF-α: ELISA analysis showed unexpected results for the release of 

TNF-α in C57/BL6 mice model. Secretion of TNF-α in mice treated with the vaccine 

candidates were comparable and showed only a slight difference. HG-Vax showed a 

little increase in the level of TNF-α secretion relative to CG-Vax and normal saline 

but was reasonably low when compared to LPS treated group (Fig. 36a). It was seen 

that R:D60 by itself did not show much of an induction of TNF-α in C57/BL6 mice, 

but the corresponding vaccine showed a slight increase. Moreover, Globo-H alone 

showed an increase in TNF-α but when used in combination with R:D60, this 

increase exhibited a decline. On the other hand, CG-Vax did not show much increase 

in the level of TNF-α activation when compared to the controls and HG-Vax treated 

groups. While an increase in TNF-α was seen in the mice treated with CpG 7909 only, 

its vaccine candidate showed a decrease in the production of TNF-α. The data seems 

to exhibit negative regulation of TNF-α upon treatment with the vaccine candidates. 

Nonetheless, the data did not reach statistical significance.   

Production of IL-12: As observed for the release of TNF-α in mice treated with 

vaccines, secretion of IL-12 also exhibited a similar trend. It was seen that the 

vaccine treated groups showed a decrease in the secretion of IL-12 when compared 

to the individual groups. Moreover, in mice treated with CG-Vax, the release of IL-12 

was observed to be lower when compared to the group of mice treated with normal 

saline and HG-Vax (Fig. 36b). While treatment with LPS showed an increase in the 
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levels of IL-12, the vaccine treated mice failed to induce comparable amount of the 

cytokine.  Even though the levels observed in the group of mice transfected with HG-

Vax was higher than CG-Vax treated mice, their corresponding immune stimulators 

and even the antigen showed a better response when used alone.  

c) Booster dose administration  

Production of TNF-α: When the mice were injected with a second dose of the 

vaccine, there was no difference observed in the levels of TNF-α secretion in mice 

when compared to a single dose of vaccinations. However, there was a negligible 

decrease in levels of TNF-α in mice treated with two doses of HG-Vax relative to a 

single dose. Moreover, mice treated with booster doses of vaccines exhibited 

comparable amounts of TNF-α relative to each other (Fig. 36a). The data did not 

reach statistical significance and shows that the vaccines induce similar amount of 

cytokine regardless of a booster shot. 

Production of IL-12: The release of IL-12 in the mice injected with a booster dose 

was seen to increase when compared to single dose group. Mice injected with 

booster CG-Vax produced higher amount of IL-12 relative to the mice injected with 

a single dose of CG-Vax (Fig. 36b). Similarly, the mice transfected with a booster dose 

of HG-Vax showed an increased secretion of IL-12 in comparison to its single dose 

group. In addition, this increase was comparable to the amount of IL-12 release via 

treatment with CpG 7909 alone but was lower than the levels observed in R:D60 

treated group alone. However, the data was not statistically significant, but the 

levels of IL-12 release demonstrate the potential of the vaccines to initiate IL-12 

mediated immune response.     

7.1.2. End point termination at 28-day 

Another set of data was collected from the mice model to observe the activation 

potential of the vaccine candidates for a longer term. Levels of proinflammatory 

cytokines was observed at a time point of 28 days post vaccination with a single as 

well as a booster dose.  

a) Vaccines (CG-Vax and HG-Vax) 

Production of TNF-α: The trend observed for the levels of TNF-α secretion at 28-day 

interval showed different observations relative to the results obtained at a 14-day 

time point. The amount of TNF-α secreted in the blood serum seem to decline when 
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the mice were treated with LPS for a longer period of time (Fig. 37a). TNF-α level in 

mice treated with HG-Vax showed a decrease compared to the levels exhibited by 

CG-Vax treated mice. On the other hand, the secretion of TNF-α was higher in CG-

Vax at 28-day time point (Mean=19.66) relative to observations made at 14-day 

time point (Mean=12.79). Whereas HG-Vax treated group showed a decrease in 

TNF-α at 28-day interval (Mean=11.99) in comparison to the levels exhibited at 14-

day time point (Mean=18.43). Moreover, TNF-α levels in HG-Vax treated group was 

lower than normal saline group. This observation is in contrast to the one made at 

14-day interval wherein the amount of TNF-α presented by HG-Vax was higher than 

CG-Vax treated group and negative control group. However, the data did not show 

statistical significance and suggest that HG-Vax induced response does not stay for 

longer period relative to the response generated by CG-Vax.  

Production of IL-12:  Similar observations were made for the secretion of IL-12. 

Levels of IL-12 secretion in mice treated with LPS were shown to decrease at 28-day 

end point (Fig. 37b). However, treatment with both the vaccines was observed to 

enhance this response. HG-Vax treated mice exhibited higher amounts of IL-12 in 

the blood serum at 28-day interval when compared to the blood serum level at 14-

day time point. Likewise, IL-12 level in the serum was higher for the mice treated 

with CG-Vax for a longer period of time (28-day) in comparison to the short-term 

exposure of the vaccine (14-day). This suggests that IL-12 cytokine stays for longer 

time and may continue to process the immune response in vivo. Even though the 

amount of IL-12 secretion was higher at 28-day interval for both the vaccines, the 

data shows that mice treated with CG-Vax displayed higher stimulation of IL-12 than 

the mice treated with HG-Vax which is in contrast to the observations at 14-day 

interval.       

b) Booster dose administration  

Production of TNF-α: The mice treated with booster dose of both the vaccines 

showed opposing results. It was observed that the mice treated with a booster dose 

of CG-Vax produced lower amount of TNF-α when compared to the mice treated 

with a single dose of CG-Vax (Fig. 37a). On the other hand, mice treated with a 

booster shot of HG-Vax showed a substantial increase in the amount of TNF-α 

secretion in the blood relative to the single dose of HG-Vax at 28-day interval. In 

comparison to the 14-day interval, TNF-α secretion at 28-day time point was 
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observed to be significantly higher in the booster dose treated groups. While a single 

dose of CG-Vax produced higher amount of TNF-α when compared to the levels 

induced by a single dose of HG-Vax, the booster doses of these vaccines exhibited an 

opposite pattern where HG-Vax (booster) demonstrated higher amounts of TNF-α 

than CG-Vax (booster) treated group.  

Production of IL-12: Interesting results were obtained for IL-12 secretion at 28-day 

interval in booster dose group. It was seen that the amount of IL-12 secretion 

decreased over time for booster dose group (Fig. 37b). This is similar to the mice 

treated with LPS wherein the levels of cytokine secretion declined with longer 

period of exposure to LPS.  Moreover, at a 28-day interval, the booster dose treated 

group showed lower levels of IL-12 secretion when compared to the single dose 

treatment. Additionally, the observations show that mice treated with a single dose 

of CG-Vax shows higher amounts of IL-12 at 28-day interval when compared to the 

mice treated with two doses to CG-Vax. Similarly, the mice treated with a single dose 

of HG-Vax shows increased presence of IL-12 relative to the levels observed after a 

second dose at 28-day interval. However, among both the vaccines, CG-Vax shows 

higher induction of IL-12 with a single dose treatment, whereas HG-Vax shows 

increased induction of IL-12 after a treatment with a booster shot. This trend was 

seen to be opposite to the observations made at 14-day time point. Nevertheless, the 

data did not reach statistical significance and therefore further investigation may 

require a better data set for statistical validation.    

7.2. Gene expression of proinflammatory cytokines TNF-α and IL-12 in animal 

model of mice (in vivo) 

Gene expression of the two different cytokines was observed to determine the level 

of protein expression. The qPCR analysis was used to confirm the expression of 

TNFα and IL12A post vaccination in mouse model in real time and evaluate the level 

of immune activation.  

7.2.1. Real time PCR analysis for cytokine gene expression in C57/BL6 mice at 

day 14 

a) Antigen (Globo-H) and nucleic-acid immune stimulators (CpG 7909 and 

R:D60) 
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Gene expression of TNFα: The gene expression in mice post injection increased as 

seen from the graph (Fig. 38a). It was seen than the positive control, LPS did not 

show increased secretion of TNFα when compared to the negative control. The 

antigen (Globo-H) that previously had shown an increase in the secretion of TNF-α, 

the gene expression for TNFα showed opposite results. The fold change for the 

expression of TNFα in Globo-H exposed mice was lower in comparison to the 

negative control (saline). Similar observation was made for CpG 7909 treated mice, 

where the expression of TNFα did not show an increase in fold-change relative to 

the negative control. However, there was a slight increase in the gene expression in 

mice treated with R:D60 but was comparable to the fold-change in mice treated with 

saline. When compared to the CpG 7909 group, fold-change observed in R:D60 

treated group was slightly higher.  Nevertheless, the data did not reach significance 

and most of the groups showed comparable gene expression for TNFα. 

Gene expression of IL12A: A similar trend was observed in the expression of IL12A 

in mice treated with individual groups. It was seen than LPS treated mice showed 

an increased expression of IL12A. This group showed a 3.4-fold change in the 

expression of IL12A when compared to the negative control group. When observed 

for the antigen treated group, the fold change (Mean = 1.3) was relatively smaller 

than the LPS treated group but was more than the negative control group (Fig. 38b). 

Furthermore, the relative fold change in mice treated with the immune stimulators 

was higher than the negative control group. Animals treated with CpG 7909 showed 

an increase of 1.6-fold in the expression of IL12A, and mice treated with R:D60 

showed 2.6-fold change in the expression of the gene relative to negative control. 

The data did not reach statistical significance, but the levels of gene expression show 

the potential of the immune stimulators to induce IL-12 response.        

b) Vaccines 

Gene expression of TNFα: In a vaccine combination, both Globo-H and the immune 

stimulators show increased levels of TNFα expression synergistically. This is in 

contrast to the individual agents which were seen to show a neutral response. The 

expression induced by CG-Vax (V1) showed an incredible rise in TNFα levels which 

was seen to be 8.1-fold higher than the animals treated with the negative control 

(Fig. 38a). On the other hand, the fold increase in the expression of TNFα observed 

in HG-Vax (V2) treated mice was approximately half the fold-change (Mean=4.8) 
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observed for CG-Vax treated group. When compared to the individual groups, fold-

change increase in the expression of TNFα in mice treated with CG-Vax was 

statistically significant to CpG 7909 and R:D60 treatment groups (p-value<0.05). 

Statistical significance was also observed between the controls and CG-Vax treated 

groups. Even though statistical significance was not observed in HG-Vax treated 

group, the shows an increase in the gene expression for the activation of TNF-α. 

Gene expression of IL12A: The elevation in the levels of gene expression of IL12A 

shows an incredible induction of the cytokine IL-12. Post vaccination with CG-Vax 

or HG-Vax, the mice showed an increased level of IL12A relative to the non-

vaccinated mice or the negative control (Fig. 38b). The level of gene expression 

observed in the animals treated with CG-Vax was markedly risen with a fold-change 

of 76.5-fold relative to the negative control, while the fold-change observed for the 

HG-Vax treated group was only 4.06-fold. When compared to the positive control, 

only a slight increase was seen in HG-Vax treated mice, but a high increase was 

observed for CG-Vax treated mice. Additionally, this rise in IL12A induced by both 

the vaccines was evidently high when compared to the expression levels induced by 

their individual entities. However, the data did not show statistical significance and 

might require further validation.              

c) Booster dose administration 

Gene expression of TNFα: When the mice were injected with a booster dose of their 

respective vaccines, a decline in the gene expression of cytokine was observed. Post 

vaccination with a double dose of any of the vaccines showed a decrease in the level 

of TNFα. The fold-change observed in mice treated with CG-Vax booster was 0.37-

fold which was evidently lower than even the negative control group (Fig. 38a). 

Moreover, the animals injected with a booster shot of HG-Vax post initial vaccination 

showed a relative decrease to 0.68-fold change. This decrease was not only distinctly 

lower compared to the single dose groups but was lesser than the all the other 

experimental groups including positive and negative controls and the individual 

agents. 

Gene expression of IL12A: Consistent to the observation made from TNFα gene 

expression, the level of IL12A also declined post second dose vaccination of the 

animals (Fig. 38b). There was a significant drop in the expression level of IL12A in 

the mice treated with CG-Vax. The booster dose injection of CG-Vax showed a 0.43-
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fold change in the gene expression of IL12A which was even less than the levels 

observed in negative control group. Similarly, the levels of gene expression in the 

mice treated with a booster dose of HG-Vax also dropped. A fold-change of 1.9-fold 

in the HG-Vax treated mice was not significant when compared to the single dose 

group. Moreover, in comparison to the negative control the fold-change, however, 

was slightly higher in double dosed HG-Vax treated group. Furthermore, relative to 

the levels of IL12A expressed by CG-Vax treated mice post second dose, an increase 

in the expression level was observed in mice treated with a similar dosage of HG-

Vax. Even though the data did not show statistical significance among the 

experimental groups, it shows that a booster shot of HG-Vax is capable to induce 

extended cytokine response in comparison to the CG-Vax.            

7.2.2. Real time PCR analysis for cytokine gene expression in C57/BL6 mice at 

day 28 

a) Vaccines 

Gene expression of TNFα: The vaccinations showed a higher response at a 28-day 

interval when compared to the response observed at 14-day time point. Vaccination 

with CG-Vax showed an increased expression of TNFα at 28-day after injection. The 

fold-changer observed was 17.1-fold relative to the negative control group (Fig. 

39a). This increase was lower than the expression levels observed in the group 

treated with LPS. Moreover, the gene expression levels exhibited by CG-vax treated 

mice was lesser than the expression levels observed in the animals treated with HG-

Vax. The fold-change increase observed for HG-Vax treated mice was 26.0-fold 

which was seen to be noticeably high than negative control group. Although 

statistical significance was not observed among the experimental groups, the fold-

change increase in the expression levels was seen to be higher than the observations 

made at 14-day interval.  

Gene expression of IL12A: When observed for the expression of IL12A at 28-day post 

vaccination, a decrease in the expression level of IL12A was recorded in mice treated 

with both the vaccines, relative to the expression observed in mice at 14-day time 

point. Further, animals treated with CG-vax showed 0.93-fold change in the 

expression of IL12A whereas the expression detected in mice treated with HG-Vax 

showed a 1.8-fold increase when compared to the negative control group (Fig. 39b). 

The LPS treated mice also showed an increase in IL12A when compared to the  
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negative control and CG-Vax treated group, but this increase was nevertheless lower 

than the gene expression level shown by HG-Vax treated group. Among both the 

vaccine groups, higher expression of IL12A was exhibited by HG-Vax treated group 

of mice although the data did not reach statistical significance. 

b) Booster dose administration 

 Gene expression of TNFα: The levels of TNFα post second dose of the vaccines 

showed a distinct pattern after 28-day interval. When compared to the previous 

observations recorded for double dose group at 14-day interval, there was an 

increase in the expression of TNFα. Moreover, a 20.3-fold increase was seen in mice 

treated with a booster dose of CG-Vax (V1b) which was evidently higher than the 

gene expression induced by the mice treated with single dose of CG-Vax at 28-day 

time point. Conversely, the expression level of TNFα decreased in mice treated with 

a double dose of HG-Vax (V2b) at 28-day interval when compared to its single dose 

counterpart (Fig. 39a). In comparison to the data obtained at 14-day interval, the 

trend in the levels of TNFα expression is opposite to the one observed at 28-day time 

point. With respect to the positive control, double dose of CG-Vax showed an 

increase in the expression level of TNFα at 28-day interval while lower gene 

expression was demonstrated by equivalent dosage of HG-Vax relative to LPS 

treated mice. 

Gene expression of IL12A:  Similar trend was observed for the expression for IL12A 

where the levels were decreased in mice treated with double dose of vaccines when 

compared to the single dose group (Fig. 39b). It was observed that IL12A was hardly 

being expressed in mice treated with a booster dose of HG-Vax at 28-day interval 

and was recorded to be lower than the expression exhibited by the mice treated with 

a single dose at the same time. On the other hand, the booster dose of CG-Vax 

exhibited an increase in the fold-change which was 1.3-fold increase when 

compared to the negative control. This increase was also seen to be higher than the 

fold-change observed in mice treated with only one dose of CG-Vax. Furthermore, 

these results contrasted with the earlier observations made at 14-day time point for 

respective vaccines. The data did not reach statistical significance, but the trend 

demonstrates much information about the different activation potential these 

vaccines may have in vivo animal model of mice. Future investigation with a broad 
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dataset might provide a better outlook and perhaps statistical validation for the 

proposed vaccines. 

Tumour challenge model 

In this model, separate groups of mice were injected with a single and double dose 

of both the vaccines. Subsequently the mice were inoculated with Lewis lung cancer 

cell line, LLC1 and were monitored carefully for any formation of the tumour. The 

control mice were injected with only the tumour cells and were non immunized. The 

data was collected at 14-day interval post tumour inoculation.  The proinflammatory 

cytokines released in the blood serum were analysed by ELISA. 

7.3. Tumour formation 

The mice were carefully monitored for any growth of tumour cells. It was observed 

that the mice did not grow any solid tumour tissue at the injection site in immunized 

as well as non-immunized mice. Additionally, there were no signs of adverse events 

in the mice and none of the mouse died during the procedure. Since LLC1 cell line is 

a metastatic cell line, the organs were monitored for the formation of tumour which 

turned out to be negative even in the non-immunized mice (data not shown).   

7.3.1. Production of proinflammatory cytokines in mice challenged with 

tumour post vaccination 

Production of TNF-α: The secretion of TNF-α was analysed using ELISA. The protein 

secreted in the blood stream showed an increase in all the experimental groups as 

well as the non-immunized mice. Interestingly, the secretion observed in the non-

vaccinated group was higher than all the vaccination groups (Fig. 40a). Among the 

vaccinated groups, TCV2 (single dose of HG-Vax) showed higher production of TNF-

α when compared to TCV1 (single dose of CG-Vax). However, this was opposite in 

the groups that were vaccinated with a booster shot. It was seen that booster dose 

of CG-vax increased the amount of cytokine release in the blood, whereas HG-Vax 

booster dose showed a decline in the levels of TNF-α. There was no statistical 

significance found among the experimental groups as the p-value for this model was 

>0.05. Nevertheless, the levels of cytokine secretion shows that there was some 

degree of activation of TNF-α, and further testing might provide a better outlook. 

 

 





 

226 
 

Production of IL-12: The ELISA analysis for the production of IL-12 showed 

statistical significance for one of the four test groups. A substantial increase in the 

secretion of IL-12 secretion was observed in both the vaccinated groups (Fig. 40b). 

When compared with the booster doses, IL-12 secretion in single dose vaccinated 

mice was found to be significantly lower (p-value <0.05). Moreover, the single dose 

vaccinations showed less IL-12 response when compared to the non-immunized 

group. Additionally, IL-12 secretion in mice treated with a single dose of CG-Vax was 

lower than the production observed in mice treated with a single shot of HG-Vax. 

Similar trend was observed in the booster dose model wherein IL-12 secretion was 

observed to be lower in CG-Vax (booster dose) treated mice relative to HG-Vax 

(booster dose) treated mice. It is worth noting that the after vaccination with a 

booster dose the levels of I-12 spiked in both groups of the vaccines. This data is 

consistent with previous finding where HG-vax shows increased secretion of IL-12 

in comparison to CG-Vax.  

7.3.2. Real time PCR analysis for cytokine gene expression in mice challenged 

with tumour post vaccination 

Gene expression of TNFα: The gene expression of TNFα post vaccination and tumour 

challenge was seen to be the highest in animals treated with double dose of HG-Vax. 

Fold-change in the expression of TNFα was 2.3-fold when compared to the negative 

control mice treated with saline and also to the non-immunized tumour challenged 

mice (Fig. 41a). The expression when observed for a single dose treatment with the 

same vaccine was quite low in comparison. Conversely, the expression observed 

with the CG-Vax treated mice did not show an increase in the level of TNFα gene. The 

fold-change observed for the single dose group and the double dose group of CG-Vax 

showed slight difference. The data was not significant and did not show much 

variation between the single or double dose regimen for CG-Vax, while a clear 

difference was recorded in the expression of TNFα between the two different dose 

administrations of HG-Vax.  

Gene expression of IL12A: The qPCR analysis for the evaluation of IL12A expression 

in animals inoculated with lung cancer cells showed interesting results. With a single 

dose injection of both the vaccines, the level of IL12A was lower when compared to 

the non-immunized, tumour challenged mice (Fig. 41b). The level of IL12A 

expression induced by HG-Vax was seen to be higher than CG-Vax in mice models  
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post tumour challenge. Similar trend was observed when the animals were provided 

with a booster dose 14-day after the initial injection. Expression levels of IL12A 

spiked in animals treated with a booster dose of HG-Vax, whereas only a small fold 

change was observed in animals treated with a second dose of CG-Vax. The fold 

change increase in IL12A expression in mice provided with a double dose of HG-Vax 

was 517.5-fold which was significantly high when compared to other experimental 

groups. While a 3.5-fold increase in the expression of IL12A was seen in the animals 

treated with two doses of CG-Vax, this increase was slightly higher relative to the 

non-immunized, tumour challenged group. The data only showed statistical 

significance in HG-Vax booster dose group which was significantly different to all 

groups including the control and the experimental group. Nevertheless, this data is 

consistent to our earlier findings and shows that the vaccines might have the 

potential to induce an immune response. 
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Chapter 8 

Discussion of in vivo observations 

 

 



 

230 
 

The novel vaccines developed in this study were further investigated in an animal 

model of lung cancer. Previously, in vitro experimental analysis suggested that a 

vaccine consisting of RNA:DNA hybrid as an immune stimulator has higher potential 

to induce an inflammatory response relative to the CpG 7909 based cancer vaccine. 

To analyse and verify these results, an animal model of lung cancer was created, and 

the animals were vaccinated with optimized doses of cancer vaccine candidates. The 

animal model selected for the study was C57/BL6 and were divided into three major 

groups. The first two groups (end point termination groups) of mice were injected 

with individual agents, vaccines, and the booster doses of the vaccines in order to 

determine the induction of an immune response in vivo at 14-day and 28-day end 

point. The booster doses were administered after 14 days of the initial dose wherein 

the mice were observed for an immune response at 14-day and 28-day interval to 

determine whether double dose vaccination with shows enhanced response and 

better outcome. The third group of mice was a separate study which was termed as 

the tumour challenge model. This group of mice were treated with the vaccine 

candidates 14-days prior to tumour inoculation. Tumour challenge model analysed 

whether the vaccine candidates initiate tumour regression and aid in the prevention 

of cancer. Both the vaccines in this group were tested for their responses in single 

as well as double doses. Furthermore, a comparison between both the vaccine 

candidates was done to determine which one of the vaccines shows better outcome.  

8.1. Analysis of an immune response generated by individual groups of immune 

stimulators (CpG 7909 and RNA:DNA hybrid) and antigen (Globo-H) 

8.1.1. Secretion and expression of proinflammatory cytokines by individual 

entities in vivo  

The two immune stimulators CpG 7909 and RNA:DNA hybrid are known to trigger 

an immune response in vivo by binding to the TLR9 receptor (Jensen & Paludan, 

2014; Yuan et al., 2018). Their immune activity was analysed via detection of an 

inflammatory response produced by the release of two distinct proinflammatory 

cytokines, TNF-α and IL-12. Previously in the in vitro analysis three different 

cytokines were detected including TNF-α, IL-6 and IL-12. It was observed that IL-6 

remained undetected in the immune cells after stimulation with immune 

stimulators. Therefore, IL-6 in the in vivo study was omitted and the expression and 

secretion of two cytokines was analysed.  
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As expected, it was observed that the secretion of TNF-α was highest in the animals 

treated with LPS. LPS is a known stimulator of an innate immune response and has 

been seen to elicit high levels of TNF-α in an inflammatory response produced by 

macrophage cells (Shi et al., 2002). The immune stimulators when introduced in a 

host stimulates immune cells of the innate immune system or the antigen presenting 

cells (APCs) that are responsible for the generation of an inflammatory response 

(Häcker et al., 2002). Consistent to the results obtained from in vitro studies upon 

stimulation of mouse macrophages with CpG 7909, induction of TNF-α showed a 

similar level of response upon exposure to CpG 7909 in vivo. Furthermore, the level 

of cytokine secretion observed in the mice treated with R:D60 was seen to be lower 

compared to the in vitro stimulation of the cells. However, the trend observed in the 

in vivo trial was rather distinct to the in vitro observations. In animals, CpG 7909 

seemed to induce higher degree of TNF-α in comparison to R:D60 whereas, in the 

cellular model both immune stimulators showed similar level of activation. It has 

been shown in many studies that bacterial CpG (type B) stimulate TNF-α in response 

to immune cell activation (Klinman et al., 2008; Krug et al., 2001). In addition, while 

TNF-α cytokine levels in these immune cells remain modest (Bohle et al., 2001; 

Sivori et al., 2006), it has been demonstrated that they are not higher than levels of 

secretion of other proinflammatory cytokines such as IL-12 (Krieg, 2002). On the 

contrary, the degree of TNF-α induction by R:D60 stimulation was comparable to 

the negative control where the mice were stimulated with saline. RNA:DNA hybrid 

is known to induce innate immune stimulatory potential which involves the 

activation of TNF-α in immune cells (Rigby et al., 2014; Vanaja et al., 2014). This was 

not seen in our study as R:D60 showed modest stimulation of TNF-α. These results 

suggest that R:D60 does not have TNF-α mediated stimulatory effects in mice while 

CpG 7909 shows some level of activation of TNF-α. The expression profile of the 

related gene of interest, TNFα, yielded a different result and does not corroborate 

with the secretion profile. It was observed that TNFα gene expression in animals 

treated with CpG 7909 did not match the rise observed in TNF-α secretion. On the 

contrary, a slight increase in gene expression of TNFα was reported in R:D60 

transfected mice. Additionally, the level of TNFα expression in both the 

experimental groups was comparable to the negative as well as the positive control 

groups. When the serum was detected for IL-12 cytokine, the trend seemed to vary 

from that of TNF-α. R:D60 induced activation of IL-12 seemed to be higher in 
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comparison to the secretion detected when the animals were exposed to CpG 7909. 

The animals exposed to LPS also induced increased amount of IL-12 in the blood 

which was comparable to the R:D60 induced cytokine secretion. This data suggests 

that the immune stimulators have the potential to induce an IL-12 mediated 

inflammatory response. However, these results contradict our previous findings 

from the in vitro cellular model where the secretion of IL-12 was limited. It is well 

established that IL-12 plays a key role in a successful anti-tumor immune response 

(Mirlekar & Pylayeva-Gupta, 2021). This supports our results where increased 

secretion of IL-12 was observed when the mice were treated with two different 

stimulators. The gene expression of IL12A justifies the increase in the secretion of 

the cytokine. A fold-increase of 2.6-fold was observed in the expression of IL12A 

when the mice were treated with R:D60 relative to the negative control whereas a 

fold-change of 1.6-fold was detected in mice treated with CpG 7909 in relation to the 

negative control. This validates the trend reported with the ELISA data which 

suggests that R:D60 seemed to elicit IL-12 response. The increase in IL-12 response 

is linked to the increased Th-1 and IFN-γ response which suggests a potential 

activation of anti-tumour response (Lasek et al., 2014). Even though IL-12 

expression and secretion was higher in R:D60 comparison to CpG 7909, both these 

stimulators show increased amounts of IL-12 and are likely to trigger a potential 

anti-tumour immune response.        

The animals were separately exposed to Globo-H, an antigen exclusively expressed 

on the surface of cancer cells, to analyse its antigenicity in in vivo model of mice. 

TNF-α secretion in animals exposed to Globo-H was seen to increase when 

compared to the negative control. In relation to the positive control and CpG 7909 

induced TNF-α secretion, this response was modest. These results suggests that 

Globo-H was recognised by the immune cells and a moderate inflammatory 

response was generated against the antigen which can be attributed to its weak 

immunogenicity (Ghosh et al., 2020). However, Globo-H induced TNF-α secretion 

was relatively greater than R:D60 induced TNF-α secretion. This suggests that 

Globo-H is better in triggering an inflammatory response than the immune 

stimulator R:D60. Since Globo-H is of human cancer origin, it is possible that it was 

much more immunogenic in mice and was seen as a potential antigen by mouse 

APCs. The expression of TNFα showed downregulation of the related gene. The fold-

change expression of TNFα in animals exposed to Globo-H seemed to reduce in 
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comparison to the expression induced by negative control and both the immune 

stimulators. Further, IL-12 secretion was seen to be upregulated in the animals 

exposed to the antigen. This elevation was seen to be negligibly higher than the CpG 

7909 treated mice and was relatively less when compared to R:D60 transfected 

mice. However, expression of the IL12A did not seem to increase much when 

compared to the negative control. Also, IL12A expression was comparatively less in 

Globo-H treated groups than the expression induced by the immune stimulators. 

This suggests that even though IL-12 mediated inflammatory response was 

stimulated in murine models upon exposure to Globo-H, the immunogenicity of the 

antigen was somewhat low. The observed TNF-α and IL-12 response in murine 

model upon exposure to Globo-H is fairly consistent to our earlier findings with the 

in vitro mouse macrophage cell model.  

While the levels of cytokine secretion and expression showed increased potential of 

immune activation by immune stimulators and Globo-H, the data did not reach 

statistical significance suggesting that a larger sample size may provide a better 

interpretation by omitting the variance observed within the groups. It can be noted 

that R:D60 may possess higher potential to activate anti-tumour immune response 

by inducing IL-12 response which aligns with our previous analysis that 

demonstrated R:D60 may be a better immune stimulator than CpG 7909. Further 

analysis for their combination in a vaccine was done to determine its 

immunomodulatory potential.  

8.2. Analysis of an immune response generated by preventative vaccines in 

single and double dose preparation. 

8.2.1. Secretion and expression of proinflammatory cytokines in animals after 

14- and 28-day exposure to a single dose of the vaccine candidate 

Using the immune stimulators two cancer vaccines were prepared and introduced 

in the mice. Both these vaccines contained Globo-H as the cancer antigen. The first 

vaccine (CG-Vax) consisted of CpG 7909 as the immune stimulator and the second 

vaccine (HG-Vax) comprised of RND:DNA hybrid as the immune stimulator. 

Previously it has been mentioned that Globo-H is poorly immunogenic and requires 

a carrier protein to enhance its immunogenicity (Gilewski et al., 2001). In this model 

we tried to use two different immune stimulators to analyse the immune response 

in vivo.  
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The most important goal of a cancer vaccine is to elicit an innate immune response 

wherein the antigen can be processed and presented by activated antigen 

presenting cells to generate an effective T-cell response (Berinstein, 2007). When 

the professional APCs are activated, they release proinflammatory cytokines 

including TNF-α and IL-12. A potential inflammatory response is generated by TLR9 

agonists such as CpG 7909 and RNA:DNA hybrid, immunostimulant component of 

the vaccine which can aid in antigen presentation by mouse immune cells 

(Vermaelen, 2019). In this study, the level of cytokine secretion induced by the 

vaccines was detected at 14-day and 28-day post vaccination. On day 14, mice 

treated with CG-Vax did not generate high levels of TNF-α in the serum whereas, in 

the animals treated with HG-Vax, a relatively small increase of TNF-α in serum was 

detected. This contrasts with the existing literature where type B CpG ODN was seen 

capable to trigger a significant TNF-α response while acting as a vaccine adjuvant 

and improves the immunogenicity of the vaccines (Bode et al., 2011). Also, when 

compared to CpG 7909 treated group alone, TNF-α secretion was downregulated in 

mice on day 14 after immunization. While there is no study showing that R:D60 is 

being used as a vaccine adjuvant, Rigby and colleagues have demonstrated that 

R:D60 elicits TNF-α secretion and acts as a TLR9 stimulator just like CpG ODN (Rigby 

et al., 2014). Unlike CpG 7909 and its corresponding vaccine, secretion of TNF-α 

demonstrated by R:D60 alone seemed to be comparable to the levels of TNF-α 

induced by HG-Vax on day 14 post vaccination. This suggests that none of the 

immune stimulators were able to either increase the immunogenicity of the antigen 

or elicit a potential immune response at 14-day end point. In contrast to these 

observations, the gene expression of TNFα demonstrated a different story. Fold-

change increase in the expression of TNFα induced by both vaccines demonstrated 

an upregulation of the gene. It was observed that mice treated with CG-Vax and HG-

Vax showed an 8.1- and 4.8-fold increase when compared to the negative control 

respectively. However, this increase does not match with the ELISA analysis for the 

secretion of TNF-α suggesting that the translational process is negatively regulated. 

One of the plausible explanation can be the upregulation of anti-inflammatory 

cytokine, IL-10, which is the most potent regulator of TLR mediated inflammatory 

response (Kuo et al., 2005; Rossato et al., 2012). One of the reasons to explain the 

upregulation of TNFα gene expression and downregulation of TNF-α protein 

production could be the activation of posttranscriptional inhibitors that can 
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interfere with the signalling pathway. TLR9 agonist may induce posttranscriptional 

checkpoints such as microRNAs that regulate the antigen presenting capability of 

dendritic cells in vivo (Rossato et al., 2012; Shah et al., 2019). In a previous study it 

has been shown that CpG motif induce regulatory miRNAs that enhanced the 

expression of certain cytokines such as IFN-β while reduced the production of 

proinflammatory cytokines such as TNF-α (Shah et al., 2019). Nevertheless, further 

investigation into this area can aid in understanding the actual regulatory 

mechanism in this case. Our in vitro analysis showed immune stimulators and Globo-

H synergistically increase the secretion of TNF-α which, however, has not been seen 

in animal model. While 14-day end point termination showed limited level of TNF-

α secretion in vaccinated animals, 28-day exposure of vaccine showed little 

variation in the observations. The quantity of TNF-α secretion in mice treated with 

CG-Vax was shown to be higher after 28 days compared to animals exposed to the 

vaccination for 14 days. On the contrary, HG-Vax induced production of TNF-α was 

observed to decline over time. This response was comparable to the trend observed 

for the induction of TNF-α in LPS treated mice. It is known that LPS induced 

activation of APCs and respective cytokines declines over time. For instance, 

maximum levels of TNF-α in mouse was secreted at 3 hours and rapidly decreased 

at 6 hours post LPS exposure (Xu et al., 2017). However, the same was not true for 

the mice treated with CG-Vax. The increase in the induction of TNF-α by CG-Vax at 

28-day might be due to the fact that CpG 7909 metabolises slower and stays in the 

cells for longer time. This allows the immune cells to constantly come in contact with 

the agent and continuously secrete the cytokines (Noll et al., 2005). The 

observations with R:D60 suggest that it might have degraded much faster than CpG 

7909 in vivo. These observations do not align with the expression of TNFα at 28-day 

time point. According to the gene expression data, the animals treated with HG-Vax 

showed higher stimulation of TNFα relative to the animals treated with CG-Vax. This 

is in conflict to the data recorded at 14-day day wherein TNFα expression induced 

by CG-Vax seemed to be more than HG-Vax induced expression. Overall, at 28-day 

end point, fold change in the expression of TNFα showed a considerable increase in 

all the experimental groups when compared to 14-day end point observations. 

Astonishingly, HG-Vax showed much higher expression when compared to the LPS 

control and CG-Vax. It can be inferred that at 28-day post vaccination, the relative 

levels of TNF-α secretion are higher in CG-Vax treated mice, but its gene expression 
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profile depicts that higher TNFα is being triggered by HG-Vax. By looking at the gene 

expression profiles, it seems that TNFα is certainly being triggered but its translation 

is being inhibited by intrinsic modulatory factors such as posttranscriptional 

inhibitors post stimulation. Further investigations to analyse downstream signalling 

may provide a better explanation.        

IL-12 secretion induced by the vaccines in animals after 14-day of immunization 

seemed to incredibly increase in comparison to TNF-α. Surprisingly, animals treated 

with the vaccines showed a decrease in the levels of IL-12 production relative to the 

secretion induced by individual groups alone. This shows that in combination of a 

vaccines, both the immunostimulators fail to enhance the antigenicity of the antigen 

at 14-day post vaccination. However, when monitored for their inflammatory 

response at 28-day post vaccination this response seemed to increase for both the 

vaccines. Furthermore, at 14-day time point HG-Vax showed higher induction of IL-

12 than CG-Vax. Conflicting to these observations, at 28-day post immunization, CG-

Vax seemed to have enhanced IL-12 secretion than HG-Vax. These results are 

consistent to the TNF-α observations where the cytokine secretion at 14-days is 

higher in HG-Vax treated mice and at 28-days it is higher in CG-Vax treated animals. 

These observations do not tally to our previous in vitro study where IL-12 seemed 

to negatively regulate inflammatory response. However, the trend of the in vitro 

study showed downregulation of IL-12 upon stimulation with HG-Vax and 

upregulation upon exposure to CG-Vax. It is worth noting that the cytokine levels in 

the serum stay for longer period after vaccination with both the vaccines. This 

indicates that both the nucleic acids stimulate the cells enough to process the 

antigen and trigger an immune response at 28-day post vaccination. Even though 

the results show that IL-12 is down regulated upon activation of APCs 14-day post 

immunization when compared to the individual groups, it can be said that Globo-H 

and the immune stimulators do not participate in the induction of inflammatory 

response synergistically. It is notable that IL-12 secretion is much higher than TNF-

α secretion suggesting a potential to trigger an anti-tumour immune response via 

induction of CD8+ T-cell response (Mirlekar & Pylayeva-Gupta, 2021). Furthermore, 

the expression of IL12A shows opposing results for both the vaccine groups. At 14-

day post vaccination, animals provided with CG-Vax treatment showed a markedly 

increased expression of IL12A compared to the animals treated with HG-Vax. This 

increase was significantly higher than the positive control group and suggested that 
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CG-Vax induces high amounts of IL-12. CpG ODNs have represented a class of PAMPs 

that readily mimic a bacterial infection and induce inflammatory response by 

triggering IL-12 and IFN-γ. In corroboration with the our results, it was previously 

seen that CpG induced IL-12 responses sustain in the blood serum for a longer time 

and can promote antigen specific response when combined to a cancer antigen 

(Krieg et al., 1998). However, the findings of the ELISA study seemed to contradict 

this. Further, at 28-day time point, fold-increase in the expression of IL12A was seen 

to be higher in HG-Vax treated animals when compared to the IL12A expression 

exhibited by CG-Vax. Consistent to the trend observed with TNFα, IL12A expression 

followed a similar pattern after stimulation with CG-Vax and HG-Vax at both end 

points. The distinct pattern between the ELISA and qPCR data can be attributed to 

the fact that data was collected from two different sites, blood and spleen 

respectively, that vary in their immunobiology. When compared to the in vitro 

results, IL-12 secretion in an animal model seemed to be upregulated. This suggests 

that several different mechanisms in an in vivo immune system might aid to the 

proliferation of IL-12 mediated anti-tumour response. As mentioned, IL-12 cytokine 

is a heterogenous protein that consists of p35 and p40 subunits that collectively 

makes IL-12 p70. The upregulation of IL-12 p70 can be due to the priming of an 

immune response via TLR mediated transduction and amplification of an immune 

response via cytokine signalling (Lasek et al., 2014). Although there are several 

mechanisms that can inhibit IL-12 response such as induction of anti-inflammatory 

cytokines and negative regulators of immune system (Rahim et al., 2005), it can be 

clearly said that in an in vivo environment, IL-12 response induced by the vaccines 

was not suppressed, rather was potentially enhanced to activate anti-tumour 

environment.      

8.3. Secretion and expression of proinflammatory cytokines in animals after 14- 

and 28-day exposure to double dose of the vaccine candidate 

A similar analysis was performed for a booster dose of the vaccine candidates to 

evaluate whether the efficacy is enhanced upon stimulation with a second dose. 

Observations were reported at end-point termination of 14-day and 28-day post 

vaccination schedule and the release, expression of cytokines was detected from in 

vivo model.  

TNF-α secretion did not seem to vary substantially with the addition of a second 

dosage in both the vaccine groups at day-14. The results however did not reach 
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statistical significance but display the varying levels of secretion induced by both 

the vaccines after booster dose regimen. The animals vaccinated with double dose 

of CG-Vax showed a similar TNF-α response when compared to the response 

generated by animals vaccinated with a single dose at 14-day post vaccination. 

Moreover, a comparable TNF-α response was induced in the animals vaccinated 

with single or double dose of HG-Vax. Even though production of TNF-α was 

reported to be similar at 14-day post vaccination but there was a discrete pattern 

observed for the cytokine secretion at 28-day post immunization. While CG-Vax 

immunized animals showed equivalent amounts of TNF-α in their blood serum with 

both dose regimes, the cytokine levels in HG-Vax treated animals showed a spiking 

increase at 28-day post booster dose. This suggests that a booster dose of HG-Vax 

enhances an inflammatory response over time. This has been previously seen in 

clinics wherein a booster dose of vaccine is used to stimulate immune responses in 

breast cancer patients and sustain clinical efficacy (Holmes et al., 2011). However, a 

second dose of both the vaccines failed to induce expression of TNFα in animals at 

14-day schedule. The data shows that both the vaccines at 14-day post vaccination 

with a single dose show increased expression of TNFα in spleen but fail to sustain 

cytokines in the blood. With the booster doses, the expression and secretion of TNF-

α signify consistent results and remain low. Moreover, at 28-day post vaccination of 

a booster dose, the mice showed downregulated expression of TNFα when 

compared to the single dose vaccinated animals.  

Immunization with a booster dose increased the levels of IL-12 in mice 14-day after 

vaccination. Both the vaccines seemed to stimulate IL-12 mediated response after 

the injection of a booster dose. There was no significant difference observed within 

the booster dose groups of both the vaccines, but a comparatively higher response 

was seen with the single and double dose groups. The secretion of IL-12 however at 

28-day post booster vaccination was detected to decline over time when compared 

the single dose group at 28-day. However, HG-Vax treated group showed a better 

response than CG-Vax treated group which is consistent to the results observed in 

TNF-α secretion post booster vaccination. This shows that HG-Vax is better in 

inducing a prolonged inflammatory response to the vaccine. At 14-day end point the 

expression of IL12A partially corroborated with the secretion of IL-12. In 

comparison to the levels of IL-12, the expression levels of IL12A in mice injected 

with a booster dose of CG-Vax showed conflicting results. On the other hand, when 
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the mice were injected with a booster dose of HG-Vax, the level of cytokine secretion 

was almost 2 times more than the negative control which matches with the 

expression of IL12A. However, when analysed at 28-day time point, the expression 

level of IL12A decreased in animals receiving double dose of HG-Vax in comparison 

to the single dose regimen whereas this expression increased in animals receiving 

booster doses of CG-Vax. Although the expression levels of IL12A are low, 

the cytokine secreted post booster dose vaccination persist in the serum for longer 

periods, resulting in a long-term inflammatory response. The fact that IL-12 is 

circulating in the system and booster dose enhances vaccine efficacy, initiation of an 

anti-tumour response is likely to occur (Mirlekar & Pylayeva-Gupta, 2021).  

8.4. Analysis of an anti-tumour immune response generated by preventative 

vaccines in a tumour challenge model against lung cancer    

A tumour challenge model was created to analyse whether the vaccine candidates 

show an anti-tumour response. The observations for proinflammatory cytokine 

response in mice treated with the vaccines were compared to the non-immunized 

group of mice. The experimental group consisted of the animals treated with both 

the vaccine regimes for the two preventative vaccines. The vaccinated group of mice 

were also compared to each other to evaluate which of the two vaccine has the better 

potential to initiate an antitumour response and participate in tumour regression. 

In this model, the mice were subcutaneously (s.c.) injected with 2x105 cells of LLC1 

14-days after the s.c. vaccination regime. It was believed that the tumour would 

group within 2 weeks post inoculation of the cells in the non-immunized mice (Feng 

et al., 2019). Surprisingly, the tumour cells did not grow a visible solid tumour at the 

injection site which is in contrast to the characteristic of LLC1 cells. They usually 

grow a solid tumour and tend to metastasize (Stankevicius et al., 2016). It is possible 

that the number of cells that we used were too less to grow tumour within 14-days. 

Different studies have used this cell line at various concentrations to induce tumour 

in mice models (Stankevicius et al., 2016; Sun et al., 2015). Our observations suggest 

that 2x105 cells was not an optimum concentration to induce tumour in C57/BL 

mice within 14-days. Further incubation time may be required for it to grow tumour 

and challenge the immune system.   

Nevertheless, TNF-α response was seen in animals which received both single and 

double doses of vaccines. Post 14-day of tumour inoculation, the mice vaccinated 
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with booster immunization of CG-Vax showed a higher TNF-α response compared 

to the animals that received only a single dose. This shows that booster dose of CG-

Vax enhances an immune response. However, this response was not very high when 

compared to the non-immunized control. Even though there were no tumour found 

in the animals treated with the vaccines or the non-immunized control, it was seen 

that TNF-α secretion detected in vaccinated models was downregulated when 

compared to the non-immunized models. The mechanism for the activation of TNF-

α is not clear in this setting and further investigation is needed. Alternatively, the 

mice that were injected with HG-Vax doses showed comparable levels of TNF-α 

activation in single and double dose regimes but were still less than non-immunized 

mice. Furthermore, the expression of TNFα revealed that with booster 

immunization with HG-Vax shows can initiate strong TNFα response in vivo. The 

expression was seen to be higher than the non-immunized mice and the other 

experimental models. This shows that a double dose combination of Globo-H and 

R:D60 may produce an innate immune response synergistically post tumour 

inoculation. It can be said that R:D60 might have initiated an initial response in the 

lymphoid organs that primed the immune system and a booster immunization might 

have enhanced this response (Feng et al., 2019; Holmes et al., 2011). However, the 

data did not show statistical significance and the tumour was not grown in the non-

immunized mice. Therefore, increasing the incubation time of the tumour and/or 

changing certain parameters in the experimental protocol can lead to a better 

outcome for this study.  

IL-12 response in the mice challenged with tumour cells showed an increase with 

the booster doses of vaccination. Animals treated with a single dose of CG-Vax and 

challenged with tumour cells showed a decreased IL-12 response when compared 

to non-immunized mice. However, with a booster shot of CG-Vax, the animals 

showed approximately 1.5-fold increase of IL-12 secretion in the blood. The booster 

dose response post tumour challenge was also seen to be higher than the response 

generated by non-immunized mice. This shows that a booster dose of the CG-Vax 

enhances cytokine secretion suggesting onset of an innate immune response. Since 

no tumour growth was observed in the control mice, the reason behind the cytokine 

response in non-immunized mice is unclear. Nevertheless, treatment with HG-Vax 

showed an increase of IL-12 in post tumour challenge. When compared to the non-

immunized control, this response was comparable to the single dose HG-Vax 



 

241 
 

vaccinated mice. Mice treated with a booster immunization when analysed for IL-12 

secretion showed the highest level of IL-12 in the serum of immunized mice, which 

was clearly higher than non-immunized control as well as the single dose group. It 

is still not clear that the response is generated by the vaccines in the presence of 

tumour or if the tumour cells interfere in the system. Investigation on this aspect of 

the study can lead to a better understanding. Furthermore, the gene expression of 

IL12A displayed a tremendous increase in the levels of IL12A when the mice were 

treated with a booster dose of HG-Vax prior to tumour inoculation. This increased 

response was more than 500-fold when compared to any of the other experimental 

groups. It is clearly seen that the expression of IL12A is more in HG-Vax treated mice 

than the CG-Vax treated mice. Additionally, more IL-12 response suggested higher 

induction of anti-tumour response (Mirlekar & Pylayeva-Gupta, 2021). These 

observations are similar to the previous results recorded for TNF-α response. The 

data indicates that either HG-Vax showed positive regulation of IL-12 and inhibited 

tumour growth, but since it is evident from the non-immunized mice that the 

tumour was incapable of growth in this study, the data remains unconclusive.      

In a nutshell, preventative vaccine model designed for in vivo trials partially satisfied 

our hypothesis. New information was revealed for the level of inflammatory 

response induced by novel vaccine candidates. It was seen from the data that 

secretion of proinflammatory cytokines varied with dose response and at two 

different end points. At 14-day post vaccinations the response generated by HG-Vax 

with a single dose was more than CG-Vax. Whereas at 28-day the inflammatory 

response generated by CG-Vax was more than HG-Vax. However, opposite was true 

for the booster dose group where HG-Vax was more stimulating than CG-Vax. Gene 

expression profiles show a totally opposite trend in this model. The data did not 

show statistical significance and a lot of variance was observed within the groups 

which suggest further in vivo investigation. We know that lymphoid organs are an 

important part of the immune response and release the immune cells, the data 

collected from spleen represent higher activation of the cells (Boehm & Bleul, 2007). 

Therefore, it can be said that RNA extracted from the spleen showed more accurate 

results for the gene expression profiles of the proinflammatory cytokines. While the 

lymphatic system circulates the immune cells to reach the injection site a positive 

feedback mechanism was initiated that was seen by persistent levels of cytokines at 

28-day post vaccination. Inconsistency in TNF-α and IL-12 responses (secretion and 
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expression) among the vaccines does not provide convincing evidence to determine 

which of the vaccine is superior. During an inflammatory response, certain 

mechanisms may enhance the expression of proinflammatory cytokines but can also 

induce posttranscriptional checkpoints such as microRNAs that interfere with 

mRNA stability, processing, and translation and can be responsible in inhibiting 

proinflammatory cytokine production and suppressing TLR mediated signalling via 

immunosuppressive agents  (Rossato et al., 2012). This explains distinct patterns 

observed in the cytokine secretion and expression.  

An interesting observation for the inhibitory activity of Globo-H was found in in vivo 

model. When the animals were exposed to individual agents, a higher level of 

cytokines was seen in the serum in comparison to single or double immunized 

animals. This shows that Globo-H and the immunostimulators do not act 

synergistically to increase an immune response. It is evident from the literature that 

Globo-H can act as an immune checkpoint molecule and inhibit an immune response 

(Tsai et al., 2013). However, no such evidence has been proven for CpG 7909 or 

R:D60, rather these molecules enhance a response (Jensen & Paludan, 2014; 

Klinman et al., 2008). In addition, Globo-H is the only common agent in both vaccines 

and thus we can say that Globo-H may be responsible for the downregulation of 

immune response in both in vitro and in vivo studies.          

In tumour challenge model, animals received the vaccines initially and were injected 

with the tumour cells 14 days after the primary or the secondary dose. None of the 

group including the non-immunized animals showed tumour growth which clearly 

states that tumour cells were not enough for its growth. Higher concentration of 

tumour cells and longer incubation period would provide a better understanding for 

the tumour challenge model. No evidence of tumour growth in vaccinated animals 

suggests that either the tumour growth was inhibited by the vaccines or the tumour 

cells did not have enough time for proper growth. However, the immune response 

observed in the non-immunized mice can be explained due to the presence of 

surface antigens. Tumour cells contain surface antigens that are poorly 

immunogenic but may be recognised as foreign to the host thus inducing an innate 

immune response against it (Lee et al., 2014). Overall, the data suggests that both 

vaccines have their own capability to induce an inflammatory response. It can be 

further added that HG-Vax shows consistency throughout the investigation and 

must be further investigated using broad parameters to analyse its immune activity. 
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Chapter 9 

MHC II expression in vitro and in vivo 
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9.1. MHC II expression in vitro cell culture 

9.1.1. Regulation of MHC II molecule via gene expression of H2-Eα in RAW 

264.7 macrophages 

The regulation of MHC II in mouse macrophages was analysed by observing the 

expression of H2-Eα gene. H2-Eα gene belongs to the MHC II family of genes in mouse 

immune cells and encodes for the antigens that trigger a T-cell dependent immune 

response. We determined the level of MHC II activation to analyse the antigen 

processing ability of mouse macrophages in vitro.     

a) Real-time qPCR analysis for MHC II gene expression in RAW 264.7 

macrophages induced by CpG 7909 

CpG 7909 immune stimulator was used to stimulate RAW 264.7 mouse 

macrophages for 18 hours and the mRNA was collected to observe H2-Eα expression 

in the immune cells. In comparison to the positive control LPS, the expression of H2-

Eα remained negligible when the cells were treated with CpG 7909. These 

observations were statistically significant as the positive control displayed 69.9-fold 

increase relative to CpG 7909 induced expression (Fig. 42a). Alternatively, the 

response generated by CpG 7909 seemed to downregulate the expression H2-Eα 

which is evident from the decline in fold change compared to the unstimulated 

control. This displays that CpG 7909 did not upregulate MHC II molecule and 

dictates the low antigen presentation ability compared to LPS control.  

b) Real-time qPCR analysis for MHC II gene expression in RAW 264.7 

macrophages induced by R:D60 

Similar analysis was performed for RAW 264.7 macrophages when transfected with 

R:D60 hybrid. This nucleic acid immune stimulator did not show significant results 

either. The LPS control seemed to have increased the expression of H2-Eα incredibly 

in comparison to the R:D60 treated cells (Fig. 42b). Nevertheless, this response was 

slightly higher than the unstimulated cells, but not significant to detect H2-Eα gene 

expression and determine antigen presentation. The findings did not meet the 

proposed hypothesis and could not reach statistical significance. Thus, the results 

indicate that this nucleic acid hybrid does not induce MHC II expression.   
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c) Real-time qPCR analysis for MHC II gene expression in RAW 264.7 

macrophages induced by Globo-H 

When analysed for the tumour associated carbohydrate antigen, Globo-H, the 

expression of mouse H2-Eα gene did not provide much information on the induction 

of MHC II molecule. Relative to the LPS control, the expression was hardly seen in 

the Globo-H exposed RAW 264.7 macrophages (Fig. 42c). While a little fold-change 

was observed in the expression profile of H2-Eα, this change was consistent with all 

the negative controls. The data represents no statistical significance and clearly 

shows no elevation in the levels of MHC II molecule.   

d) Real-time qPCR analysis for MHC II gene expression in RAW 264.7 

macrophages induced by CG-Vax and HG-Vax 

We performed real-time PCR analysis for the detection of H2-Eα in both the vaccine 

candidates to observe whether Globo-H and the immune stimulators function 

synergistically to express MHC II complex. The data showed marked elevation in the 

expression levels of H2-Eα in RAW 264.7 cells when exposed to LPS which was 

highly significant (p<0.001). Whereas both the vaccines did not show increased fold-

change in the levels of H2-Eα expression in RAW 264.7 cells (Fig. 42d). In fact, both 

of them showed decline in the gene expression when compared to the unstimulated 

cells. In comparison, HG-Vax showed much lower expression (Mean = 0.3) than CG-

Vax (Mean = 0.6). Also, this expression was even lower when relative to the fold-

change observed in H2-Eα expression when the cells were exposed to individual 

groups. This shows that upon exposure to the vaccines there is no significant 

elevation in the MHC II molecules that could generate an immune response and 

participate in antigen presentation. These results however do not satisfy the said 

hypothesis and conflicts with the cytokine production observed in the vaccine 

treated RAW 264.7 macrophages.    

9.1.2. Regulation of MHC II molecule via gene expression of HLA-DRA in THP-1 

induced macrophages 

The expression of the HLA-DRA gene was used to investigate the regulation of MHC 

II in human macrophages. This gene belongs to the human MCH II family of genes 

that mainly bind to the antigenic peptides for its recognition by antigen-specific T-
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cells. In order to assess the antigen processing capacity of human monocyte induced 

macrophages in vitro, we measured the degree of MHC II activation. 

a) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

macrophages induced by CpG 7909 

Gene expression of HLA-DRA was observed after stimulating THP-1 induced 

macrophages with CpG 7909. The data produced did not reach statistical 

significance in any of the experimental groups including the positive control. 

However, unlike in mouse macrophages the elevation levels were different in THP-

1 induced macrophages when stimulated with CpG 7909 (Fig. 43a). Upregulation of 

HLA-DRA was observed in CpG 7909 treated cells which was higher than the 

unstimulated cells but lower than the negative control chloroquine (an inhibitor of 

TLR9 receptor). Moreover, this fold-change was incredibly lower than the LPS 

stimulated cells. Even though the data did not show significance, the elevation levels 

dictate activation of MHC II molecule in CpG 7909 treated THP-1 induce 

macrophages.   

b) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

macrophages induced by R:D60 

The qPCR analysis for the gene expression of HLA-DRA was showed some positive 

results. Opposed to the mouse macrophages, the expression of HLA-DRA in human 

macrophages showed an increase. Compared to the unstimulated cells, a 10.3-fold 

increase was observed in the cells transfected with R:D60 (Fig. 43b). However, this 

change was comparable to the negative control CQ and did not reach statistical 

significance. Relative to the positive control the fold-change induced by R:D60 group 

was lower but was not significantly different.    

c) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

macrophages induced by Globo-H 

Globo-H induced expression of HLA-DRA showed contrasting results. The fold-

change increase found in Globo-H exposed human macrophages was lower than the 

positive control LPS as well as the negative control CQ. However, the findings did 

not reach statistical significance and hence were comparable (Fig. 43c). The increase 

in gene expression in Globo-H treated cells was much higher than the unstimulated 
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cells. This shows that Globo-H might have the ability to induce MHC II molecules 

which can be investigated further.  

d) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

macrophages induced by CG-Vax and HG-Vax 

When the gene expression of HLA-DRA was observed in the cells treated with the 

vaccine candidates, HG-Vax outnumbered CG-Vax induced activation. It was seen 

that CG-vax did not induce much of an expression of HL-DRA when compared to the 

individual groups as well as the hybrid-based vaccine group. The response 

generated by CG-Vax seemed to have declined when compared to the Globo-H only 

group. On the other hand, HG-Vax treated group showed 17.7-fold increase in the 

expression of HLA-DRA which was higher than R:D60 and Globo-H treated groups 

that showed 7.4- and 10.3-fold increase respectively (Fig. 43d). This shows that 

hybrid-based vaccine has better immunogenicity than CpG 7909-based vaccine. 

Nevertheless, the data was not statistically significant, and a larger sample set might 

provide a better outlook on the expression of HLA-DRA in human macrophages.  

9.1.3. Regulation of MHC II molecule via gene expression of HLA-DRA in THP-1 

induced dendritic cells 

Similar to the THP-1 induced macrophages, HLA-DRA expression in THP-1 derived 

dendritic cells was also observed.  

a) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

dendritic cells induced by CpG 7909 

CpG 7909 was incubated with THP derived dendritic cells for 18 hours and the 

mRNA expression for HLA-DRA was observed. The expression profile in the CpG 

7909 treated cells was not significantly different to other experimental groups. As 

observed with THP-1 induced macrophages, the level of expression produced by 

CpG 7909 was higher in dendritic cells. However, the increase in non-CpG treated 

cells was unexpected and comparable to the levels shown by CpG 7909 (Fig. 44a). 

Though the data did not reach statistical significance, the expression profile with 

CpG 7909 is comparable to the expression generated by non-CpG control. 

Nevertheless, relative to the unstimulated control, CpG 7909 induced expression 

was slightly more.    
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b) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

dendritic cells induced by R:D60 

In contrast to our previous finding in THP-1 macrophages where R:D60 showed 

increased levels of HLA-DRA expression, this immune stimulator showed a decline 

in HLA-DRA gene expression in THP-1 dendritic cells. Also, when compared to the 

unstimulated cells, R:D60 did not show increased expression in THP-1 derived 

dendritic cells (Fig. 44b). Hybrid induced expression of HLA-DRA shows 

downregulation of MHC II molecules which is against the proposed hypothesis of 

the study.  

c) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

dendritic cells induced by Globo-H 

THP-1 derived dendritic cells upon exposure to Globo-H cancer antigen did not 

produce significant results. It was seen that Globo-H induced expression of HLA-DRA 

in dendritic cells declined when compared to the unstimulated cells (Fig. 44c). The 

levels of expression were comparable to the negative control CQ and lower than 

non-CpG. The observation did not reach statistical significance and the expression 

being lower than the unstimulated cells does not confirm the antigenicity of Globo-

H to induce MHC II.  

d) Real-time qPCR analysis for MHC II gene expression in THP-1 induced 

dendritic cells induced by CG-Vax and HG-Vax 

The dendritic cells were exposed to both the vaccine candidates to analyse their 

effect to induce MHC II molecules. The data seem to exhibit downregulation of MHC 

II in the dendritic cells upon treatment with the vaccines. Previously, CpG 7909 

showed elevated levels of the expression of HLA-DRA but it seems to decline when 

the cells were treated with the combination of CpG 7909 and Globo-H. This response 

was even lower than the cells exposed to Globo-H alone. On the contrary, HG-Vax 

treated cells showed slight increase in the expression of HLA-DRA in dendritic cells 

when compared to the individual groups. HG-vax induced expression was however 

higher than CG-Vax induced expression of HLA-DRA in THP-1 derived dendritic cells. 

But when compared to the unstimulated cells, only CpG 7909 treated group showed 

increased levels of HLA-DRA and none of the vaccine groups demonstrated elevation 

(Fig. 44d). The data did not reach statistical significance, but by visualising the levels 
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of HLA-DRA gene it can be said that HG-Vax might have the potential to induce HLA-

DRA expression where CG-Vax exhibits downregulation of the gene.  

9.2. MHC II expression in vivo cell culture 

9.2.1. Regulation of MHC II molecule via gene expression of H2-Eα in animal 

model of mice (C57/BL6) 

In order to assess the antigen processing and presentation capacity in vivo, we 

measured the degree of MHC II activation by evaluating the expression of H2-Eα 

gene. The MHC II expression was detected at both end points of 14-day and 28-day, 

and in the tumour challenge model. The results were analysed by qPCR and 

statistical significance was validated using one-way ANOVA.  

 End point termination at 14-day 

a) Antigen (Globo-H) and nucleic-acid immune stimulators (CpG 7909 and 

R:D60) 

Real time qPCR was performed for the RNA samples obtained from the mice treated 

with individual groups of agents including the immune stimulators and the antigen.  

H2-Eα gene expression was analysed and showed very little elevation in the 

individual groups. It was observed that the animals treated with antigen showed 

negligible expression of H2-Eα when compared to the negative control (Fig. 45a). 

The same was observed in the animals treated with CpG 7909 where a fold change 

of 0.5-fold was observed relative to the negative control. Only a slight increase was 

observed in R:D60 treated mice in comparison to the CpG 7909 treated mice. 

However, this fold change of 0.8-fold was still lower than the negative control. None 

of the groups reached statistical significance and does not show much elevation of 

MHC II mediated response.  

b) Vaccines 

The observations for the expression of H2-Eα obtained from the vaccine treated 

animals showed different results to that of the individual groups at 14-day end 

point. Mice treated with both the vaccines showed incredible increase in the 

expression levels of H2-Eα when compared to the negative controls (Fig. 45a). 

Moreover, this expression was tremendously high than the individual treatment 

groups and displayed synergistic response induced by the immune-stimulators and 

Globo-H. Fold change observed in the expression of H2-Eα in mice treated with CG-  
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Vax was 166.9-fold increase when compared to the negative control, while this fold 

change in animals treated with HG-Vax was 4.2-fold which was also higher 

compared to the negative control group. Interestingly, the fold increase was 

relatively much higher in the vaccine treated animals and LPS treated animals. When 

compared with each other, CG-vax treated group showed elevated levels of H2-Eα 

than the HG-Vax treated animals at 14-day end point.  

c) Booster dose administration 

The expression of H2-Eα was also evaluated for the booster dose groups. Animals 

provided with a double dose of the vaccine expressed very low levels of H2-Eα upon 

injection of a booster dose. It was seen that post a second dose of CG-Vax and HG-

Vax, the fold change increase reduced to 0.7- and 0.8-fold respectively, which is 

lower relative to the expression observed in the negative control group (Fig. 45a). 

In comparison to the single dose group at 14-day time point, the levels of H2-Eα 

expression significantly dropped in mice treated with any of the vaccines. This 

shows that upon second dose, the expression of H2-Eα lowers and the immune 

response is negatively regulated.         

 End point termination at 28-day 

a) Vaccines 

Expression of H2-Eα in vaccine treated animals at 28-day end point showed 

insignificant observations. Mice treated with LPS showed 0.4-fold change in the 

levels of H2-Eα expression when compared to the negative control. Neither of the 

vaccine treated group showed an increased expression of H2-Eα, rather the fold-

change recorded for both the treatment groups was lower than the negative control 

group (Fig. 45b). However, when compared to each other, HG-Vax treated group 

showed a slight increase in the gene expression of H2-Eα compared to CG-Vax 

treated group. Contrary to the expression observed at 14-day interval, the fold-

change observed in both the vaccine treated groups was markedly less and did not 

show statistical significance.  

b) Booster dose administration 

The booster dose group has shown consistent results throughout the analysis at 28-

day end point but did not reach statistical significance. The animals treated with a 
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booster dose showed a drop in the levels of H2-Eα gene expression (Fig. 45b). The 

trend observed in the expression of H2-Eα at 28-day time point in mice injected with 

a double dose of the vaccine showed a decline in the levels of H2-Eα. It was observed 

that the degree of H2-Eα expression was almost similar in the mice treated with 

either of the dose regimen of CG-Vax. However, when observed for HG-Vax treated 

animals, the mice showed a decrease in the level of H2-Eα post injection of a second 

dose at 28-day interval, when compared to the single dose group. Interestingly, 

relative to the degree of expression at 14-day end point, the mice treated with a 

booster dose showed comparable level of H2-Eα expression.    

9.2.2. Tumour challenge 

The animals were treated with respective vaccines and were inoculated with 

tumour thereafter. We analysed the level of MHC II expression in the mice post 

vaccination to determine the extent of H2-Eα gene expression for antigen processing 

and presentation. It was observed that the non-immunized, tumour challenged mice 

showed slight elevation in the levels of H2-Eα gene compared to the negative control 

group (saline). H2-Eα gene expression in animals treated with a single dose of 

vaccines did not show comparable degree of elevation relative to the non-

immunized mice (Fig. 45c). Furthermore, the fold-change observed in mice treated 

with a single dose of vaccine post tumour inoculation was less than the negative 

control mice. The data did not reach statistical significance, but when a booster dose 

was given to animals the degree of H2-Eα expression significantly increased in HG-

Vax booster dose group. In addition, the gene expression observed in the mice 

treated with a booster dose of CG-Vax was equivalent to the expression observed in 

non-immunized, tumour challenged group. The results have been consistent in the 

tumour challenge model wherein the booster dose of HG-Vax shows increased 

expression of cytokine genes as well as MHC II regulation.   
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Chapter 10 

Discussion of antigen presentation via 

MHC II expression 
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There are two types of major histocompatibility complex MHC class I and MHC class 

II that are involved in antigen processing and presentation. While MHC I is 

presented in the nucleated cells, class II MHC are expressed on the immune cells that 

trigger T-cell mediated antigen specific responses (Wieczorek et al., 2017). MHC 

class II proteins are involved in the presentation of peptides generated from 

processed extracellular antigens and play an important role in the establishment 

and maintenance of T-cell immunity (Kota et al., 2006). It was hypothesized in this 

study that class II MHC molecule would be upregulated upon exposure of immune 

stimulators and the newly designed vaccine candidates in in vitro and in vivo setting. 

Two vaccine candidates have been developed for the first time that comprises 

Globo-H as the cancer antigen. TLR9 agonists have been used as the immune 

stimulators one of which is a known vaccine adjuvant, CpG 7909, and the other is a 

novel PAMP recognised by TLR9, RNA:DNA hybrid 60 (60-mer). It was believed that 

in combination of a vaccine both these immune stimulators would recognise TLR9 

receptor in the endosomal compartment wherein they will trigger an innate 

immune response and activate antigen presenting cells. These APCs would induce 

MHC II molecules that will bind to the antigen and present it to the T-cell for an 

antigen specific T-cell mediated response to generate anti-tumour immunity. The 

individual immune stimulators, antigen and the vaccine candidates have been 

investigated in this study for their potential to trigger MHC II via gene expression in 

mouse (H2-Eα) and human (HLA-DR) cells in vitro. Furthermore, similar analysis has 

been performed in an in preventative vaccine model and tumour model of mice for 

the expression of H2-Eα. 

10.1. Gene expression of MHC II in immune cells by CpG 7909, Globo-H and the 

corresponding vaccine candidate, CG-Vax. 

Major histocompatibility complex class II (MHC II) molecules bind to the antigen or 

its components to present it to the T-cells during an immune response (Kota et al., 

2006). We carried out an investigation to analyse H2-Eα and HLA-DRA gene 

expression for MHC II upregulation in mouse RAW 264.7 macrophages and  THP-1 

induced macrophages and dendritic cells respectively. It was seen that the 

regulation of MHC II molecules was downregulated in the mouse macrophages 

treated with CpG 7909 but increased in human macrophages and dendritic cells. 

This suggests that a potential vaccine adjuvant was unable to upregulate MHC II in 
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mouse macrophages which is consistent to a study where CpG DNA was used to 

stimulate RAW 264.7 macrophages, the expression of MHC class II did not increase 

(Park et al., 2013). The increase observed in human immune cells was not significant 

but the levels of MHC II expression post stimulation by CpG 7909 showed some 

degree of activation in human macrophages and dendritic cells. This correlates to a 

study where MHC II upregulation was observed in dendritic cells (Raymond & 

Wilkie, 2005). This is consistent to our findings and suggests that mouse 

macrophages upon exposure to CpG DNA does induce MHC II expression which may 

be because of their limited function as an antigen presenting cell (Park et al., 2013) 

whereas, CpG 7909 being an immune stimulator for human cells (Radovic-Moreno 

et al., 2015) the response showed some level of MHC II activation. It has been seen 

that proinflammatory cytokine such as TNF-α release is associated with enhanced 

antigen presentation (Laupèze et al., 2001), but in this study CpG 7909 failed to 

induce considerable amounts of proinflammatory cytokines. As there was a fair 

response seen in the cytokine secretion, we can say that the immune cells were not 

fully activated by CpG 7909 to express MHC II. However, an earlier study showed 

that even though CpG ODNs induce IL-12 and TNF-α secretion in macrophages, these 

molecules tend to decrease antigen processing and presentation ability by 

downregulating the synthesis of MHC II molecules (Chu et al., 1999). The same has 

been shown in a study where it was found that CpG DNA upregulated the secretion 

of IL-6 and costimulatory molecules but downregulated MHC II surface expression 

(Park et al., 2013). Therefore, it can be clearly said that MHC class II mediated 

antigen processing and presentation is independent of the proinflammatory 

cytokine secretion as has been demonstrated in the current study. Although these 

findings are in conflict to the proposed hypothesis, these results can help us deviate 

the investigation towards MHC class I mediated immune response which may 

provide with a better outlook.   

The observations found with the exposure of immune cells to Globo-H also showed 

downregulation of class II MHC when compared to unstimulated cells. It seemed that 

the antigen is poorly immunogenic and does not target to upregulate MHC II 

molecules. The response generated by Globo-H was significantly lower than the LPS 

stimulated cells. Also, HLA-DRA expression was seen to be even lower than the 

unstimulated cells. This technically aligns with our hypothesis where we suggested 
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that Globo-H is poorly immunogenic and does not induce a potent immune response. 

It is expected that the antigen does not elicit an immune response by itself rather 

the response is elicited by a TLR agonist and the antigen is complexed to the MHC II 

molecule generated by the stimulators (Accolla et al., 2019). Studies have 

demonstrated the use of Globo-H as a cancer antigen in conjugation with a protein 

carrier or vaccine adjuvant to enhance its immunogenicity and elicit an antitumour 

response (Lee et al., 2014; Zhai et al., 2021; Zhou et al., 2015). Also, another study 

reported that for a fully synthetic carbohydrate antigen to elicit an MHC II mediated 

response it requires TLR agonists (Mettu et al., 2020). These results agree with the 

theory that Globo-H does not induce the expression of MHC II but must bind to it for 

antigen processing and presentation post stimulation of the immune cells.  

For a cancer vaccine to present the antigen to MHC II molecules, it must contain TLR 

agonists to aid an immune response and the tumour antigens that are capable to 

elicit T-cell responses (Accolla et al., 2019). Our study developed a vaccine to 

achieve this aim. However, the TLR9 agonist CpG 7909 failed to induce MHC II 

expression in mouse macrophages but showed some degree of activation in human 

macrophages and dendritic cells. In combination with Globo-H antigen, CpG 7909 

did not show much evidence to trigger an immune response or induce MHC II 

molecules. MHC II expression in human macrophages and dendritic cells showed 

increase in HLA-DRA genes in comparison to H2-Eα in mouse macrophages upon 

exposure to CG-Vax.  However, it was observed that the combination vaccine (CG-

Vax) showed a decline in the level of MHC II gene expression relative to the 

unstimulated cells. This suggests that both elements of cancer the vaccine do not 

express MHC II synergistically in antigen presenting cells, even when CpG 7909 

shows increased levels in human dendritic cells. Even though some degree of 

cytokine response was generated by the vaccine, MHC II gene expression remained 

constantly low. Therefore, we can say that CpG 7909 did not aid in antigen 

processing and presentation of Globo-H to elicit a T-cell mediated antitumour 

immunity. Overall, the results do not align to the proposed hypothesis and the data 

did not reach statistical significance. A much larger sample set may be applied to 

validate MHC II expression statistically. Additionally, MHC class I regulation may be 

investigated to verify whether the vaccine induces MHC I mediated antigen 

processing and presentation.         
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10.2. Gene expression of MHC II in immune cells by R:D60 and the corresponding 

vaccine candidate, HG-Vax. 

Previously we determined that RNA:DNA hybrid (R:D60) is a better TLR9 agonist 

than CpG 7909 which has also been verified in a study with a different type of CpG 

ODN (Rigby et al., 2014). We further observed the activity of R:D60 to induce MHC 

II expression in mouse and human immune cells in vitro for the antigen presentation 

activity. Transfection of R:D60 in mouse macrophages showed no elevation in the 

expression of H2-Eα gene whereas, an increase in the level of HLA-DRA gene 

expression was observed in THP-1 induced macrophages and dendritic cells. 

Although this increase was not statistically significant it provides with enough 

information on the capability of R:D60 to induce MHC II expression in vitro. 

Surprisingly, the increase in HLA-DRA expression in dendritic cells upon 

transfection with R:D60 was less than CpG 7909 induced gene expression given that 

R:D60 is more stimulating than CpG ODN. Nevertheless, the expression in 

macrophages showed comparable expression induced by both immune stimulators. 

Observations from the cytokine production and expression induced by R:D60 

confirms that hybrid is more stimulating than CpG ODN. It was expected that 

increased levels of MHC II would signify its potential as a strong immune stimulator 

of APCs. However, this theory was tested in a vaccine combination with Globo-H.  

Globo-H does not induce a marked expression of MHC II in any of the tested cell lines. 

When combined in a vaccine with R:D60, the expression profiles seemed to have an 

increased effect in the expression of MHC II molecules in human immune cells. On 

the contrary, no increase in the expression of MHC II was observed in mouse 

macrophages post treatment with HG-Vax. While HLA-DRA expression seemed to 

increase in HG-Vax treated dendritic cells, it was just slightly higher than the 

expression observed in cells treated with CG-Vax. However, this expression was less 

than the unstimulated cells and demonstrated statistical insignificance, it may 

require further investigation with a larger data set. HLA-DRA expression observed 

in human macrophages showed an upregulation in the cells treated with HG-vax 

which was higher than the CG-Vax induced expression. Moreover, HG-Vax showed 

increased levels of HLA-DRA stimulation relative to the individual groups. These 

findings are in consistency with our hypothesis where we believed that the MHC II 

levels would be elevated in R:D60 and R:D60 based vaccine confirming the potential 
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of the hybrid to help enhance the immunogenicity of Globo-H and its subsequent 

processing and presentation. Further investigation to observed T-cell responses 

would lead to a better understanding of the activity of R:D60 as a potential immune 

stimulator. In addition, MHC I levels may be evaluated to investigated to observe 

whether the hybrid acts via MHC I mediated antigen presentation. Nevertheless, the 

results here verify our findings that R:D60 is more stimulating in a vaccine 

combination and the MHC II expression shows that R:D60 is capable to induce MHC 

II complexes to elevate antigen processing and presentation. The results are 

consistent to previous findings and suggest that TLR agonists induce MHC II 

molecules to trigger antigen presentation and induce a T-cell antigen specific 

immunity (Jahrsdörfer et al., 2001; Raymond & Wilkie, 2005; Whitmore et al., 2004).  

10.3. Gene expression of MHC II in an in vivo preventative vaccine model 

H2-Eα expression in the animals treated with the vaccines does not corroborate with 

the expression observed in mouse macrophages. CG-vax treated mice with a single 

dose showed an incredible fold-increase in MHC II expression at 14-day post 

immunization when compared to the fold-change demonstrated by individual 

agents and the antigen. This upregulation in MHC II shows that CG-Vax has the 

capability to induce APCs that produce proinflammatory cytokines which then 

migrate to the lymphoid organs for antigen processing and presentation (Xu et al., 

2017). Furthermore, the animals vaccinated with the primary dose of HG-Vax, at day 

14, showed relatively lower MHC II response compared to CG-Vax, while this 

response was much higher than the individual agents as well as the controls. This 

again shows that HG-Vax may possibly aid in antigen processing and presentation 

even though it is less stimulating than CG-Vax at 14-day. In a single dose regimen 

both the vaccines at 28-day show comparable stimulation of MHC II but is however, 

downregulated when compared to the negative control. These results are 

inconsistent to our observations with in vitro mouse macrophages and although 

there is no statistical significance, the levels of H2-Eα gene suggests a decent 

activation of MHC II.  

While there was a drastic fold-change in the expression of H2-Eα in animals 

vaccinated with a single dose at 14-day post immunization, a secondary booster 

immunization showed downregulation of MHC II. This is consistent to the results 
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observed for cytokine secretion and suggests that a secondary dosage of our 

vaccines do not amplify the immune response in vivo. Additionally, at 28-day post 

immunization with a booster dose, the trend showed that CG-Vax booster dose 

enhances MHC II expression when compared to HG-Vax booster dose. However, the 

fold-change increase is less than the negative control which suggests 

downregulation of the gene. Overall, the data suggests that vaccination with a single 

dose of CG-Vax and HG-Vax show an induction of MHC II response at 14-day after 

vaccination. This leads to an assumption that MHC II antigen presentation is 

positively regulated at 14-day post vaccination with a primary dosage and 

negatively regulated with a booster dose after 14-day or 28-day post vaccination.       

10.4. Gene expression of MHC II in an in vivo tumour challenge model 

MHC II expression in tumour challenge model aligns with the cytokine secretion 

profile. As mentioned previously, neither of the experimental groups show tumour 

growth and hence only limited evidence on the activation potential of the vaccines 

in a tumour environment was deduced. Single dose CG-Vax vaccinated mice when 

challenged with lung cancer cells showed negative regulation of the expression of 

H2-Eα whereas the booster dose of CG-Vax showed slight upregulation of H2-Eα. 

However, this upregulation was comparable to the expression presented by non-

immunized group of mice and suggests that post tumour inoculation, MHC II was 

not expressed in mice treated with either dose of CG-Vax. On the other hand, similar 

to the expression of cytokine genes, the levels of H2-Eα expression dramatically 

increased in animals treated with secondary dose of HG-Vax when compared to the 

single dose regimen. We already know that higher induction of proinflammatory 

cytokines dictate enhanced immune response and that an inflammatory immune 

response leads to antigen presentation in an MHC mediated response and MHC II 

molecules, when upregulated induce an anti-tumour response via CD4+ T-cells 

(Wieczorek et al., 2017). Here, we observed that HG-Vax tremendously increased 

the expression of MHC II which also showed statistical significance among other 

groups suggesting that HG-Vax can probably induce antigen presentation via MHC 

II. Even though tumour was not observed in the model, a broader timeline to allow 

for tumour growth or increase in the concentration of the cells may lead to further 

knowledge on the anti-tumour potential of the vaccines. 



 

263 
 

 

 

Conclusions 

 

 



 

264 
 

Cancer immunotherapy is often perceived as a recent advancement, while, it has a 

long history of its beginning in the early 1980s with the introduction of Coley’s 

toxins. Much recent advancement in the field is the establishment of cancer vaccines 

that aim to stimulate the immune system. Cancer vaccines have an advantage over 

other immunotherapies because it contributes to long-lasting immunity against the 

invasive tumour. These vaccines have been categorised as preventative and 

therapeutic vaccines and are respectively administered to prevent or treat various 

cancers. The preventative vaccines are useful for the cancers that are triggered by 

an infectious agent, a virus, and are usually introduced before the advent of an 

infection. Cancers such as cervical and liver cancer are caused by the infection of 

human papillomavirus (HPV) and hepatitis B virus (HBV) respectively and can be 

prevented by introduction of viral vaccines such as HPV vaccine and hepatitis B 

vaccine. On the other hand, therapeutic vaccines are useful in treating cancer and 

directly target the cancer cells. One of the examples is Sipuleucel-T vaccine which is 

used to treat metastatic prostate cancer. Such a vaccine uses patient’s immune cells 

to target cancer cells. Several cancer vaccines for other types of cancer are in clinical 

trials and aim to change the landscape of cancer treatment in future.  

The goal of cancer immunotherapy is to enhance the function of the immune system 

to fight against cancer. In this study, we proposed to develop a preventative cancer 

vaccine for patients that would not only enhance the immune response but also 

provide long-lasting immunity against tumour. We developed two different cancer 

vaccines that would target the epithelial cancers, such as lung cancer, using a tumour 

associated cancer antigen (TAA). The TAAs are overexpressed on cancer cells and 

have recently gained attention as a target for cancer immunotherapy. One such class 

of TAAs is tumour associated carbohydrate antigens (TACAs). TACAs serve to be a 

promising target for initiating a tumour-specific response as these carbohydrate 

antigens are aberrantly displayed exclusively on cancer cells. Although TACAs are 

poorly immunogenic, their antigenicity can be enhanced when conjugated to an 

immunostimulatory agent. These antigens when combined with a potential carrier 

protein or an immune stimulating agent can induce strong T-cell response and 

produce antibodies against the cancer epitope. The idea of our study was to activate 

innate immune response by using an immune stimulator and induce antigen-

specific T-cell response against TACA, Globo-H. Two vaccine candidates in this 
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investigation shared the same antigen but different immune stimulators. The most 

common immune stimulator currently being used is CpG ODN that has proven to be 

an effective vaccine adjuvant in various clinical trials. Another immune stimulator, 

RNA:DNA has been demonstrated to induce robust innate immune response upon 

recognition by TLR9 receptor. Both these stimulators have been exploited in this 

investigation and are known to work on a similar mechanism of initiating a TLR9 

mediated innate immune response. In theory, these immune stimulators when 

coupled with Globo-H in a vaccine formulation were expected to initiate a strong 

inflammatory response and trigger the antigen presenting cells. To achieve this, 

both the vaccines were tested with the immune cells in vitro and injected in C57/BL6 

strain of mice for in vivo trials. It was believed that CpG 7909 and RNA:DNA would 

bind to the TLR9 receptor and stimulate an innate immune response. This would 

activate the antigen presenting cells of the innate immune system, which would then 

recognise the antigen, initiating an anti-tumour response. The cells would trigger 

MHC II which would present the antigen to T-cells. These T-cells would initiate a 

signalling cascade to alert the adaptive immune cells and trigger an antigen-specific 

immunity.  

Interestingly, the findings of this study partially satisfied the proposed hypothesis. 

In vitro analysis of the immune stimulators showed comparable activation potential 

of both CpG 7909 and RNA:DNA hybrid. Proinflammatory cytokine secretion in 

mouse macrophage was not observed when the cells were stimulated with either of 

the immune stimulators. However, TNF-α response was observed in differentiated 

human macrophages but not in DCs. IL-6 response remained undetected in both the 

groups and IL-12 response showed negative results in human macrophages and 

DCs. Moreover, gene expression profiles of cytokines confirmed the above findings. 

Overall, it was deduced that both the immune stimulators have stimulating 

properties in human macrophages only. In the in vivo model, CpG 7909 showed an 

increased TNF-α whereas RNA:DNA hybrid showed higher secretion of IL-12.  

However, the gene expression profiles did not align with the cytokines released. It 

was concluded that both the immune stimulators have different inflammatory 

responses in an in vivo model. Globo-H, in contrast to its characteristic poor 

immunogenicity showed incredible increase in the release of TNF-α in mouse 

macrophages in vitro. While it showed an increase production of TNF-α, the other 
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two cytokines were not expressed by any of the cell lines. However, this was not true 

in the in vivo model of mice. TNF-α secretion was minimal in the animals exposed to 

Globo-H and the production of IL-12 was observed to increase comparatively. This 

summarizes that even though the nature of antigen is poorly immunogenic, it 

induces an inflammatory response, signifying that the antigen was perceived as 

foreign to the immune cells.  

In case of the exposure to prepared vaccines, TNF-α mediated immune response was 

increased in the mouse macrophages in vitro but was not evident in human 

macrophages. In fact, TNF-α was downregulated when human macrophages were 

exposed to the vaccines. It can hence be established that upregulation of TNF-α in 

mouse macrophages was due to the antigenicity of Globo-H because only Globo-H 

was able to stimulate the RAW 264.7 cell and the immune stimulators did not elevate 

that response. On the other hand, these immune stimulators were able to boost TNF-

α production in human macrophages, but when combined with Globo-H in a vaccine 

formulation, this increase was observed to decrease. It can be assumed that an 

inhibitory mechanism is activated that hinders the activity of immune stimulators 

in human cell lines. On the contrary, the vaccines did not show much elevation in the 

production and expression of TNF-α or IL-12 in an in vivo model of mice post 14-day 

immunization. This response was, however, insanely elevated when the vaccines 

were allowed to incubate in the mice for 28-days. Moreover, the booster 

immunizations seemed to have induced an increased TNF-α response but was 

however, lower than the one observed with individual immune agents. In addition, 

the booster dose of RNA:DNA hybrid-based vaccine showed better efficacy in an 

animal model at 28-day than the CpG 7909-based vaccine. The release of IL-12 was 

seen to be downregulated at 14-day when compared to the levels secreted by 

individual agents. However, this was not observed at 28-day post vaccination and 

the animals showed an incredible rise in the secretion of IL-12 even with the booster 

immunizations. Unlike with TNF-α secretion, the booster immunizations seemed to 

have downregulated IL-12 response at 28-day time point. This concludes that both 

vaccines have the potential to induce a robust innate immune response. Their 

activity may be further exploited by investigating innate signalling cascades such as 

the release of type I interferon and NF-кB response to verify the extent of immune 

function. Moreover, it can be said that the vaccines were being recognised by the 
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immune cells or APCs because an inflammatory response was triggered and 

proinflammatory cytokines were detected in the cell culture supernatant as well as 

in the blood serum of mice.  

Antigen processing and presentation ability of the APCs was assessed by analysing 

the expression levels of MHC II molecules. The gene expression of H2-Eα 

representing MHC II in mouse macrophages remained undetected in the cell culture 

supernatant. However, an increased fold-change was observed in the expression of 

HLA-DRA gene in human macrophages and DCs when the cells were exposed to 

individual agents or the vaccine candidates. Furthermore, while CpG 7909-based 

vaccine upregulated the expression of HLA-DRA in human cells, the fold-change in 

the gene expression induced by RNA:DNA hybrid-based vaccine was much higher in 

comparison. This adds to the earlier findings and concludes that RNA:DNA hybrid-

based vaccine shows higher efficacy in terms of antigen processing and 

presentation. When analysed in vivo, the evidence suggested that CpG 7909-based 

vaccine induced a marked fold-increase in gene expression of H2-Eα than RNA:DNA 

hybrid-based vaccine at 14-day. In addition, the booster dose showed 

downregulation of MHC II in mice when treated with either of the vaccines. Post 28-

days of immunization with single or double doses, no significant fold-change in the 

expression levels of MHC II was observed. These findings suggest that H2-Eα gene 

was not being expressed in the animals, which is comparable to the in vitro cell 

culture data where, H2-Eα remained undetected when treated with individual 

agents as well as the vaccines. Only, CpG 7909-based vaccine was able to elicit a 

noticeable response in vivo. This finding conflicts our earlier results where HLA-DRA 

expression revealed that RNA:DNA hybrid-based vaccine is more effective than CpG 

7909-based vaccine. Nevertheless, the evidence suggests that RNA:DNA hybrid-

based vaccine may have a positive regulation in clinics as it upregulates antigen 

processing and presentation ability in human cells, which however remains a 

subject of further investigation. On the other hand, CpG 7909-based vaccine was 

able to elicit a response in vivo animal model of mice which exhibits that the 

potential of this vaccine can be further studied to reveal its vaccination ability in 

clinics.     

Tumour challenge model was created to understand the preventative capability of 

the vaccines in a lung cancer model. Lewis lung cancer cells were injected in the 
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immunized mice to compare the immune activation potential of both the vaccines. 

The animals were immunized with single and double doses of the vaccines for 14-

days before the introduction of the tumour cells. Interestingly, no tumour was 

observed in any group of the mice suggesting that either the vaccines successfully 

prevented the tumour occurrence, or the tumour cells did not grow in the selected 

mouse model. The latter seemed to be apt as the non-immunized group of mice 

when injected subcutaneously with the tumour cells did not show any signs of 

tumour formation. In fact, non-immunized mice showed higher TNF-α response in 

comparison to the immunized mice suggesting the induction of an inflammatory 

response. It can be said that the inflammatory response may have been generated 

by the cancer cells when these were inoculated in the mice. Although the immunized 

mice showed an increase in the levels of TNF-α, this response was comparatively 

lower than the non-immunized mice. Furthermore, IL-12 mediated response was 

observed to be higher in the mice injected with a double dose of RNA:DNA hybrid-

based vaccine suggesting that hybrid-based vaccine may induce positive regulation 

when a booster dose is administered. This observation corresponds to the earlier 

results deduced from MHC II gene expression wherein H2-Ea gene was upregulated 

in lung cancer model when the mice were immunized with a double dose of 

RNA:DNA hybrid-based vaccine. Both these results confirms that RNA:DNA hybrid-

based vaccine when administered in a double dose may have stimulatory effects in 

animal model and may contribute to triggering a robust immune response.     

In a nutshell, it was seen that RNA:DNA hybrid in a vaccine formulation proves to be 

a superior immune stimulator in comparison to the CpG 7909 in an in vitro model of 

immune cells. In an in vivo model, RNA:DNA hybrid-based vaccine showed its 

immune activation potential only when administered in a double dose whereas, CpG 

7909 was determined to stimulate an immune response when administered in 

single dose. Furthermore, it was also seen that the immune response exhibited by 

individual immune agents was downregulated when Globo-H was used in 

combination with the agents as a vaccine. This indicates that Globo-H might act as a 

checkpoint that could induce negative regulation of an immune response. The extent 

of MHC II activation was not demonstrated in certain groups which indicates that 

either the vaccines follow MHC I activation pathway to induce anti-tumour response 

or they do not possess sufficient stimulatory function to trigger APCs.  
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Further investigation to determine NF-кB activation and the detection of type I IFN 

may provide insights into the activation of innate immune system. Moreover, if MHC 

II was not being activated in mouse macrophages in vitro and in the animal model of 

mice, then there is a plausible chance that the activation of an immune response was 

induced via MHC I pathway. An important drawback in this investigation was that 

the tumour cells did not grow in the animals. One of the reasons could be the low 

quantity of the tumour cells and an insufficient incubation time for their growth in 

vivo. Appropriate quantities of the cells when introduced in the mice with proper 

incubation can aid in tumour growth and make a better tumour challenge model for 

the investigation of a potential immune response by the vaccine candidates. The 

endosomal localisation of CpG 7909 was previously done in our laboratory but TLR9 

binding capacity of RNA:DNA hybrid was not verified in this study. Based on the 

previous literature finding, it was assumed that RNA:DNA hybrid is being recognised 

by TLR9 receptor. To determine whether RNA:DNA hybrid binds to TLR9 receptor 

may include investigations with TLR9-/- cells lines or animal model. Nevertheless, 

the current investigation concludes that novel RNA:DNA hybrid has the potential to 

become a strong immune stimulator or a vaccine adjuvant that can trigger an innate 

immune response. Whether this response is activated via TLR9 recognition remains 

a subject of future investigation. 
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Appendix I 

1. Cell counting 

The cells were counted using a glass Bright line haemocytometer. A 

haemocytometer is a counting device that has been developed to count cells. It 

consists of grid lines (Fig. 1.1) to count the cells in a specific volume and calculate 

the concentration of the cells. It is set up by the addition of a glass cover slip on top 

of the two chambers (built in a haemocytometer) that comprises of four quadrants 

that is further divided into a set of 16 squares (Karlson et al., 2010). To count the 

number of cells, a cell suspension was prepared in the culture media and stained 

with Trypan Blue stain. A 10 µL of 5-fold diluted cells was added underneath the 

coverslip in both the chambers. Using a phase contrast microscope, the 

haemocytometer was focused for the grid lines with a 10X objective lens. The cells 

contained within each of the quadrant was visualized under the microscope. 

Unstained live cells present within the set of 16 squares in each quadrant were 

counted using a hand tally counter. Average cell count was calculated for each of the 

four quadrants and then multiplied according to the given formula (Eq 1) to achieve 

cells/mL. This concentration was then used to attain the desired concentration of 

the cells for further experiments.  

 

 

 

 

Figure 1.1. Grid lines from a haemocytometer showing the quadrants (highlighted in red) 

for cell counting. Cells in all the four quadrants were counted to calculate the concentrations 

per mL.   

Note: This figure has been reproduced from the article by Karlson, B., Cusack, C., & Bresnan, E. (2010). Microscopic and 

molecular methods for quantitative phytoplankton analysis. Paris, France, UNESCO, 110pp. (Intergovernmental 

Oceanographic Commission Manuals and Guides; 55). 

𝑎 𝑏 

𝑐 𝑑 
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Concentration of cells (cells/mL) = 
𝑎+𝑏+𝑐+𝑑

4
  x 5 x 104   (Eq 1) 

2. Cell storage 

All the cell lines were maintained in their respective medium. For cryopreservation 

these cells were harvested from the tissue culture flasks. The suspension of cells was 

washed twice with 1X PBS and resuspended at 1x106 cells/mL in fresh complete 

media. 10% DMSO was added to the cell suspension to avoid damage from the 

negative temperatures of liquid nitrogen storage. 1.5 mL cryovial were used to 

aliquot 1mL of the cells and stored in liquid nitrogen at negative 196°C.  

  

  

 

 

 

 

 

a b 

d c 

e 

Figure 1.2. Phase contrast microscopy to visualise cell phenotypes and confluency. 

a) RAW 264.7 mouse macrophages, b) THP-1 human monocytes, c) THP-1 monocyte induced 

macrophages, d) THP-1 monocyte induced dendritic cells, e) Lewis lung cancer (LLC1) cell line.  

Note: The image has been taken using 10x objective lens. The magnification of the image under the Nikon microscope 

(Ts2) is 100x. 
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3. Microscopy 

All the cells were visualized under phase-contrast microscopy for their respective 

phenotypes. RAW 264.7 macrophages are known to be adherent cells that stick to 

the base of the tissue culture flask (Fig. 1.2a). THP-1 monocytes before 

differentiation were observed as a suspension cell culture (Fig. 1.2b). These were 

then differentiated into macrophages (Fig. 1.2c) and dendritic cells (Fig. 1.2d) using 

respective agents to achieve the desired morphology. Lung cancer cell lines used for 

the tumour challenge model was also monitored under the phase contrast 

microscope. Lewis lung cancer cell line (LLC1) was seen to be adherent (Fig. 1.2e) 

and was harvested for inoculation of a solid tumour in C57/BL6 mice.  
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as the optimum transfection dose and was used for the dose escalation study to 

evaluate optimum concentration of RNA:DNA hybrid that would work in synergy 

with this selected volume of LTX (Fig. 2.2). Also, it was seen that RNA:DNA (R:D60) 

hybrid by itself did not produce sufficient amount of TNF-α when compared to the 

amounts release by the lipo-complexes. This suggests that RNA:DNA hybrid requires 

a transfection agent to aid its recognition by the TLR receptor present in the 

endosome.    
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Appendix III 

1. Cancer vaccines  

Two types of cancer vaccines have been investigated in this study. As mentioned 

previously, both the vaccines share the same antigen i.e., Globo-H and different 

immune stimulators. CG-Vax contains CpG 7909 and was formulated in nuclease free 

water for in vitro analysis and in 0.9% saline for in vivo investigation (Fig. 3.1). On 

the other hand, HG-Vax contains RNA:DNA hybrid and was prepared using a 

transfection agent. For in vitro experiments lipofectamine (LTX) PLUS reagent was 

used and for in vivo experiments in vivo-jetRNA was used as the transfection reagent 

(Fig. 3.2).   

 

 

 

 

 

Figure 3.1. Preparation of CG-Vax using CpG 7909 and Globo-H. 

 

Figure 3.2. Preparation of HG-Vax using transfection agent, R:D60, and Globo-H. 
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Appendix IV 

1. Sandwich ELISA 

Proinflammatory cytokines were quantified using sandwich enzyme linked 

immunosorbent assay (ELISA). This type of ELISA uses two antibodies, a capture 

antibody, and a detection antibody. The target protein is bound in between these 

two antibodies like a sandwich. The capture antibody is immobilised on the plate 

and the target protein binds to it upon incubation. The detection antibody is added 

to the solution that binds to the target protein and is conjugated to an enzyme (or a 

fluorophore label). This enzyme is then quantified by the addition of a substrate in 

the final step which releases chemiluminescence and is analysed for absorbance at 

450nm (Fig. 4.1). In this way the target protein (proinflammatory cytokine) is 

detected and quantified.   

 

 

 

2. qPCR theory: 

For relative quantification, the raw fluorescence values were detected for the 

sample and the relative standard and was subtracted from the observed baseline. 

Figure 4.1. Illustration for the working of a Sandwich ELISA. 
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Several important values like the threshold value (Ct) which is the value obtained at 

the threshold cycle were quantified thereafter (Pabinger et al., 2014).  

Livak and colleagues were able to describe a relationship for the relative 

quantification of the target gene which has is briefly illustrated below (Livak & 

Schmittgen, 2001). 

The difference between the threshold cycles of the target gene and the reference 

gene (a housekeeping gene), ΔCt was calculated as, 

ΔCt = ΔCtT - ΔCtR 

Where ΔCtT and ΔCtR are the observed threshold values for the target gene and the 

reference gene respectively.    

The ΔCt values were implied to the standard equation for exponential amplification 

of a PCR reaction  

K = XN ᵡ (1+E)ΔCt 

Where, XN is the normalized amount of target gene, K is a constant, and E is efficiency 

of amplification and Ct is the threshold cycle. Rearranging this equation gives us XN 

value as, 

XN = K ᵡ (1+E)-ΔCt 

When relatively quantified against the calibrator, which in this case is the untreated 

sample control, the fold change in gene expression was calculated by dividing XN for 

a sample q by XN for the untreated control uq, 

XN,q K ᵡ (1+E)-ΔCt,q 

XN,uq K ᵡ (1+E)-ΔCt,uq 

= (1+E)-ΔΔCt 

This equation describes -ΔΔCt = - (ΔCt,q – ΔCt,uq) (Livak & Schmittgen, 2001). The 

raw fluorescence readings for the sample and relative standard were identified and 

subtracted from the observed baseline for relative quantification.    

For the amplification, the reaction mixture including the primer pairs, was 

optimised and the efficiency is expected to be close to 1. Hence, amount of target, 
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normalised to an endogenous reference gene (GAPDH) and relative to a calibrator 

(untreated control) is calculated as: 

Amount of target = 2-ΔΔCt 

This equation finally represents the fold change of a target gene relative to the 

unstimulated cells which is normalised against the housekeeping gene, GAPDH. The 

ΔΔCt method is based on the amplification efficiencies of the target and reference 

gene which is supposed be approximately equal. The sensitivity of the method 

precisely quantifies the gene expression of the target gene and interprets the 

amplification of the target molecule during a cycle in real time. 
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Appendix V 

1. CpG in vivo calculation 

In a nutshell, CpG 7909 at the optimised concentration was prepared in nuclease 

free water and added to the vial containing 0.9% saline. Further to prepare the 

vaccine, Globo-H was incorporated to the same mixture and the mixture was 

introduced in each mouse at a volume of 100 µL. 

For administration of 100 µL vaccine per mouse: 

 

Volume of CpG-ODN 7909 required: 

 

Stock concentration of CpG (C1) = 100 µg/mL 

Desired concentration of CpG (C2) = 0.5 µg/mL 

Final volume of the solution (V2) = 100 µL 

 

Therefore, volume of CpG (V1): 

  C1V1 = C2V             (Eq 2) 

After putting the values in the above Eq 2,  

 

100 µg/mL x V1 = 0.5 µg/mL x 100 µL     

  V1 = 0.5 µL        (Eq 3) 

 

Similarly, to calculate volume of GH required in 100 µL of the vaccine, we use the 

following values in Eq 2, 

 

Stock concentration of GH (C1g) = 1 mg/mL 

Desired concentration of GH (C2g) = 5 µg/mL 
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Final volume of the solution (V2g) = 100 µL 

 

Substituting the values of GH in Eq 2, 

1 mg/mL x V1g = 5 µg/mL x 100 µL      

          V1g = 0.5 µL   (Eq 4) 

 

Solvent used for the vaccination is 0.9 % saline. Adding Eq 3 and Eq 4. 

V1 + V1g 

= 0.5 + 0.5 

           = 1 µL    (Eq 5) 

Therefore, 

mRNA buffer = 100 µL – 1 µL 

 = 99 µL 

A volume of 99 µL of 0.9 % saline was added to make a final volume of 100 µL  

2. R:D60 in vivo calculation 

Briefly, the transfection components including in vivo-jetRNA®, mRNA buffer and 

the hybrid (R:D60) were equilibrated at room temperature for optimal transfection. 

R:D60 hybrid was diluted in mRNA buffer. The volume of the transfection reagent 

(tR) and the amount of nucleic acid must be in a ratio of 1:1 (µghybrid : µLreagent). 

Vortex the transfection reagent for 5 seconds and add the required volume to the 

diluted hybrid and mix gently by pipetting. Incubate the solution for 15 min to allow 

the formation of nucleic acid complexes. Thereafter, antigen GH at a concentration 

of 5 µg/mL was added to the transfection complex and the prepared vaccine was 

delivered in the mice at an optimised volume of 100 µL.  

For administration of 100 µL vaccine per mouse: 
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Volume of RD 60 required: 

 

Stock concentration of RD 60 (C1r) = 1 µg/mL 

Desired concentration of RD 60 (C2r) = 0.15 µg/mL (150 ng/mL) 

Final volume of the solution (V2r) = 100 µL 

 

Substituting the values in Eq 2 to calculate the volume of RD 60 (V1r):  

1 µg/mL x V1r = 0.15 µg/mL x 100 µL 

 V1r = 15 µL        (Eq 6) 

 

The transfection reagent (tR) was calculated as per the manufacturer’s instructions.  

1 µghybrid : 1 µLreagent 

Therefore, 

0.15 µghybrid : 0.15 µLreagent 

 

In vivo-jetRNA reagent (tR) = 0.15 µL  (Eq 7) 

 

The amount of Globo-H (GH) to be added in the formulation has been described in 

Eq 4 as:  

 

V1g = 0.5 µL 

 

The volume of the solvent (mRNA buffer) is: 

Adding Eq 4, Eq 6 and Eq 7. 
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V1r + V1g + jR 

= 15 + 0.5 + 0.15 

    = 15.65 µL            (Eq 8) 

 

Therefore,  

mRNA buffer = 100 µL – 15.65 µL 

        = 84.35 µL 

 

A volume of 84.35 µL of mRNA buffer was added to make a final volume of 100 µL. 




