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Development of a novel plant expressed conjugate vaccine for HER2-positive breast 

cancers 

Warayut Chotprakaikiat 

Overexpression HER2/neu correlates with poor prognosis in many cancers, including breast 
cancer. HER2-specific monoclonal antibodies including Herceptin® have had significant impact on 
breast cancer survival rates. However, there are a number of limitations with their use, including 
tumour recurrence, the requirement for multiple doses and high-cost production. Vaccination, 
however, can provide long-term tumour specific antibodies and cellular-mediated immune 
responses. Here the aim was to develop a potent vaccine to target HER2. 

 Self-tumour antigen HER2 is poorly immunogenic due to tolerance. Previous studies using 
DNA vaccines demonstrated that conjugation of tumour antigens to Fragment C of tetanus toxin 
(FrC) broke tolerance. Here to target HER2 a novel HER2 portion ED44 was generated and 
conjugated to FrC. The HER2-targeting vaccine subunits were expressed using an efficient plant-
based manufacturing process 'magnifection' and were available through collaboration (ICON 
Genetics, Germany).  

Both rat and human versions were generated to study the mechanisms or for clinical 
application respectively. They were tested in several complementary breast cancer models 
including non-tolerant (TUBO, D2F2/E2) and tolerant (Balb/neuT) settings. In non-tolerant settings 
unconjugated ED44 was effective at inducing of protective antibody. In the tolerant model, only 
ED44-FrC conjugate was effective in inducing high levels of antibody and suppressing already 
developed tumours. Only ED44-FrC conjugate vaccine induced antibody of high affinity of a wide 
range of isotypes. FrC-specific T cell help induced by the conjugate vaccine was critical for 
effective anti-HER2 antibody.  

 The human ED44-FrC induced sera were able to inhibit HER2-mediated downstream signalling 
and induced growth inhibition of two HER2positive cell lines. Hence, the novel vaccine is a 
promising candidate for HER2 positive cancer treatment. 

In the last chapter a novel vaccine design that included plant virus particle (PVP) was used to 
induce anti-HER2 cytotoxic T cells. This sets the foundation for development of this platform in 
the future. 
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Chapter 1 

Chapter 1: General introduction 

1.1 Overview 

Cancer still remains one of the major threats to human life. Although for some cancers treatments 

have significantly improved in recent years, good treatment options are still not available for 

other cancers. Moreover traditional cancer therapies, such as surgical removal, chemotherapy, 

and radiotherapy, are not sufficient to completely eliminate cancer, and recurrence occurs in 

many cancers after treatment completion.  

Immunotherapy, in particular passive monoclonal antibody (mAb) therapy, has been a major 

advancement in the management of cancer in recent years1 2. On the other hand active 

immunotherapy against cancer, or cancer vaccination, is less developed and the challenge is to 

activate the patients’ own immune system to fight against cancer. The successful vaccination is 

demanding as patients are tolerant to their own cancer, because complex mechanisms of central 

and peripheral self-tolerance are involved. Understanding how to overcome these mechanisms by 

vaccination will help to develop more effective vaccination approaches. 

1.2 Breast cancer 

Breast cancer is a malignant tumour that originates from breast tissue. The breast tissue consists 

of acini (lobules), ducts and supportive tissues. The acini are composed of cuboidal or low 

columnar epithelium and are terminal units of the breast gland that produce colostrum and 

breast milk3. Simple columnar epithelium-lined lobular ducts drain fluid from each lobule to 

excretory ducts which terminate upon the areolar. Ductal structures are surrounded by stromal 

tissues consisting of adipocytes, fibroblasts, and myoepthelial cells3. Some of these cell types 

including duct-lining epithelial cells and acini cells can transform and become malignant. Hanahan 

and Weinberg4 described six major features that define the transformation from normal cells to 

cancer cells. These are self-sufficiency in growth signals, anti-growth signal resistance, apoptosis 

avoidance, limitless replicative potential, maintained angiogenesis, and tissue invasion and 

metastasis. Two additional characteristics are involved in tumour pathogenesis: cell metabolism 

alteration by reducing energy requirement to support cell proliferation and escape from the 

control by the immune system, in particular from components of the adaptive immunity T and B 

cells4. Genome instability and cancer cell induced inflammation, subsequently occur, to support 

optimal conditions for the tumour. Therefore, if the normal breast cells have an alteration in their 

biology, it is possible that they will develop into malignant cells. 

1 



Chapter 1 

Mammary gland carcinoma is the most common cancer in women worldwide. Although advances 

in diagnosis and treatment have decreased breast cancer mortality in the last decade, 

approximately 520,000 people died from the breast cancer in 2012 worldwide5. The highest 

incidence is seen within Northern and Western Europe, Northern America, and Australia. In 

comparison most developing countries record a lower incidence. The UK has the sixth highest 

incidence of breast cancer in Europe5. Over fifty thousand new patients were diagnosed with 

breast cancer in 2011 and eleven thousand died from the disease in 20126. Breast cancer can 

affect all age groups; peak incidence of invasive disease is within the 60-64 year age group whilst 

peak incidence of pre-invasive disease occurs within the 50-69 year age groups (coincident with 

the age at which women enter into the National Breast Screening Programme). Despite increased 

understanding of the many risk factors for breast cancer, incidence has not declined over the last 

ten years6. Patients are still suffering from the physical and psychological problems associated 

with breast cancer. 

Breast cancer has been classified into many types; these provide information for disease 

prognosis and treatment7. Tumours can be classified according to the origin of their constituent 

cells, as either lobular or ductal, with some tumours being comprised of a heterogeneous mix of 

the two, and a smaller number of tumours classified as arising from “other” origins (e.g. tubular, 

mucinous, medullary, metaplastic). Tumours are further classified as either pre-invasive (Ductal 

carcinoma in situ (DCIS) or Lobular carcinoma in situ (LCIS)) or invasive ductal carcinoma. The 

invasive ductal carcinoma is the most commonly found histological type of human breast cancer8.  

Breast cancer can be further stratified according to the surface expression of hormone receptors9-

11: The oestrogen receptor and progesterone receptor, as well as human epidermal growth factor 

receptor 2 (ErbB2, HER2/neu, HER2), are routinely used in clinical assessment and guide 

treatment options. More recently, molecular analysis of breast cancer tissue has allowed more 

accurate sub-classification of breast cancer types according to their genetic profiles. At least 5 

distinct subtypes have been identified; they are luminal A and B, HER2/neu positive, basal-like 

cancer and normal breast tissue-like types11. These subtypes correlate strongly with surface 

expression of receptor markers, but more accurately predict disease outcome and response to 

treatment. Luminal A and B subtypes are associated with higher oestrogen and/or progesterone 

receptor expression, and typically respond to hormonal therapies. However, the luminal B 

subtype is distinguishable from luminal A in its’ lower expression of oestrogen/progesterone 

receptors and higher expression of HER2 explicating luminal A’s improved prognosis compared 

with luminal B12. Breast cancers, which do not express oestrogen/progesterone receptors, can be 

classified as either HER2 positive or basal-like (triple negative) categories. The HER2 positive 

subtype expresses high levels of the HER2 receptor while the basal-like subtype does not present 
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any of those three markers and is generally defined by cytokeratin 5/6 (CK5/6) and/or epidermal 

growth factor receptor (EGFR) markers12. Patients diagnosed with either HER2 positive or basal-

like carcinomas have a worse prognosis than those diagnosed with luminal A or B10-12 and are 

typically recommended for more aggressive adjuvant treatment, to improve outcome.  

Breast cancer treatments therefore vary depending upon patients’ tumour classification, as well 

as the disease stage and patient-related factors such as treatment preference and state of health. 

Standard treatments for the cancers are surgical removal supplemented with adjuvant treatments 

such as hormone-suppression, chemotherapy and radiotherapy13. The hormone receptor status is 

important for breast cancer management. Patients with breast tumours which are positive for 

both oestrogen and progesterone receptors (ER+/PR+) have a better prognosis than those with 

tumours that are ER+/PR-, ER-/PR+ or ER-/PR-14. Patients with tumours that are also HER2 positive 

among the groups are considered at a higher risk and have higher mortality rates15. Typically in 

low risk, early stage tumours surgery with hormone suppression is sufficient, however outcome 

from high risk or more advanced disease can be improved with the addition of adjuvant 

chemotherapy. The decision to treat with radiotherapy is determined by the surgical approach 

used or prognostic markers such as high lymphatic involvement.  

Recently several new treatments have been developed. In the case of HER2 positive breast 

cancer, many studies revealed that combination chemotherapy with specific HER2 

immunotherapy, such as the humanised mAb (trastuzumab, Herceptin®), improved the outcome 

compared to conventional therapy alone16-18. However, baseline morbidity must be taken into 

account when formulating appropriate cancer management strategies for individual patients. 

Furthermore, the treatment can be limited by side-effects; anti-HER2 immunotherapy using 

trastuzumab is associated with cardiotoxicity in up to 30% of patients, and can be exacerbated by 

combination treatments. However, second-generation immunotherapies such as combination 

treatment of trastuzumab and pertuzumab (PERJETA®), another HER2-specific antibody, with less 

associated cardiac toxicity are now available although long-term data are lacking16-19. 

1.3 The immune system 

Immunity plays a crucial role in the body protecting the host from foreign invaders such as 

microorganisms. The two arms of the immune system are innate immunity and adaptive 

immunity. Innate immunity offers an early response against microbes, while adaptive immunity 

provides highly specific responses to antigens with intensifying magnitude and ability to eliminate 

pathogens. Innate immunity is limited to recognition of shared and repeated antigens that can be 

found in many microorganisms. The adaptive immune response detects specific molecules and is 
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able to recall the response against the same molecule upon re-exposure. It has been accepted 

that the innate immunity influences initiation of the adaptive immune response20. 

1.3.1 Innate immunity 

The purposes of host innate immunity is to protect, restrain and eradicate microbial infections. As 

mentioned earlier, innate immunity recognises shared antigens in microbial cells. It also can 

respond to molecules from host damaged tissues. Physical barriers such as skin and mucosal 

membranes together with the complement system, innate immune cells and related cytokines are 

the mechanisms that protect the host from attacking microbes21. The complement system is a 

group of blood proteins that serves both innate and adaptive immunities by promoting microbial 

opsonisation and recruiting phagocytic cells to the area of infection. In addition to phagocytes 

such as neutrophils and macrophages, natural killer (NK) cells also act as effector cells of innate 

immunity. Cytokines such as tumour necrotic factor (TNF)-α and interleukin-1 (IL-1) encourage 

acute inflammation by recruitment of inflammatory cells and associated molecules to the site of 

infection21. These mechanisms help the host to eliminate foreign antigens by the innate immune 

system.  

1.3.1.1 Soluble proteins of the immune system  

Soluble effector proteins can help the innate immune response with microbial recognition. The 

two main functions of such proteins are opsonisation and direct extermination of microbes21. 

Some B lymphocytes, such as B-1 and marginal zone B cells, generate antibodies prior to 

pathogenic invasion. These immunoglobulin M (IgM) antibodies, called natural antibodies have 

the ability to randomly recognise pathogenic molecules22. When infection occurs, antibody binds 

to the pathogen or antigen and acts as an opsonin promoting opsonisation i.e. phagocytosis 

through binging of phagocytic cells to Fc portion of the antibody. Opsonisation also promotes the 

classical pathway of complement22 23. 

There are three cascades able to activate the complement system: classical, alternative and lectin 

pathways. These pathways are different from each other in terms of the cascade initiation21. In 

the classical pathway, C1q (460kDa), a subunit of C1 complex, binds to the antibody constant 

region (Fc) portion of the antigen-antibody complex (IgM and IgG). The C1 complex activates C2 

and C4 molecules cleavages and allows their subunit (C2a and C4b) to form a C3 convertase with a 

catalytic enzyme activity24. In contrast, soluble C3 in plasma is usually cleaved into C3a and C3b 

subunits. The C3b subunit is non-active until it binds to the microbial surface. This is observed in 

the alternative pathway. A complex of the antigen-bound C3b and a factor B establishes the C3 

convertase (consisting of C3b and Bb in this case) after cleavage by a factor D protein25. Mannose 
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binding lectin binds to mannose on the bacterial surface and allows formation of the C3 

convertase (C2a and C4b) as in the classical pathway26. However, all pathways follow the same 

route after C3 protein is recruited, to activate a membrane attack complex (MAC). C3b joins with 

the C3 convertase (C2a-C4b or C3b-Bb) to generate a C5 convertase, which can release C5b to 

form MAC with other proteins. The MAC consists of C5b, C6, C7, C8 and C9 and has a cytolytic 

activity by making pores in the cell membrane25. This results in loss of permeability of the 

microbial cells, which leads to cell death. 

1.3.1.2 Innate effector cells 

Innate immunity consists of several effector cells which recognise and control microbial invasions. 

Even though intact skin and mucosa can prevent infection, frequently these barriers are defective 

and this allows microbial penetration into the host body. Beyond the complement system and 

natural antibody, phagocytes are the first line of defence which rapidly respond to the pathogen. 

Although phagocytes are the dominant cells of innate immunity, granulocytes and a lymphocyte 

cell subset called NK cells also act against microorganisms23. 

1.3.1.2.1 Macrophages 

Macrophages are specialised phagocytes which also support inflammatory processes. 

Macrophages can be located in lymphoid and non-lymphoid tissues. They play a crucial role in 

maintenance of physiological homeostasis in health, by clearance of dying tissues and promoting 

inflammation27. Macrophage populations can be divided into two main subgroups: M1 and M228. 

The M1 subpopulation is activated by interferon-γ (IFN-γ) and some pathogenic molecules such as 

lipopolysaccharide (LPS). M1 cells are involved in pathogenic clearance processes29. On the other 

hand, M2 cells help tissue remodelling and repair together with mediating immune suppression. 

Healing is associated with IL-4 and IL-13 cytokines, while IL-10 relates to the regulatory activity30. 

The balance of these two subgroups makes it possible to sustain homeostasis. 

Macrophages can be activated in various ways. Pattern recognition receptors (PRRs), such as Toll-

like receptors (TLRs) and C-type lectin receptors, have been found on macrophages31. These PRRs 

recognise pathogen-associated molecular patterns (PAMPs) in the microbes and also damage-

associated molecular patterns (DAMPs) produced by stressed and damaged host cells. Thus in 

addition to promotion of the immune response against microbes, macrophages also indirectly 

help to repair the damaged tissue by secreting cytokine. IFN-γ in coordination with TNF-α can 

drive macrophage activation32. The IFN-γ cytokine is produced from activated NK cells or type 1 T 

helper (Th1) cells33. TNF-α is secreted by macrophages themselves and also from stimulated 
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dendritic cells (DCs)29. These mechanisms stimulate phagocytosis by macrophages and secretion 

of cytokines to support the immune responses. 

Two well-described functions of phagocytes are to destroy microbes by engulfing and to secrete 

various cytokines, enhancing anti-microbial activities and inflammation at the exposure area34. 

Pathogens are taken up by phagocytes like macrophages and neutrophils and stored in 

phagosomes. Lysosomes containing reactive oxygen species (ROS), nitric oxide (NO) and 

proteolytic enzymes are fused with phagocytic vacuoles to form phagolysosomes in which anti-

microbial activity occurs35. The ROS and NO produce free-radicals which can destroy the 

pathogens. Furthermore macrophages play a role as antigen presenting cells (APCs). Particular 

cells expressing antigen-binding major histocompatibility complex (MHC) with co-stimulatory 

molecules to activate naïve T cells36. Macrophages express high levels of MHC class II, which 

interact with the T cell receptor (TCR) molecule on the CD4+ Th cell population. Pro-inflammatory 

cytokines such as TNF-α, IL-1, IL-6 and IL-12 are also secreted during the macrophage activation37. 

IL-1 similar to TNF-α promotes proliferation of several immune cells. IL-12 activates NK cells and 

cytotoxic lymphocytes (CTLs) and then the cells secrete IFN-γ, while IL-6 supports neutrophil 

proliferation and T cell differentiation23.  

1.3.1.2.2 Neutrophils 

Neutrophils are polymorphonuclear granule-containing leukocytes and are another type of 

phagocytes. At a site of infection or damaged tissue, neutrophils are the first cell which facilitates 

the initial phases of inflammation. Granulocyte colony-stimulating factor (G-CSF) in the bone 

marrow stimulates differentiation and proliferation of neutrophils38. Macrophages are long-lived 

phagocytic cells (weeks to months), while neutrophils are short lived (days to weeks)23. The main 

mechanism of the polymorphonuclear leukocytes to clear the pathogens is phagocytosis. Similar 

to macrophages, neutrophil-mediated phagocytosis commences by engulfing the pathogens in 

phagosomes and then they are fused with lysosomes to kill the microbes. Also, the neutrophil’s 

granular lysosomes contain ROS, NO and proteolytic enzymes such as collagenase and elastase as 

effective microcidal molecules39. Activated neutrophils also secrete inflammatory mediators such 

as IL-1, IL-6, IL-8, IL-12 and TNF-α40 41, which can activate other cells of the immune system.  

1.3.1.2.3 NK cells 

NK cells are able to deal with intracellular pathogens, like virus and bacteria, and malignant cells. 

IL-12 and IL-15 cytokines from the innate immune system are essential for NK cell proliferation42. 

Like CD4+ and CD8+ T cells, NK cells are controlled by equilibrium of activating and inhibiting 

signals. The inhibitory signals of the NK cells are conducted through receptors that interact with 
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MHC class I43. In steady state, normal cells present the MHC class I molecules, whilst 

downregulation of MHC class I expression can be observed in some virus-infected cells and 

tumour cells23. This results in NK cell activation and transformed cell elimination.  

To prevent normal tissue destruction NK cells also express inhibitory receptors. The inhibitory 

receptors contain immunoreceptor tyrosine-based inhibition motifs (ITIMs) at their cytoplasmic 

tail. ITIMs take a phosphate group away from a number of signalling molecules and hence inhibit 

down-stream signalling44. Examples of the inhibitory NK cell receptors are killer cell 

immunoglobulin-like receptors (KIRs) and C-type lectin receptors. KIRs belong to an 

immunoglobulin superfamily and recognise the MHC class I molecule45. Normal cells express MHC 

class I, which causes NK cell activity inhibition. In addition, CD94/NK group 2 A (NKG2A) receptor 

is one of the C-type lectin receptors. The CD94/NKG2A binds to non-classical MHC I molecule HLA-

E46 47. These receptors allow NK cells to discriminate normal cells from abnormal tissues such as 

infected, distressed and cancer cells.  

In contrast, immunoreceptor tyrosine-based activation motifs (ITAMs) are commonly found at the 

cytoplasmic tail of activating NK receptors, including Fc epsilon receptor I gamma subunit (FcεRIγ) 

and DNAX-activating protein of 10KDa (DAP10)44. The DAP10 molecule in association with NKG2D, 

a generic activating NK receptor, can detect MHC class I-like proteins, human MHC class I chain-

related genes (MIC-A and MIC-B)48. The viral-infected cells and cancer cells express high levels of 

the MIC molecules, while the normal cells do not49. CD16, Fc gamma receptor IIIa (FcγRIIIa), 

recognises an Fc portion of human IgG1 and IgG3 and to lesser extend of IgG4. CD16 initiates the 

NK cell activation in association with ITAM-containing signalling molecules CD3ζ and FcεRγ50 51. 

This stimulation results in ITAM phosphorylation at cytoplasmic tyrosine residues. The 

phosphorylation leads to subsequent intracellular signalling by recruitment of Syk/ζ-associated 

protein of 70 kDa (ZAP-70) tyrosine kinases44. This activation leads to cell killing process called 

antibody-dependent cell-mediated cytotoxicity (ADCC). 

NK cells and CTLs have similar cytotoxic activities. After activation, the cytotoxic cells secrete 

perforin and granzymes52. Perforins act like C9 proteins in the complement system to form pores 

in the target cell membrane and allow granzymes to go inside. Granzyme molecules, especially 

granzyme B, can induce cell apoptosis52. Moreover, activated NK cells also produce IFN-γ to 

stimulate macrophage functions and Th1 differentiation33 53. Following target cell death by NK 

cells, cell debris can be engulfed to clear by macrophages and DCs, which can act as APCs to 

promote the adaptive immune system. 
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1.3.1.2.4 Dendritic cells 

DCs are a crucial link between the innate and adaptive immune systems, owing to the antigen 

presenting activity of these cells. They are characterised by their extended membrane protrusions 

and phagocytic ability. To distinguish DCs from other cells more than one surface markers are 

needed, as there is no the specific markers for DCs. Expression of some markers such as CD11c, 

lymphocyte function-associated antigen 1 (LFA-1 or CD11a), intercellular adhesion molecule 1 

(ICAM-1 or CD54) and DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN or CD209) are seen in 

DCs54 55, whereas other molecules like CD3 (T cells), CD14 (monocytes), CD19 (B cells) and CD56 

(NK cells) are absent. Together with MHC class II expression, T cell costimulatory molecules, CD80 

(B7.1) and CD86 (B7.2), are observed on DCs too56. Two main subgroups based on their functions 

of the DC population are myeloid DCs (mDCs), also known as conventional DCs (cDCs) and 

plasmacytoid DCs (pDCs). Both DC subsets differentiate from haematopoietic stem cells; cDCs 

come from the myeloid progenitor, while pDCs derive from the lymphoid progenitor cells57. The 

cDC and pDC subgroups have been described as CD11chighCD8-CD11b+DEC205- and CD11cintCD8+/-

CD11b-B220+Gr-1+, respectively58. DCs have Fc receptors and PRRs to recognise pathogens 

molecules. pDCs restrictively express only TLR7 and TLR9, but cDCs present a wider range of 

TLRs59. The main function of pDCs is secretion of IFN-α after activation60. cDCs, on the other hand, 

phagocytose pathogens and become mature after PRR activation. Soon after, the mature cDCs 

express a high level of a C-C chemokine receptor type 7 (CCR7) and migrate to draining secondary 

lymphoid organs to stimulate the T cells57 61. The function of DCs as professional APCs is to initiate 

differentiation of naïve T cells by presenting the antigens on MHC class II, alongside CD40 and 

other costimulatory molecules and secreting corresponding cytokines. In conclusion, DCs play an 

essential role in connection of the innate and acquired immune responses. 

1.3.1.3 Receptors of innate immunity 

As mentioned before, immune cells of the innate immune system recognise common molecules 

found throughout microbes and stressed cells and typically not seen in normal host tissues. Terms 

used to describe these molecules are PAMPs and DAMPs, which derive from microbes and 

unhealthy host cells, respectively. Examples of PAMPs are LPS and unmethylated cytosine-

phosphate-guanine (CpG) motifs in bacterial DNA62, while leaderless secretory proteins (LSPs) 

from injured cells such as high-mobility group box protein 1 (HMGB1), the chromatin-associated 

molecule, are considered to be DAMPs63. These molecules binding to PRRs result in down-stream 

signalling activation and effector innate immune cell functions such as phagocytosis and cytokine 

secretion by macrophages and DCs. The effectors cell activities lead to pathogen clearance and 
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support of host homeostasis and also play a crucial role in initiation of the adaptive immune 

response. 

PRRs are a group of receptors on immune cells that recognise microbial products which are vital 

for their survival and also injured host cell-released molecules. In recent decades, many PRRs have 

been discovered including TLRs, nucleotide oligomerization domain-containing protein (NOD)-like 

receptors (NLRs), retinoic acid inducible gene (RIG)-like receptors (RLRs) and C-type lectin 

receptors64. The C-type lectin receptors are located on the immune cell surface and recognise 

carbohydrate molecules of bacteria65. For example, the mannose receptor, dendritic cell-

associated C-type lectin 1 (dectin-1) and dectin-2 are members of the C-type lectin family. The 

mannose receptor (CD206) engages macrophage phagocytosis and also activates the complement 

system66. Dectin-1 and dectin-2, two of the C-type lectin receptors on DCs assist CD4+ T cell 

differentiation into Th1 and Th17 to defend against a fungal infection67. The NLRs are cytosolic 

proteins that can detect intracellular PAMPs and DAMPs. NOD1 and NOD2 belonging to the NLR 

receptor family consist of N-terminal caspase recruitment domain (CARD) and sense 

peptidoglycan on gram-negative and gram-positive bacteria, which have the ability to invade host 

cells68. NLR family, pyrin-domain-containing proteins (NLRPs) such as NLRP3 are able to recognise 

microbes presented in the cytoplasm. Changes in endogenous molecules and ions can also 

stimulate NLRP323 69. After NLR activation, NLR-derived inflammasome complex stimulates 

Caspase-1 enzyme activity and results in IL-1β secretion, which is involved in inflammatory 

responses69. Another group of PRRs is the RLRs family, RLRs such as RIG-1 and melanoma 

differentiation associated factor 5 (MDA5) are activated by viral RNA. This induces type I 

interferon production to fight viral infections70. Furthermore, the major group of PRRs belongs to 

the TLR family, which can identify a broad range of PAMPS and DAMPs.  

TLRs are the most widely investigated PRRs. Twelve TLRs have been identified in mice (TLR1-9, 

TLR11-13) and ten TLRs in human (TLR1-10)71-73. These TLRs can be classified by their expression 

location: the cell surface or the cytosol. The group expressed on the cell surface includes TLR1, 

TLR2, TLR4, TLR5 and TLR6, whereas TLR3, TLR7, TLR8, TLR9 and TLR11 are presented in 

intracellular vesicles64.  

The surface TLRs generally detect microbial outer layer molecules. TLR4 is the fundamental TLR in 

the group. It senses LPS on the cell wall of gram-negative bacteria. TLR4 together with MD-2 

soluble protein forms LPS-binding complex74. TLR2 making dimerization with TLR1 and TLR6 

mainly senses microbial lipoproteins. The TLR2-TLR1 dimer detects tri-acylated lipopeptides found 

in gram-negative bacteria and mycoplasma, while gram positive bacteria di-acylated lipopeptides 

activate the innate immune system, through the TLR2-TRL6 dimer associated with CD3675 76. A 

9 



Chapter 1 

flagellum component, flagellin protein, is required TLR5 to drive the immune system77. 

Conversely, most of the cytosol TLRs are microbial nucleic acid material sensors. TLR3 is known as 

a receptor which binds to double-stranded RNA (dsRNA), which is commonly found in some 

viruses, such as retroviruses, and also polyinosinic-polycytidylic acid (poly(I:C))78. TLR7 functions as 

a receptor for single-stranded RNA (ssRNA). TLR8 has ability to recognise viral ssRNA similar to 

TLR779. Unmethylated CpG motifs located in microbial DNA strands, but not in mammalian DNA, 

are sensed by TLR980. Profilin-like molecule recognition is operated by the TLR11 group, including 

TLR11-13. The profilin molecules are commonly derived from Toxoplasma gondii. However, the 

TLR11-13 are only expressed in mice and are not found in human72. Moreover, DAMP molecules 

have been demonstrated to activate the innate immune system, via TLR2 and/or TLR4. This might 

be relevant to the pathogenesis of chronic inflammatory disease81. After the recognition, the TLR 

activation results in immune cell function enhancement and cytokine secretion. 

Activation of the intracellular TLRs and TLR4 induces type I IFN and inflammatory cytokine 

production, while the other surface TLRs generate mostly the inflammatory cytokines after 

antigen recognition. It has been believed that signalling transduction of all TLRs, except TLR3, 

involves a MyD88-dependent pathway82. The result of the MyD88 activation pathway is 

involvement of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and 

secretion of inflammatory cytokines, such as IL-6, IL-12 and TNF82. Moreover, TLR3 and TLR4 

induce Toll/IL-1 receptor (TIR) domain-containing adaptor inducing IFN-β (TRIF), a MyD88-

independent pathway83. In addition to NF-κB induction seen in the MyD88-independent pathway, 

the TRIF activation results in induction of interferon regulatory factor 3 (IFR3), another 

transcription factor initiating IFN-β production82 83. These TLR-induced innate immune responses 

play important roles microbial defence s and also commence the adaptive immune response, to 

enhance specific immunity and to be ready for the next pathogen challenge.  

1.3.2 Adaptive immunity 

In adaptive immunity, responses are developed against particular microbes through increasing 

defending competence and specificity. The adaptive immune response has been found in 

vertebrate animals only. Functional components of the adaptive immune system are lymphocytes 

(B and T cells) with an incredibly high diversity of antigen receptors and antigen-specific 

antibodies. Two central roles of adaptive immunity are to magnify the specific immune response 

and to gain the ability to remember the antigen and promptly react to repeated challenges. 

There are two main arms of adaptive immunity, humoral and cell-mediated immunities, which 

react in different ways against antigens. In the humoral immunity, the active component is 
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antigen-specific antibody, which is produced by antibody secreting B cells in bone marrow. After 

the specific antigen binding, the antibody mediates the pathogen elimination by neutralising the 

antigen and recruiting other microbial defence mechanisms such as phagocytosis and the 

complement system21.  

For humoral immunity, B cells are the main cell type involved in immune responses. Immunogens 

recognised by B cells can be divided into CD4+ T cell -dependent (TD) and Thymus-independent 

(TI) antigens. The TI antigens induce direct B cell activation via TLRs and/or the B cell receptor 

(BCR). But this activation does not lead to germinal centre (GC) formation, isotype switching, 

affinity maturation or memory compartment formation84, which are essential to establish 

effective levels of antibody against the antigens and prevent disease on re-exposure. On the other 

hand, TD B cell stimulation results in a high affinity and long lasting protective antigen-specific 

antibody response. Similar to the TI antigens, TD antigens in blood or lymph can be detected by B 

cells through the BCR on the cell surface. Unlike T cells which recognise cognate antigens in a 

peptide form, B cells mostly identify the antigens in a three dimensional native form. Hence, the 

antigen in a natural form can only be sensed by the antigen-specific antibody85. 

In contrast, cytotoxic activity of CD8+ activated T cells, also known as CTLs is the main function of 

the cell-mediated immunity, also called cellular immune response, against intracellular pathogens 

that cannot be detected by the antibody. The CTL’s function is to abolish the infected cells that 

are an intracellular pathogen reservoir21.  

The Th cell response is not necessary for the CTL response induced by antigen-bearing DCs86 

(Figure  1-1). However, the CD4+ T cell help is an important part to activate the CTL memory 

compartment, since reduction of memory cells is observed in CD4-deficient mice87. Both the 

humoral and cellular arms of the immune response have been extensively investigated in 

infectious diseases and also cancers. 
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Figure 1-1 Activation of the adaptive immune system  

APCs such as DCs are exposed to antigens at the site of infection or injection. Antigen-

bearing mature DCs then migrate to secondary lymphoid organs and activate naïve T cells 

to differentiate into Th1 or Th2 CD4+ cells. Th1 cells provide help to both B cells and CD8+ T 

cells while Th2 cells provide help to B cells. B cells that have also been activated by the 

cognate antigen then undergo clonal expansion and differentiation into antibody secreting 

plasma cells or memory B cells. DCs also prime CD8+ T cells to become effector cytotoxic 

cells. This occurs either directly when DCs are infected or transfected or through cross-

priming when DCs acquire extracellular antigens. 
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1.3.2.1 T cells 

1.3.2.1.1 T cell population 

T lymphocytes are named because they travel to and develop specific functions in the thymus, a 

primary lymphoid organ. T cells can be classified into 3 subsets: CD4+ helper T cells, CD8+ CTLs and 

CD3+CD4-CD8- T cells (double negative T cells), such as αβ TCR and γδ TCR T cells. Each sub-

population has specific activities to orchestrate immune responses. 

CD4+ T cells generally mediate other immune cell functions, hence the nomenclature Th cells. 

They play a crucial role in supporting of both humoral and cell-mediated immune responses. TCRs 

on the CD4+ T cells are highly diverged antigen specific molecules and recognise antigen peptides 

presented by MHC class II on APCs, such as macrophages and DCs. Recognition allows the helper 

cells to offer support molecules (i.e. CD40 ligand (CD40L) and CD28) and cytokines (i.e. IL-2 and 

IFN-γ) to the APCs and also other immune cells such as B cells and CTLs23. This interaction results 

in more T cell stimulation with IL-2 production from the cells themselves88. The effector CD4+ T 

cells are differentiated to become Th1, Th2, Th9 or Th17 depending upon the strength of 

activation signals and the cytokines that initiated the T cell response. For instance, IL-12 and IFN-γ 

cytokines drive CD4+ T cells into the Th1 subset, while the Th2 subgroup mainly develop after IL-4 

activation89. The Th9 population requires IL-4 together with transforming growth factor-β (TGF-

β)90. Th17 cells are differentiated after exposure to pro-inflammatory cytokines such as IL-6, IL-23 

and TGF-β89. Furthermore, these Th subsets generate different cytokines. A type II interferon, IFN-

γ, is a signature cytokine secreted from Th1 cells. The Th1-produced IFN-γ promotes macrophage 

functions, anti-intracellular microbe activity of CTLs and also IgG isotype switching (IgG2a and 

IgG2c) in B cells91 92. Th2 effector cells produce IL-4, IL-5 and IL-13. These cytokines activate IgG 

class switching in B cells and granulocytes stimulation93 94. The Th9 population is closely related to 

Th2 cells, but the function of Th9 is unclear. IL-9, the major cytokine secreted by Th9 cells, is 

involved in mast cell proliferation. Thus, it is believed that Th9 cells are related to inflammatory 

processes and diseases95. The activation of the Th17 subset results in IL-17 and IL-22 secretion. 

The Th17-produced cytokines engage inflammation and neutrophil migration to the tissue injury 

site96. 

Although the key function of CD4+ Th cells is to support proliferation and differentiation of CTLs 

and B cells, they also have a more direct anti-tumour function. It is accepted that CTLs have anti-

tumour activity; however, CD8+ T cells without CD4+ T cell help cannot reach optimal anti-tumour 

effect97. CD4+ Th cells themselves also have anti-tumour killing properties either directly through 

recognition of a peptide-MHC class II complex (pMHC II) or indirectly through cytokine release98. 

Fas-mediated apoptosis was one of the possible mechanisms of the CD4+ T cell direct killing 
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activity after pMHC II recognition99. CD4+ Th-derived cytotoxic activity is associated with both IFN-

γ and TNF-α100 101. These two cytokines also cause inhibition of tumour growth, which prevents 

tumour cell escape102. Moreover, IFN-γ can inhibit angiogenic activity in the tumour environment 

by inducing macrophages to produce CXCL19 and CXCL10 cytokines103.  

Regulatory T lymphocytes (Tregs) also express the CD4 molecule, but instead of activation 

function, Tregs have capacity to suppress the immune responses and prevent host autoimmune 

diseases. Tregs are characterised as CD4+CD25+FoxP3+ cells. They secrete IL-10 and TGF-β and 

induce T cell apoptosis to limit the immune activities104. In addition, follicular T helper cell (Tfh) 

subgroup is another cell type of CD4+ T cells. The Tfh differentiation is stimulated by IL-21 and IL-

6, without TGF-β105. The main function of Tfh that express the transcription factor B cell 

lymphoma gene 6 (Bcl6), is to conduct B and T cell interaction in secondary lymphoid organs such 

as lymph nodes by, C-X-C chemokine receptor type 5 (CXCR5) and the inducible T cell co-

stimulator (ICOS)106. Tfh cells present CD40L, which interacts with CD40 on the B cell surface, and 

induce B cell maturation and proliferation.  

The second major subset of T cells is CD8+ T cells, which are key effector cells in the cell-mediated 

immune response. Naïve CD8+ T cells are triggered by APCs, with antigen loaded MHC class I and 

TCR interaction. Generally short antigenic peptides (8-10 amino acids) are presented on MHC 

class I. Differentiated CTLs search for the same peptides that activate their differentiation and 

proliferation on target cells and destroy the peptide-expressing cells. This killing process is very 

specific to the antigen-presenting target cells to make sure that normal cells are not 

exterminated. Soon after recognition, activated CTLs form tight contact with target cells (called 

immunologic synapse), and then induce the target cells to undergo apoptosis. Two cytotoxic 

mechanisms widely accepted are perforin/granzymes killing and Fas-Fas ligand (FasL) killing 107. 

Perforin forms pores in the target cell membrane, which allow diffusion of granzymes into the 

cells. Granzymes induce caspases-dependent cascades that initiate DNA fragmentation and 

results in cell apoptosis108. CTLs express FasL which interacts with the Fas receptor, on the target 

cell surface and induce apoptosis of the target cell. The Fas receptor activates the death-inducing 

signalling complex (DISC) and caspase 8 signalling transduction, which bring about cell death109. 

Moreover, IFN-γ and TNF-a are produced from activated CD8+ T cells and cause activation of 

immune effector cells such as macrophages110.  

Double negative (DN) T cells are a small population of T cells characterised by lacking of both CD4 

and CD8 molecules. The DN cells in this population are γδ T cells and also αβ T cells such invariant 

natural killer T (iNKT) cells. TCR of the γδ T cells is comprised of γ- and δ- subunits instead of a 

typical αβ TCR. The γδ TCR can recognise peptide within MHC class I and II and the CD1 family 
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complex111. The γδ T cells can act like cytotoxic cells and secrete cytokines such as IL-4, IL-6, IFN-γ 

and TNF-β, when they are activated112. The iNKT cells express CD1d-restricted αβ TCR. Activated 

iNKT cells mainly produce IL-4 and IFN-γ cytokines, while others such as granulocyte macrophage 

colony-stimulating factor (GM-CSF), IL-2, IL-17, IL-21 and TNF-α can be also observed113 114. The 

main function of the iNKT cells is immunosuppression and they are extensively investigated for 

autoimmune disease treatments114.  

1.3.2.1.2 T cell activation 

1.3.2.1.2.1 T cell antigen recognition 

To activate T cells, TCRs on T cells need to make interactions with MHC molecules on APCs loaded 

with antigenic peptides. Together with TCRs CD4+ and CD8+ T cells also present CD4 or CD8 co-

receptor molecules to ensure the binding of MHC class II (HLA-DR, -DQ and -DP in human) and 

MHC class I (HLA-A, -B, and -C in human), respectively. The third signal of antigen recognition is 

costimulatory molecules such as CD28 expressed by T cells, which cooperate with their ligands, B7 

molecules (CD80 and CD86), on APC surface. Typically, the interaction with these three signals 

enhances T cell recognition and initiates T cell responses. 

Intracellular antigens are generally captured by MHC class I in the form a peptide-MHC complex 

(pMHC I), which can be recognised by CD8+ T cells. The MHC class I molecule consists of two 

subunits: larger α- and smaller β2-subunits115. The α-heavy chain can be divided into three 

segments. α1 and α2 segments shape the peptide-binding cleft, which a short peptide (8-10 

amino acids) can fit into, and also a TCR interaction platform. APCs present thousands of pMHCs 

to naïve CD8+ T cells. This process is called ‘direct presentation.’ The cytosolic proteins are cut 

down into peptides and then transferred into endoplasmic reticulum (ER) by the transporter 

associated with antigen processing (TAP)116. In the ER, the peptides are further trimmed to 

remove N-terminal amino acids by luminal peptidases. The main peptidase is ER aminopeptidase 

(ERAP, in humans or ER aminopeptidase associated with antigen processing (ERAAP), in mice)117. 

The completely processed peptides are loaded to the MHC class I molecules. pMHCs then are 

transported to the cell surface through Golgi apparatus for direct presentation to T cells. 

In contrast to the endogenous-produced antigen, there is another pathway to process 

endocytosed extracellular antigens, also called direct presentation. Once the APCs endocytosis 

has been completed, antigen-containing endosomes fuse with proteolytic enzyme-containing 

lysosomes to form phagolysosomes. In these vesicles, the antigens are digested becoming small 

peptide molecules and ready to bind to MHC class II. In contrast to the MHC class I molecule, MHC 

class II comprises of two comparable size subunits: α- and β-chains. Each chain can be separated 
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into two segments. A MHC class II peptide-binding site is formed by α1 and β1 segments. This 

binding cleft is flexible as its terminals are open, so large peptides up to 30 amino acids fit the 

MHC class II binding-site118. The MHC class II molecules are synthesised in the ER with the 

invariant chain (Ii) encapsulated binding cleft. The bound Ii molecule prevents MHC class II to 

capture immature peptides. Before the candidate antigen peptide binding, Ii has to be removed 

by proteolytic enzymes but a short fragment called class II-associated invariant chain peptide 

(CLIP) remains. HLA-DM (HLA-M in mice) molecules play a key role in detaching CLIP and enabling 

the candidate peptides to attach to MHC class II119. Then the pMHC complexes are conveyed to 

the APC cell surface and displayed to CD4+ T cells. 

Beyond the direct presentation, the extracellular antigens are sometimes taken in by professional 

phagocytes and processed through the MHC class I pathway, instead of MHC class II presenting as 

normal. As in all nucleated cells, the phagocytes have the ability to express MHC class I molecule 

on their surface. When the extracellular antigens are taken up into phagosome and passed 

through the luminal compartment of the cells, most digested peptides go through the typical 

MHC class II antigen-presenting pathway. However, some DCs are able to cross-mount the 

phagocytosed peptide antigens with the MHC class I molecule, so this is known as ‘cross 

presentation or cross priming.’ Cells well-known for efficient cross priming are CD8α+ DCs and 

CD103+ DCs in mice and human CD141+ (blood DC antigen 3, BDCA-3) DCs120-122. Cross-

presentation makes it possible to load exogenous antigens for display to CD8+ T cells. 

1.3.2.1.2.2 Costimulatory molecules 

It is clear that intracellular signals from the TCR complex-pMHC interaction only are not enough to 

activate T cell function and might lead to immune cell tolerance123. The second signal from 

costimulatory molecules is required to drive T cell stimulation. 

To promote T cell clonal expansion, differentiation and effector function, auxiliary activation 

signals from costimulatory molecules are essential. For instance, the most investigated T cell 

costimulatory molecules are B7 family and CD28 proteins. It has been identified that CD80 and 

CD86 (B7.1 and B7.2) proteins on APCs such as DCs and B cells cooperate with the CD28 molecule 

on T cells. The activation causes naïve T cell survival, proliferation, IL-2 secretion and 

differentiation to effector and memory cells. So, occurrence of the second signal in the T cell 

activation is to ensure that T cells can respond to the right antigens. ICOS (CD278) is expressed by 

DCs and B cells and interacts with ligand ICOS-L (CD275) on T cell surface. Function of this 

molecule is involved in T cell-dependent antibody production, especially in GCs124. Moreover, CD2 

costimulatory molecule on T cells enhances intercellular adhesion and conducts intracellular 

signals. A specific ligand for CD2 is lymphocyte function-associated antigen 3 (LFA-3 or CD58) in 
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human APCs and CD48 in mice. CD2 and LFA-3 perform as adhesion molecules, which have an 

effect on the T cell priming process125. CD28 and CD2 double knockout mice have severe T cell 

activation deficiency, compared to other mice lacking of either CD28 or CD2126. Other 

costimulatory molecules (CD40 and CD40L) belong to the TNF family. CD40L is expressed by 

activated Th cells and binds to the CD40 molecule on APCs. This interaction results in promotion 

of APC function with more B7 molecule expression and cytokine secretion, which promotes T cell 

survival and differentiation127. These costimulatory molecules are considered to promote function 

of T cell and also APCs. 

In contrast, there are some molecules such as cytotoxic T lymphocyte-associated antigen 4 (CTLA-

4) and programmed cell death gene 1 (PD-1) that provide an inhibitory effect to the T cells. CTLA-4 

expressed by T cells is CD28 antagonist, which competes with CD28 for B7 molecule binding. The 

CTLA-4 protein has higher B7-binding affinity than CD28. When APCs express low levels of B7, T 

cells cannot be activated because lacking of the B7-CD28 binding signal128. Moreover, T cells also 

express PD-1 which recognises ligands PD-L1 and PD-L2 on the APC surface. As there are ITIM 

motifs at the cytoplasmic tail of PD-1, PD-1 conducts inhibitory signals to T cells when it is 

activated129. These two co-inhibitory molecules are upregulated when the T cells reach their end 

of antigen eradication, which can prevent over-responses and autoimmune disease. 

1.3.2.1.2.3 T cell activation signalling 

TCRs play an important role in conducting received signals from MHC interaction with T cells 

(Figure  1-2). The TCR consists of two transmembrane α and β polypeptide chains. Variable regions 

of each chain form the MHC peptide complex determining site. The TCRs molecule in combination 

with γ, δ and ε subunits of CD3 and ζ protein assemble as a TCR complex130. A CD4 or CD8 

molecule is also required to activate T cells. Following the TCR binding activity, lymphocyte-

specific protein tyrosine kinase (Lck), which is linked with the cytoplasmic tail of CD4 and CD8, 

induces phosphorylation of ITAM motifs on the related CD3 and ζ proteins that are available when 

the TCR is activated. The phosphorylation of the ITAMs allows ZAP-70, a Syk family tyrosine kinase 

to set up and become active as Lck-phosphorylated ZAP-70131. The phosphorylated ZAP-70 

mediates phosphorylation of various adaptor molecules such as linker for activation of T cell (LAT) 

protein132. The phosphorylated adaptor molecules initiate downstream signalling. For example, 

the activated LAT triggers γ1 isoform of phospholipase C (PLCγ1) phosphorylation and allow it to 

cleave membrane phosphatidylinositol (4,5)-bisphosphate (PIP2). The PIP2 molecules are broken 

down to inositol (1,4,5) trisphosphate (IP3) and diacylglycerol (DAG). Then IP3 brings about 

release of calcium ions from intracellular storages and also calcium ion influx from an exogenous 

source. The increasing level of calcium ions results in calcium-dependent enzyme activity 
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enhancement and transcription factor activation, such as nuclear factor of activated T cells 

(NFAT)131 132, which finally allow T cell responses. Protein kinase C (PKC) is activated by the 

membrane-bound DAG and results in NF-κB transcription factor activation133. Furthermore, the 

TCR stimulation induces signalling of the RAS/MAP kinase pathway, which activates transcription 

factors such as activator protein-1 (AP-1)134. In addition, phosphoinositide 3-kinase (PI3K) is also 

recruited to the TCR activation site. The PI3K molecule produces phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) from PIP2 and triggers phosphoinositide-dependent kinase-1 (PDK1) 

function. PDK1 is involved in cell survival promotion through the protein kinase B (Akt) signalling 

pathway135. All of these stimulation pathways are essential for cell differentiation, proliferation 

and functions of the activated T cells. 
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Figure 1-2 T cell receptor signalling 

TCR comprises of α and β chains and CD3. α and β subunits assemble into the ligand 

recognition part, while they lack an intracellular domain for intracellular signalling 

transduction. CD3 with γ, δ, ε and ζ chains acts as a signalling transduction portion. ITAM is 

located in the intracellular domain of CD3. When the TCR is activated, phosphorylation is 

induced at the ITAM sequences and this causes intracellular signal initiation. Once the TCR 

adaptor protein ZAP70 is activated, it phosphorylates LAT protein, which can activate other 

signalling cascades, such as calcium influx, NK-κB and MAPK kinase. These signalling 

pathways result in T-cell effector functions including cytokine secretion. This figure is 

adapted from [23]. 
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1.3.2.2 B cells and their functional units 

B cells develop in the bone marrow. The key function of these cells is antigen-specific antibody 

production. The B cell population can be divided into follicular, marginal zone and B-1 B cells136. 

Follicular B cells are found as the major population in secondary lymphoid organs and in 

circulation. This population has high variation of Ig sequences. Marginal zone B cells are located in 

the marginal zone in the spleen, while the B-1 B cell subset is seen in pleural and peritoneal 

cavities. The marginal zone B cells, which mainly recognise polysaccharides, exhibit less Ig 

diversity, while B-1 B cells are lacking of Ig diversity and are the source of natural antibodies137. In 

general, these key B cell subsets are found in both mouse and human; however, there are 

differences between the two species. For example, the properties of human marginal zone like B 

cells are not exactly the same as mouse marginal zone B cells138. Unlike their mouse counterparts, 

they are able to recirculate and somatic mutations have been found their BCRs. 

In the bone marrow (Figure  1-3), progenitor (pro-) B cells arise from common lymphoid 

progenitors (CLPs) and express neither membrane Ig nor pre-B cell receptor (pre-BCR). IL-7 is 

secreted after interaction of pro-B cells and bone marrow stromal cells and it is essential for 

development of the B cell lineage139. Recombination-activating gene 1 (RAG-1), RAG-2 and 

terminal deoxynucleotidyl transferase (TdT) enzymes expressed in pro-B cells, are fundamental 

for triggering V(D)J recombination140. The first step occurs in the Ig heavy chain locus and leads to 

DJ recombination then followed by joining of a V segment to the DJ sequence (Figure  1-4). RAG-1 

and RAG-2 recognise a junctional sequence of each gene and cleave. After that, multiple 

nucleotides can be removed or inserted at the junctional regions by trimming enzymes, such as 

exonucleases or TdT, to generate diversity of the BCR. As a result of this staged process VDJ 

transcriptional units are generated. This process is also observed in κ and λ light chains, but only V 

and J segments are recombined because D segment is absent in the lg light chain locus23. 

Following that, the VDJ transcription unit is joined to the constant µ segment (Cµ) to form an Ig 

heavy chain. The µ Ig heavy chain associated with a surrogate light chain, which consists of λ5 and 

VpreB proteins, becomes pre-BCR. Igα and Igβ are observed within pre-BCR, and signalling from 

the pre-BCR is required for pre-B cell survival, proliferation and also light chain rearrangement 

activation140 141. Once the VJ recombination is completed, the new Ig light chain assembles with 

the previously produced Ig heavy chain to generate BCR (IgM) and the cells are called immature B 

cells. At this stage, the BCR can recognise antigens including self-antigens. Thus, tolerogenic 

mechanisms including receptor editing (when the light chain is swapped for a new one to alter the 

specificity), clonal deletion and functional silencing (anergy) occur to prevent self-recognition and 

autoimmune disease141. After leaving the bone marrow, further maturation continues in the 
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spleen. Mature B cells express both IgM and IgD and require antigen stimulation to maintain their 

survival, if not received they undergo apoptosis within a few months140. 

 

 
Figure 1-3 B-cell lineage development 

B-cell development occurs in the bone marrow. Pro-B cells expressing neither pre-BCR nor 

BCR differentiate from CLP and develop into pre-B cells. Pre-B cells express pre-BCR after 

VDJ rearrangement of Ig heavy chain (A). Following VJ recombination of Ig light chain (B), 

pre-B cells become immature B cells and the BCR can recognise antigens. The immature B 

cell can undergo BCR editing or apoptosis, if the receptor binds to self-antigen (C). After 

completion of maturation in the spleen, mature B cells expressing IgM and IgD are ready 

for antigen challenge. This diagram is adapted from [23 and 141]. 
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1.3.2.2.1 B-cell activation 

After their development, mature B cells migrate to secondary lymphoid organs and are ready for 

antigen activation. There are two pathways to stimulate the B cells: TD and TI activation 

 

 

Figure 1-4 V(D)J rearrangement in B-cell development 

During B-cell development, DNA recombination occurs to bring together V, D, J segments 

of the Ig heavy chain and V and J of the light chain to generate BCRs. This recombination 

process achieves a high degree of BCR diversity for recognition of a variety of antigens. For 

example, V2, D3 and J1 segments of Ig heavy chain join to create the heavy chain variable 

region. V1 and J1 join to produce a variable region of Ig light chain. Both variable regions 

are then linked to their respective constant regions and the two Ig chains are paired 

together to generate a complete Ig. In the mouse, Ig κ light chain rearrangement starts 

first, while in human Ig λ occurs first. This figure is adapted from [23]. 
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pathways23. The TI activation refers to the process where B cells do not need any help from Th 

cells for clonal expansion, differentiation and functional antibody production. The marginal zone 

and B1 B cells respond to TI antigens such as polysaccharide molecules. Affinity maturation and Ig 

switching are observed in TD antibody production, but not regularly in the TI pathway. TD protein 

antigens are processed and presented by APCs to Th cells which are subsequently activated and 

help B cells to proliferate and differentiate through CD40L/CD40 interaction and by secreting 

cytokines such as IL-2, IL-4 and IFN-γ21.  

Triggering BCR by antigen leads to activation of B cells. The BCR complex comprises of a 

membrane-bound Ig in association with co-receptors CD79a(Igα)/CD79b(Igβ) heterodimer142 

(Figure  1-5). After antigen binding to BCR, Lyn, a Src family kinase, phosphorylates ITAM residues 

in the heterodimer cytoplasmic tail143. The ITAM phosphorylation causes recruitment of several 

adaptor proteins including B cell linker (BLNK) and additional kinases such as Lyn, Bruton's 

tyrosine kinase (Btk), and guanine nucleotide exchange factors (Vav proteins)142. CD19, a 

costimulation receptor, and activated Btk form the BCR aggregation complex. The receptor 

clustering into lipid rafts has been believed to help B-cell signalling intensification143 144. BCR 

signalling drives multiple intracellular cascades including through PI3K, phospholipase C-γ2 

(PLCγ2) and Btk. Once spleen tyrosine kinase (Syk) and Lyn are engaged at the BCR 

phosphorylated ITAM, BLNK using its Src homology 2 (SH2) domain binds to a CD79 non-ITAM 

portion145. Syk phosphorylates the BLNK molecule and it acts as a platform to bind for Btk and 

PLCγ2. After interaction of these molecules takes place and PLCγ2 is phosphorylated by Btk and 

Syk, phosphatidylinositol 4,5-bisphosphate (PIP2) enriched in the membrane rafts is metabolised 

to become secondary messenger molecules, DAG and IP3143. DAG stimulates PKC and this leads to 

NF-κB activation133. IP3 triggers calcium influx and enhances calcium-dependent enzyme activities 

and stimulation of transcriptional factors146. Moreover, CD19 is phosphorylated by Lyn. This 

allows the PI3K p85 subunit to bind CD19 and co-stimulates the PI3K p110 subunit. When these 

are in contact, PIP2 is phosphorylated by PI3K in cooperation with Vav to become PIP3142. PIP3 is 

supposed to amplify PLCγ2 activation by promoting PLCγ2 translocation to the lipid rafts and Btk 

activation. Btk is phosphorylated by Syk, Lyn and PI3K. The phosphorylated Btk induces auto-

phosphorylation, Btk recruitment and also translocation of NF-κB into the nucleus147. 

Multiple signalling cascades are induced after the BCR activation. Calcium influx triggers many 

transcription factors including NF-κB, NFAT and Jun, and brings about B-cell proliferation, cytokine 

production, and Ig class switching142 148. Moreover, mitogen-activated protein kinase (MAPK) 

cascade stimulated by DAG and PKC and PI3K activates the Akt pathway leading to B-cell 

response, proliferation and survival148. However, a balance of activating and inhibitory molecules 

is crucial for the B-cell response. The inhibitory molecules such as SH2-domain-containing inositol 
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5-phosphatase (SHIP) and phosphatase and tensin homologue (PTEN) downregulate the response 

by dephosphorylation of the activation molecules and this results in BCR signalling inactivation142. 

Moreover, FcγRIIb can regulate the BCR activation via ITIM domains and SHIP. Thus the B-cell 

signalling regulation plays an important role in homeostasis and prevention of autoimmune 

diseases. 

 

In addition, B cells require secondary signals from co-stimulatory molecules and cytokines 

provided by activated Th cells149. After the migration of mature DCs carrying foreign antigens to 

the lymphoid tissues, they activate naïve CD4+ T cells. The distinct CD4+ Th cells, follicular T cells 

 

 

Figure 1-5 B cell receptor signal transduction 

BCR complex consists of a membrane-bound Ig and CD79a/CD79b. After antigen binding, 

intracellular signalling is induced via multiple pathways. Lyn and Syk are rapidly 

phosphorylated after BCR aggregation and then Btk is activated. Multiple intracellular 

pathways such as through PLCγ2, PI3K and Btk are induced and this results in B cell 

responses. This figure is modified from [142 and 143]. 
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Tfh promote TD B cell responses. Expression of Bcl6, CXCR5 and ICOS by Tfh cells is necessary to 

initiate homing of the T cells to the T-B cells border area, where the T cells interact with antigen-

activated B cells106. The T-B cell interaction offers additional signals that support persistent Tfh 

responses and also sustains B cell differentiation at the same time. Lack of ICOS ligand and PD-1 

ligand expression on B cells results in a Tfh cell response deficiency150 151. During the interaction, 

cytokines such as IL-2, IL-6 and IL-12, which are secreted by DCs, T or B cells, are involved. Next, 

the fully activated Tfh can differentiate toward Th1 or Th2 responses, depending upon the 

microenvironment in the lymphoid tissues. Broadly, Th1 responses are activated by intracellular 

pathogens, while extracellular microbes induce Th2. Each type is characterised by distinct subsets 

of cytokines such as IL-2, IFN-γ and TNF-α for Th1 and IL-4 for Th2 responses. The CD40/CD40L 

interaction is important for activation of B cell proliferation and differentiation by Tfh. 

After activation, B cells form GCs in secondary lymphoid organs, where many events occur such as 

somatic hypermutation (SHM), isotype switching and generation of memory B cells and plasma 

cells152. The activated B cells move back from the rim to the inside of a primary follicle to 

proliferate and develop a ‘dark zone’ of the GC (Figure  1-6). The GC formation is triggered by the 

interaction between B cells and Th cells/APCs with CD40-CD40L association (Figure  1-1). Tfh-

secreted IL-21 plays an essential role in GC formation and antibody-secreting plasma cell 

development153. During the activation, the GC B cells express Bcl6 transcriptional regulator, which 

is required for GC formation and maintenance154 155. In the dark zone, B cells called centroblasts 

undergo SHM that leads to exceptional variation in the immunoglobulin variable region (IgV) and 

increasing antigen-specific antibody affinity (Figure  1-6). Activation-induced cytidine deaminase 

(AID) is a key enzyme for cytosine (C) to uracil (U) conversion in the IgV156 157. AID-induced uracil-

guanine (U:G) mismatch causes transversion and transition mutations. An outcome of the SHM is 

antibody affinity alteration. After the SHM B cells move to the ‘light zone’ of the GC, B cells now 

named centrocytes are selected in association with Tfh and follicular DCs. The centrocytes 

carrying antibody that cannot recognise the antigens or are of low affinity undergo receptor 

editing or apoptosis, whilst high antibody affinity bearing centrocytes survive and move toward Ig 

class switching158. 
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Ig class switching is a consequence of responses of activated B cells to different types of 

immunogens in cooperation with Th cells. IgM is observed as the main antibody subclass before 

class switching occurs. The Ig class switching of the centrocytes is induced by the CD40-CD40L 

interaction and cytokines. The CD40 signal engages AID activity that makes Ig DNA switch regions 

unstable156. The switch regions are C and G base-rich sequences and located at the 5’ end of the 

CH genes. The two cleaved-switch regions are joined together and this results in Ig class switching 

to IgA, IgE or IgG depending on the cytokines present (Figure  1-7). For example, IL-4 activates IgE 

class switching by promoting STAT6 activity resulting in AID stimulation and ε CH locus 

rearrangement160 161. After that, mature B cells become either long-lived antibody producing 

 

 

Figure 1-6 Germinal centre where Ig class switching and somatic hypermutation occur 

After activation, B cells move into follicles and form GC. In the dark zone of a GC B cells 

proliferate and somatic hypermutation (SHM) occurs. After that, B cells enter into the light 

zone of the GC where Tfh and follicular dendritic cells (FDC) bearing the antigen exist to 

support B cell survival, class switching recombination (CSR) and differentiation. Selection of 

higher affinity B cells, which is a result of SHM, also occurs in the light zone. As a result B 

cells become either plasma cells producing antigen-specific antibody or memory cells of 

high affinity which are ready for a second challenge of the antigen. This diagram is adapted 

from [159].  
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plasma cells or undergo memory B cell differentiation and exit the GC. Moreover, the isotype 

switching can also be found in the extrafollicular B cell activation pathway162. 

 

Some Th-interacting B cells can move outside the follicle and develop extrafollicular B cell 

response. This occurs in the T cell-rich periarteriolar lymphoid sheath in the lymph nodes and in 

the area between red pulp and T cell zones in the spleen, where the extrafollicular pathway is 

activated. The extrafollicular B cells interact with Th to generate antigen-specific low affinity 

antibody relatively compared to the response in GC formation without going through SHM163. 

Besides the T cells, the antigen-carrying DCs also activate naïve B cells and support their 

 

 

Figure 1-7 Ig class switching and somatic hypermutation 

Activation-induced deaminase (AID) enzyme plays a key role in Ig class switching and SHM 

processes. Class switching to other then IgM or IgD constant regions (Cγ for IgG, Cα for IgA 

and Cε for IgE (a)) is achieved by AID-induced CSR. Moreover, AID induced U-G 

mismatching leads to point mutation, transversion or transition, at the C-G pair and 

generates further diversity in the variable region of Ig (b). This illustration is modified from 

[21 and 23]. (UNG = uracil-DNA glycosylase) 
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differentiation to antibody-producing plasma cells164. However, antibody-producing plasma cells 

developed from this pathway are not long-lived cells as in the GC pathway. 

Beyond help from professional CD4+ Th cells, some innate immune cells can support B cells in 

responses to immunogens. For instance, iNKT cells recognise some TI antigens (i.e. self-

phospholipid and microbial glycolipid molecules), which are presented by CD1d on the B cells165. 

These helper iNKT cells provide co-stimulatory molecules CD40L and CD28 resulting in activation 

of fast extrafollicular and GC responses166. The latter requires IL-21 from the iNKT cells, but these 

GC responses result in limited affinity maturation and do not promote long-lived plasma cells167. 

1.3.2.2.2 Antibody and its functions 

The principal component of humoral immunity is an antibody also called immunoglobulin (Ig), a 

protein that can detect and eliminate antigens/pathogens. Shared building blocks of Ig are a pair 

of identical heavy and light polypeptide chains. The heavy and light chains consist of two regions, 

called constant (C) and variable (V) regions and each chain attaches together by disulphide bonds. 

The N-terminal V regions of one light chain and one heavy chain (VL and VH) form the antigen-

binding site. Two types of light chain have been identified, κ and λ. Yet, these two light chains 

have no difference in their functions. There are five main Ig isotypes referred to their constant 

region of the heavy chain (CH): IgA (α CH), IgD (δ CH), IgE (ε CH), IgG (γ CH) and IgM (µ CH). Each 

isotype has specific functions (explained below). IgD, IgE and IgG are mostly seen as monomers, 

while IgA and IgM are generally found as dimers and pentamers, respectively. In humans, IgA and 

IgG isotypes can be divided into subclasses (IgA1 and IgA2, IgG1, IgG2, IgG3 and IgG4)168. 

However, IgG subclasses in mice are slightly different and they are IgG1, IgG2a, IgG2b and IgG3. In 

C57BL/6 IgG2c is generated instead of IgG2a169.  

Antigen-exposure and immune activation can shape antibody production and subsequent 

activities. Each Ig isotype has a particular role in the immune system. IgA plays an essential role in 

mucosal immunity, whereas IgE is dominant in the response against parasites and in immediate 

hypersensitivity170. Membrane-bound IgD in association with CD79α and CD79β is involved in B-

cell development. IgM is identified as a naïve B cell receptor (and some memory B cell receptor) 

and early Ig isotype in a humoral immune response with high avidity before antigen-specific IgG 

has developed170. After the antigen stimulation, B cells are activated and undergo Ig class 

switching and somatic hypermutation to produce high affinity IgG antibody of one of the above 

mentioned subclasses.  

In humans, IgG1 is a major isotype found in the blood. IgG1 and IgG3 are known to play an 

important role in activation of ADCC, antibody-dependent cellular phagocytosis (ADCP) and 
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complement-dependent cytotoxicity (CDC), as described in section  1.3.1.1, in response to 

polypeptide and protein antigens168 171. IgG3 is potent in engaging CDC; however, ADCC activity 

can be also seen but the level is lower than that of IgG1172. IgG2, the second most common 

isotype in human, is induced by polysaccharide antigens polymeric carbohydrates produced by 

many pathogenic bacteria. IgG4 is associated with allergens and can be induced when the host is 

often exposed to non-infectious agents168. Although IgG2 and IgG4 can induce ADCC, owing to 

their low FcγRs binding affinity only low levels are observed compared to those induced by IgG1 

and IgG3173 174. 

In mice, IgG2a and IgG2b are able to activate ADCC, ADCP and the complement system. IgG1 also 

induces activation of FcγRIII, though its affinity to FcγRIII is lower than the two IgG2 subclasses175 

176. IgG1 is induced with the help of IL-4 producing Th cells which is a Th2 biased response, while 

IFN-γ from Th1 cells promotes IgG2a class switching and production177. To stimulate the Fc 

receptor activities, the antibody C-terminus is recognised by Fc-receptors on the effector immune 

cells such as macrophages and NK cells.  

Several leukocytes, such as macrophages, NK cells and neutrophils, express Fc receptors (FcRs), 

which bind the Fc antibody portion and promote effector functions of the leukocytes themselves. 

Each antibody isotype has its own receptor (i.e. FcαR for IgA, FcεR for IgE and FcγR for IgG). Since 

IgG is the dominant isotype in humoral immunity, FcγR in humans can be divided into three main 

subgroups: FcγRI, FcγRII and FcγRIII. FcγRI (CD64) is mostly located on macrophages and 

neutrophils and plays an essential role in enhancing phagocytosis and phagocytes activation175 176. 

The FcγRII molecule (CD32) can be further divided into three subgroups: FcγRIIA, FcγRIIB and 

FcγRIIC. FcγRIIB is the only inhibitory receptor that is also expressed on B cells as well as DCs and 

some other cells (Table  1-1), while the other FcγRIIs are activating receptors expressed by 

macrophages, neutrophils and some other innate immune cells (Table  1-1)175 176. FcγRIIA is also 

found on platelets. Although IgG binding affinity of FcγRIII (CD16) is low, it has the ability to 

initiate ADCC and phagocytosis. FcγRIIIA is mainly located on NK cells and is associated with ADCC, 

while neutrophil phagocytosis is supported by FcγRIIIB175 176.  

In mice, FcγRI, FcγRIII and FcγRIV are activating receptors, while FcγRIIB functions as the inhibitory 

receptor the same as in human. FcγRIV, which binds only to mouse IgG2a and IgG2b, is believed to 

promote immune responses of IgG2a and IgG2b176. IgG2a can have the highest affinity to the 

activating receptor and also has low-affinity to the inhibitory receptor FcγRIIB. IgG2b is also 

detected by all activating FcγRs but not as strongly as IgG2a176. Although IgG1 binds to stimulatory 

FcγRIII, IgG1 also interacts with inhibitory FcγRIIB. IgG1 activities can be enhanced by FcγRIIB 
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blocking171. In mice IgG2a is the most effective IgG isotype. Properties of human and mouse IgG 

subclasses and Fc receptors are summarised in Table  1-1. 

Table  1-1 Relative binding affinity of the major human and mouse IgG subclasses and Fc receptors 
Human 

 IgG1 IgG2 IgG3 IgG4  Distributions 

FcγRI +++ - +++ ++  Monocytes, Macrophages, 
Neutrophils, DCs 

FcγRIIA ++ + + +  Monocytes, Macrophages, 
Neutrophils, DCs, Mast cells, Basophils, 
Eosinophils, Platelets 

FcγRIIB* + - + +  B cells, Basophils, Macrophages, DCs 

FcγRIIC + - + +  NK cells, Monocytes, Macrophages, 
Neutrophils 

FcγRIIIA ++ +/- ++ +  NK cells, Monocytes, Macrophages  

FcγRIIIB + - + -  Neutrophils  

 

Mouse 

 IgG1 IgG2a IgG2b   Distributions 

FcγRI - ++++ ++   DCs 

FcγRIIB* ++ ++ ++   B cells, Neutrophils, Monocytes, 
Macrophages, DCs, Mast cells, 
Basophils, Eosinophils 

FcγRIII ++ ++ ++   NK cells, Monocytes, Macrophages, 
Neutrophils, DCs, Mast cells, Basophils, 
Eosinophils 

FcγRIV - +++ +++   Monocytes, Macrophages, Neutrophils  
 

*inhibitory receptors 

 

1.3.3 Immune tolerance - a major hurdle for cancer vaccination 

Self-tolerance is the ability of the host immune system to distinguish self-antigens from non self-

antigens. Tolerant mechanisms to determine self-tolerance take place inside or outside of primary 

lymphoid organs. In the primary lymphoid organs such as thymus and bone marrow, a mechanism 

called ‘central tolerance’ occurs, while the tolerant process found in secondary lymphoid tissues 

and sites of infection or damage is known as ‘peripheral tolerance’. In the thymus and bone 

marrow where central tolerance occurs, newly formed lymphocytes are selected to determine 

their specificity and function. Peripheral tolerance, in contrast, takes place when lymphocytes are 
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mature and is aimed to limit their functions. Tolerance is important for the host to prevent 

development of autoimmune diseases and also terminate antigen-specific responses, when the 

antigens are completely cleared. 

1.3.3.1 T cell tolerance 

As T lymphocytes mature in the thymus during their maturation, they also are subjected to 

central tolerance. At the double positive (CD4+CD8+) thymocyte (DP T cell) stage, TCR on the DP T 

cells bind to a complex of self-peptide and MHC molecules, which are presented by thymic 

epithelial cells (TECs) and APCs. Binding affinity of the TCR and peptide-MHC (pMHC) complex 

regulates the DP T cell progress. TECs and APCs controlled by an autoimmune regulator (AIRE) 

protein present self-antigens found in most normal tissues. Autoimmune diseases develop when 

AIRE is absent178. The DP T cells that fail to bind the self-pMHC complex are abandoned and 

undergo apoptosis in a cortex layer of the thymus179. Autoreactive T cells are inactivated by 

negative selection, which takes place in the cortex or medullary of the thymus. T cells with high 

affinity TCRs to the pMHC complex also undergo death by apoptosis, the process called clonal 

deletion179. However, some highly autoreactive T cells can differentiate into Tregs in association 

with IL-2 and TGF-β cytokines180. DP thymocytes that have low affinity TCR to pMHC go through a 

positive selection pathway. The cells differentiate to single positive naïve T cells, either CD4+ or 

CD8+, and leave the thymus to circulate in the blood stream181. Although, central tolerance is 

effective, the limitation is that some self-antigens are not expressed in the thymus and some 

autoreactive T cells can escape from the negative selection. Peripheral tolerance operates to 

regulate those.  

Peripheral T cell tolerance is the process that limits the response of self-antigen recognising 

mature T cells in peripheral tissues. These autoreactive T cells are subjected to anergy, cell death 

(deletion) or Treg suppression. It has been accepted that antigen presentation without co-

stimulatory signals leads to T cell anergy182 or cell death by Fas and Fas ligand interaction183. 

CD28/B7 co-stimulation signalling is known to be essential for T cell activation. In contrast, CTLA-

4, a CD28 antagonist, competitively binds B7, and engages the negative immune regulatory 

response184. PD-1 is another CD28 family inhibitory receptor. Lacking CTLA-4 and PD-1 molecules 

leads to severe autoimmune diseases185 186. Moreover, Tregs play a crucial role in peripheral 

tolerance. Tregs are characterised by high expression of CD25 and the transcription factor Foxp3. 

Tregs inhibit self-immune responses in the secondary lymphoid organs and at inflammation sites 

involving IL-10 and TGF-β cytokine secretion187. TGF-β restrains activated effector cells such as 

CTLs, macrophages and NK cells, but promotes proliferation of Tregs188. After IL-10 exposure, DCs 

and macrophages are suppressed to produce IL-12 and sequential IFN-γ secretion, which is 
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essential to drive Th1 and CTL responses189. These self-reactive T cell suppression mechanisms are 

crucial to maintain immune physiological functions and prevent autoimmune disease 

development. Beyond T cell tolerance, B cell tolerance is also important to support homeostasis in 

the host body. 

In some chronic infections such as lymphocytic choriomeningitis virus (LCMV) infection, the 

immune system loses the ability to eliminate the pathogens before they are completely cleared. 

This phenomenon is called clonal exhaustion. The lymphocytes initially respond to the antigens, 

but soon after the cells become exhausted or anergic. PD-1 and its ligands are believed to be 

involved in T cell exhaustion190. “Helpless” T cells may restore their functions when the PD-1 

pathway is blocked190. This concept has been applied to cancer by using mAbs blocking PD-1 and 

PD-L1. 

1.3.3.2 B cell tolerance 

In the bone marrow, immature B cells are selected through a process of central tolerance, which 

eliminates cells that can recognise self-antigens. If the B cells have high avidity to the self-

antigens, they will undergo receptor editing191. The binding of BCR and the self-molecules causes 

another cycle of VJ rearrangement to generate a new light chain to pair with the existing Ig heavy 

chain and then a new Ig is expressed. The high-avidity B cells that fail to undergo the 

rearrangement undergo apoptosis192. After a successful VJ rearrangement, non-autoreactive B 

cells become naïve B cells and enter into the blood stream. However, some autoreactive B cells 

can escape the central tolerance and are also released to peripheral tissues, where they are 

subjected to self-tolerance. The antigen form that defines the strength of BCR signal determines 

the further fate of the self-reactive B cells. Encounter with soluble antigens results in self-reactive 

B cells becoming anergic and circulating in the blood stream in the state of unresponsiveness149 193 

194, while those that encounter strong signals from membrane bound antigens are deleted. 

 In the GC, Ig BCR hypermutations may lead to the generation of Ig BCR specific to self-antigens. In 

the absence of T cell helper signals, B cells that recognise self-antigens undergo apoptosis192. In 

the memory B cell compartment, the selection pressure remains and the escape is defined by 

affinity for the antigen and availability of T cell help. Low affinity IgG and IgM memory B cells 

escape deletion in the periphery, while helper T cells can provide the rescuing signals for B cell 

responsiveness195 196. 
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1.4 Cancer immunotherapy 

The aim of a treatment, called immunotherapy, is to control pathogens, infected cells and also 

cancer cells by engaging the host immune system. Cancer immunotherapy has been shown to 

successfully treat patients by targeting tumour-associated antigens or molecules involved in 

immune regulation197. 

Cancer immunotherapy can be categorised as passive immunotherapy, active immunotherapy 

and adoptive transfer. In passive immunotherapy, patients receive exogenous, ready-made 

immune components, such as antibody. This treatment is not able to induce immunological 

memory, thus, the patients need to be infused with immune components to sustain treatment 

effectiveness. In contrast, active immunotherapy allows host immune system stimulation and 

memory cell development. Together with passive and active immunotherapies for human 

cancers, which will be discussed below, an adoptive transfer approach using activated T cells is 

being explored198 199.  

An adoptive transfer of autologous or allogenic lymphocytes with anti-tumour activity relies on ex 

vivo expansion with a subsequent infusion back to patients. The cells are also activated with 

appropriate cytokines such as IL-2. This approach has yielded promising results in animal 

studies198. In the clinical setting, for example, upon the infusion of tumour infiltrating lymphocytes 

(TILs) from melanoma after expansion with IL-2 into the patients about 50% of the patients had an 

objective response and a trend for increased survival was also observed200. However, this 

endogenous TCR has been subjected to tolerogenic mechanism in the patient. An adoptive 

transfer approach using modified TCR with high affinity for a self-antigen has been also 

developed. TCR α and β subunits are altered to improve avidity of the TCR201.However, limitations 

of this method are tumour MHC downregulation and changing peptide expression, which causes 

tumour escape202. Hence the latest approach using chimeric antigen receptors (CARs) modified T 

cells has been developed for treatment. 

The CAR modified T cell approach was initially introduced in 1989 with three building blocks: 

binding domain, transmembrane sequence and intracellular signalling domain203. These 

components have been improved over the decades to generate more potent T cell activity. In the 

latest 3rd generation CARs, the binding exodomain is made from single-chain variable fragment 

(scFv) containing VH and VL regions together with a hinge area (i.e. sequences from human Ig Fc 

region or CD8α) and provides optimal antigen-binding conditions204. The transmembrane 

sequence consist of a CD3ζ domain interacting with TCR/CD3 complex or inert CD8205 206. 

Mimicking the antigen-TCR transducing signal is the main function of the CAR endodomain, so this 

domain can be derived from TCR such as CD3ζ or high-affinity Fc receptor (i.e. FcεRI)207. Even 
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though this domain-derived signal is adequate to maintain CAR T cells in vivo, the endodomain 

can be combined with additional co-stimulatory signal sequences, such as CD28, CD137 and 

CD134, to provide persistence of the CAR T cells208 209. The CAR-transduced signal leads to IFN-γ 

secretion and cytotoxic activity. CAR molecules are transferred into patient naïve or central 

memory T cell subsets and then CAR expressing T cells are infused back to the same patient. The 

CAR T cell approach has been tested in the clinical setting, for example, CD19-targeting CAR T cells 

were tested in relapsed CD19+ chronic lymphocytic leukaemia (CLL) or B-cell acute lymphoblastic 

leukaemia (ALL)210. Patient T cells were modified to express anti-CD19 scFv, CD8 transmembrane 

domain and CD3/CD28 intracellular signal domain. This preliminary report demonstrated that 

CD19-specific immune responses were detected in three patients. In another study, GD2 antigen 

targeting CAR modified T cells were evaluated in neuroblastoma patients211. Disease remission in 

three out of 11 patients with active disease was observed after CAR T cell treatment. These 

studies have proved the concept of the CAR-T cell approach in the clinic. However, CAR T cell 

immunotherapy is a personalised-treatment and, therefore, very expensive212. Safety is one of the 

key concerns of this approach because severe side effects can be seen in the clinical setting. For 

instance, one patient died following the adoptive transfer of HER2-targeting CAR T cells213. 

Consequently, improvement of CAR T cell immunotherapy is still required. 

1.4.1 Tumour-associated antigens (TAAs) 

A tumour antigen is a key component on the target cell for specific tumour therapies. At present, 

many studies have provided a number of candidate tumour antigens, which can be targeted by 

vaccines. Serological analysis of recombinant cDNA expression libraries of human tumours with 

autologous serum (SEREX) as well as recognition by autologous T cells has been used for the 

identification and characterisation of TAAs214 215. Ideally, TAAs should be presented on cancer cells 

but not on normal tissues. However, their expression pattern varies considerably. TAAs can be 

categorised into unique and shared antigens. Unique TAAs are found in the tumour but not in 

normal tissues. The idiotypic (Id) antigen of B cell malignancies was the first unique antigen to be 

targeted by vaccination in lymphoma216 217. Virus-associated molecules such as Human papilloma 

virus (HPV) E6 and E7 proteins involved in cervical cancer and head and neck squamous cell 

carcinoma (HNSCC) have also been targeted218. E6 and E7 are currently being explored extensively 

in many types of therapeutic candidate cancer vaccines. Although some shared TAAs are not of 

cancer origin, these can be found in many cancer types. For instance, p53219 and Wilm’s tumour 

antigen (WT1)220 are mutated and lead to cancer development. They can arise as the result of 

genetic mutations, with some of them causing the cancer. For example, an ATP-dependent Clp 

protease proteolytic subunit (CLPP) is located in mitochondria and found in a mutated form in 
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melanoma patients. It is not surprising that CTLs specific to these antigens can be identified in the 

patients221. 

Shared antigens comprise of cancer-testis antigens (CTAs), differentiation antigens and 

overexpressed antigens. CTAs found in male germ line cells are silenced in normal somatic cells. 

The first CTA discovered in 1991 was melanoma antigen (MAGE)-A1, which is expressed in 

melanoma222. Currently, several CTAs have been targeted by cancer therapies including NY-ESO-1, 

CT7⁄MAGE-C1 and CT47. The NY-ESO-1 antigen, which can be found in lung cancer, melanoma, 

breast cancer, ovarian cancer and synovial sarcoma, has been targeted by many types of vaccines: 

viral, peptide, protein and DNA223 224. For example, recombinant poxvirus-based NY-ESO-1 

vaccines were tested in phase II clinical trials in melanoma and ovarian cancer patients225. These 

studies showed induction of adaptive anti-NY-ESO1 responses in patients. Antibody, CD4+ and 

CD8+ T cells were induced in the majority of patients, and these were associated with better 

outcomes. The vaccines also caused no severe side effects. Cyclin-A1 is another example CTA and 

normally promotes spermatogenesis. In more than 50% of acute myeloid leukaemia (AML) 

patients, cyclin-A1 is found in leukemic stem cells. DC-based vaccine pulsed with cyclin-A1 peptide 

induced antigen specific CD8+ T cells that can lyse leukemic cells in vitro226.  

Differentiation antigens are typically found in normal tissues. Tyrosinase, an enzyme involved in 

melanin synthesis, tyrosinase related protein-1 (TRP)-1/hgp75, TRP-2, prostatic acid phosphatase 

(PAP) and gp100/pmel17 are examples of differentiation antigens. For example, PAP produced by 

the prostate is used as a biomarker in patient serum for prostate cancer. A DNA vaccine encoding 

PAP peptide induced peptide-specific T cell responses in an animal model227. In androgen-

independent prostate cancer patients, the DC-based PAP vaccine, APC8015 (sipuleucel-T; 

Provenge®, Dendreon corporation, described in  1.4.3.5), improved clinical outcome by increasing 

median survival by 4 months and subsequently became the first cancer vaccine to be approved by 

the US Food and Drug Administration (FDA)228. However, the risk of inducing autoimmune 

responses to differentiation antigens is higher than other TAAs. Many studies have revealed that 

melanocyte differentiation antigens (e.g. MART-1 and gp100) are associated with autoimmune 

reactions when used as vaccine antigens229 230. Vaccine-induced autoimmunity, such as vitiligo and 

ocular autoimmune lesions in melanoma patients, can be manifestations of clinical efficacy230 231. 

The last group of shared TAAs are overexpressed antigens. These antigens are generally observed 

in normal tissues at low levels, but they are overexpressed in malignant cells. For example, breast 

cancers with HER2 overexpression have a poor prognosis232 233. In another example, matrix 

metalloproteinase-7 (MMP-7) is generally found in epithelial cells. The main function of MMP is 

degradation of connective tissues but in cancer cells MMP-7 promotes tissue invasion by 
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degrading connective tissues. In one study, DCs pulsed with an MMP-7-derived peptide induced 

CTL responses that could target the MMP-7 expressing renal cell carcinoma cells in vitro234. 

Owing to next-generation sequencing, cancer neoantigens have been recently identified235-237. A 

library of genetic alterations and mutations from an individual patient’s cancer is analysed and 

data are collected as the mutanome. The potential neoantigens differ from the shared TAAs and 

normal antigens because they are derived from the individual tumour-specific mutanome. In 

melanoma, neoantigens are found in larger numbers than other cancers, while breast cancer 

neoantigens are in the middle levels of detection235. Neoantigens can be used in vaccines or T cell 

adoptive transfer treatments to target both CD8+ and CD4+ T cells to initiate tumour-specific 

immune responses. Neoantigen-specific T cells are harvested out from tumour-infiltrating 

lymphocytes (TILs) or peripheral blood using cytometry. T cells then are activated before being 

transfused back into the patient. A neoantigen-specific CAR T cell approach is another option235. 

Though neoantigens are not observed in normal tissue, autoimmune reactions can be seen after 

treatment238. Consequently, it will be valuable to investigate this treatment extensively before 

using it as a personalised therapy. 

1.4.1.1 Surface antigens and intracellular antigens 

TAAs can be located on the cell surface or in the cytosol (Figure  1-8). Antigen recognition is an 

essential process to activate the immune response. The host immune system can only recognise 

intracellular antigens via MHC class I239 and MHC class II presentation240. This process requires 

cell-to-cell contact of CTL and target cells. In contrast, extracellular antigens can also be 

recognised by antibody and targeted by CD4+ and CD8+ T cells. Extracellular antigens presented by 

MHC class II activate antigen-specific antibody production241. Due to their location on the cell 

surface, it is possible for the antibody to bind directly. The Fc portion of the antibody bound by 

FcRs on the effector cell surface initiates ADCC and ADCP or can also initiate CDC1 2. Hence, if 

location of the antigen is considered for targeting, extracellular antigen offers an advantage for 

targeting as multiple mechanisms can be activated against them. 
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1.4.2 Passive immunotherapy 

Passive immunotherapy is a treatment that uses immune components (e.g. antibody), which are 

produced outside the body and delivered to the patient and to assist the host immune system to 

fight pathogens or cancers. The benefit of using a specific antibody transfer against diphtheria 

toxin was discovered in the late 19th century. Since then, many antibody treatments have been 

 

Figure 1-8 Targeting intracellular and extracellular tumour antigens 

In the case of intracellular antigens, the immune system can detect the antigens via MHC 

class I presentation (1). Activation results in a CTL response. In contrast, surface antigens 

can be targeted by antigen-specific antibody. The antibodies induce ADCC (2), phagocytosis 

(3), CDC (4), antigen internalisation (5), cross-priming (6) and inhibit intracellular signalling 

(7), if the antigen is a receptor. All these can lead to tumour cell elimination. 
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widely developed for various infectious diseases242. Before hybridoma technology was available, 

therapeutic antibodies were purified from the serum of animals or human donors vaccinated with 

the specific antigens. This allowed polyclonal antibody generation, where multiple Ig isotypes 

could be found. In 1975, hybridoma technology was developed using a myeloma cell line to allow 

production of mAbs against a specific antigen in vitro243. The specific mAb is typically a selected Ig 

isotype, such as human IgG1, a potent mediator of the immune response. Moreover, the 

hybridoma platform could fulfil the requirement for large quantities of antibody required for each 

patient. Subsequently, engineered (chimeric or humanized) mAbs have been developed244-246. 

Rituximab, the chimeric CD20 mAb, was approved by the FDA in 1997 and was the first mAb to be 

used in oncology. Subsequently, various specific cancer mAb treatments have been developed247. 

Several mAbs have been extensively used in cancer patients as an adjuvant therapy and have 

made a significant impact on survival of patients with solid and haematological malignancies1. The 

effectiveness of mAbs that target cancer cells is due to a number of possible tumour killing 

mechanisms. There are different types of mAb that target cancer cells either directly or indirectly 

through effector cells of the immune system1. For instance, in the case of HER2 targeting where a 

humanized mAb (trastuzumab) binds to the receptor, the direct effect of the antibody is to 

interfere with HER2 homo- and hetero- dimerization and to cause the inhibition of the tyrosine 

kinase activity of HER2248.  

Rituximab, a specific anti-CD20 antibody for non-Hodgkin’s lymphoma (NHL), is a good example of 

the killing effects of mAb treatment. The anti-CD20 antibody is chimeric for the Fc portion of 

human IgG to utilize the properties of a constant region of the antibody. When the Fc portion 

binds to Fcγ receptors on the immune effector cells, ADCC is engaged249 250. In addition, ADCP is 

another essential Fc-mediated mechanism used by anti-CD20 antibody to eliminate cancer 

cells251. Monocyte-derived macrophages are the main cell type for ADCP and they can also act as 

APCs to engage immune responses against tumours. These concepts are important for the 

understanding of anti-tumour activities of mAbs and are need to be considered for future mAb 

develoment2 250. 

Another class of therapeutic mAb does not target cancer cells directly but instead targets key 

activators or inhibitory molecules expressed either on APCs or on the effector T cells1. These 

immunomodulatory mAb are classified as either immunostimulatory agonistic mAb or checkpoint 

blocking mAb respectively. One such immunostimulatory antibody targets CD40, the 

costimulatory molecule expressed primarily on APCs. This results in the expansion of effector 

CD8+ CTLs leading to tumour destruction. Anti-CD40 mAb therapy is an emerging immunotherapy 

with several mAbs currently in early phase clinical trials, which have shown with an acceptable 
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level of toxicity and the promise of clinical benefit for some cancers, such as melanoma and NHL, 

but with reduced effectiveness in CLL and multiple myeloma252-255. Another mAb, Ipilimumab, 

operates by blocking the inhibitory molecule CTLA-4 which is expressed on several T cells subsets 

including Tregs. Ipilimumab has generated positive results in phase III trials in metastatic 

melanoma256 257 and is now being tested in other types of metastatic malignancies as a front line 

therapy. Long-term (4 years) survival rate of melanoma patients who received ipilimumab (10 

mg/kg) without any prior treatment for metastatic disease was 37% to 50%258. In another phase III 

trial, the untreated melanoma patients received dacarbazine with ipilimumab or placebo. The 

ipilimumab treatment was proven safe with most common side effects being mild to moderate 

skin reaction. The overall median survival was 11.2 and 9.1 months, while 5-year survival rate was 

18.2% and 8.8% in the ipilimumab and placebo groups, respectively259, supporting that ipilimumab 

could marginally prolong the survival rate in melanoma patients. However, efficacy of ipilimumab 

in melanoma patients can be enhanced by combination treatment with nivolumab, the human 

anti-PD-1 IgG4.  

PD-1, another inhibitory molecule, plays a role in limiting the activity of T cells in peripheral 

tissues. Tumours up-regulate PD-L1, the ligand for PD-1, and thus dampen the immune response 

by promoting T cell apoptosis and possibly anergy260 261. Blocking of this pathway by the mAb 

nivolumab has shown promising results in colorectal carcinoma, melanoma and renal cell 

carcinoma and has prompted a further clinical trial262. Moreover, the safety profile is more 

favourable than for ipilimumab263. In a phase III clinical study, nivolumab and ipilimumab 

combination treatment brought superior outcome in previously untreated melanoma patients, 

over nivolumab or ipilimumab treatment alone264. The median progression-free survival periods 

were 11.5, 6.9 and 2.9 months in the combined, nivolumab alone and ipilimumab alone treated 

patients, respectively. Objective and complete responses in patients were observed in 61% and 

16% in the combination group, respectively, while in the ipilimumab alone group 11% of patients 

had an objective response and none a complete response265. However, adverse effects were 

detected at higher frequency in the combination treatment compared to nivolumab or 

ipilimumab alone (55%, 16% and 27% respectively)264.  

 Although in some cases the extension of survival has been only a few months, given the clinical 

setting of heavily pre-treated patients with advanced metastatic disease associated with a very 

poor prognosis, such as metastatic melanoma, the performance of these new mAb therapies has 

been impressive.  

Despite the current success of mAb immunotherapy, many limitations of this type of passive 

immunotherapy have been documented. Firstly, there is a high cost of the treatment currently 
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around US$40,000 (£30,000) for a full course of trastuzumab 266. This limits the accessibility of 

such treatments especially when multiple and frequent mAb infusions are required. Secondly, 

complications including cytokine release syndrome (Anti-CD40) and autoimmune reactions (anti-

CTLA-4 in particular) can occur in some patients undergoing intravenous infusion with mAb267 268. 

Importantly, as mAbs are specific to one epitope of the antigen and are of one isotype, their 

function can be limited in comparison with polyclonal antibodies directed against the same target. 

Finally, mAb acts as temporary immunity because it is produced outside of the body and 

occasionally it does not lead to the formation of immunological memory269. Conversely, 

vaccination becomes a promising therapeutic option when a patient’s own immune system can be 

stimulated to generate an immune response to target cancer.  

1.4.3 Active immunotherapy  

Active immunotherapy can be divided into two main groups, specific and non-specific treatments. 

TAAs are targeted in specific active immunotherapy, while typically cytokine injections are used 

for non-specific treatment270. Cytokines, such as IL-2, modulate immune cell functions in 

metastatic cancer, but they struggle to promote potent immune stimulation against cancer in 

patients271. Also, cytokines have a systemic effect in the human body hence it is possible to induce 

severe side effects such as a cytokine-storm272. Cancer vaccination is another approach to treat 

cancer. 

The concept behind cancer vaccination is to stimulate the patient’s own immune system to defeat 

cancer. The activated immune response should be specific to the cancer cells without harming the 

normal tissues. Several cancer vaccines have been approved by the FDA. They include 

preventative vaccines against viruses that cause malignant transformation: the hepatitis B virus 

for hepatocellular carcinoma and HPV for cervical cancer273-275. As detailed earlier, the first 

therapeutic vaccine for cancer (Provenge® DC vaccine targeting PAP) has also been recently 

approved by the FDA to treat prostate cancer patients228. Many cancer vaccines are currently 

being developed and are in pre-clinical and clinical testing including several in the later stages of 

clinical trials276-278. 

Cancer vaccines are classified into many types based on their molecular or cellular type. They 

include peptide, protein, viral, DNA, RNA, whole tumour cell and DC vaccines. While in the case of 

peptide and protein vaccines, the specific protein or peptide antigen is produced outside of the 

body and then combined with an adjuvant, viral, DNA and RNA vaccines encoding the TAA of 

interest generate the antigen in the patient’s body as well as delivering the adjuvant component 

to induce the immune system to generate immune responses to the antigen279 280. Tumour cells 
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derived from an individual patient (autologous cells) or a human cell line (allogeneic cells) are 

modified and delivered to the patient usually with cytokines, such as GM-CSF, to promote antigen 

presentation by APCs and subsequent activation of an immune reaction281. Each vaccine type will 

be discussed. 

1.4.3.1 Tumour cell vaccines 

Since a tumour cell is a source of relevant TAAs, whole tumour cell vaccines have been exploited. 

The very first study of a tumour cell vaccine was conducted by Hanna et al. with irradiated 

hepatocellular cancer cells with bacillus Calmette-Guérin (BCG) as an adjuvant282. Subsequently, 

irradiated autologous or allogeneic tumour cells combined with BCG have been tested against 

many cancer types, such as melanoma, colorectal cancer and prostate cancer. Tumour cell 

vaccination induces a delayed type hypersensitivity (DTH) reaction to the tumour cells, indicating 

the induction of tumour specific responses. Subsequently, GM-CSF became another adjuvant for 

use in the whole cell vaccine283. Cancer cells modified to secrete GM-CSF have also been tested 

for cancer vaccination. However, as there are several potential antigens from whole tumour cells, 

detection of immune responses to all antigens is difficult. Hence, evaluation of tumour cell 

vaccine-induced immune responses is challenging284.  

Canvaxin™, an irradiated allogeneic vaccine, is a mixture of three human melanoma cell lines. The 

vaccine stimulates CDC activity in vitro and immune responses can be observed in the majority of 

patients285. Phase II clinical trial data also demonstrates that the vaccine can improve the clinical 

outcome of stage III and IV melanoma patients286. However, the study of Canvaxin™ was 

discontinued because it caused no effect in stage IV melanoma patients in a phase III clinical trial. 

1.4.3.2 Peptide-based vaccines 

A peptide vaccine is any short or long sequence peptide that is able to induce immune responses 

to the peptides themselves. The peptides can be specific to a pathogen or tumour-derived 

molecules. For many TAAs, HLA class I peptides (short linear peptides usually 8-10 amino acids) 

are displayed by MHC class I and are recognised by CD8+ CTLs287. The cytotoxic CD8+ T cells are 

activated after recognition of a specific peptide presented in MHC class I on APCs. Following 

peptide vaccination, the peptide can be bound externally with MHC class I, and peptide-specific 

CTL responses induced. Given that peptide vaccines can be easily made, many peptide vaccines 

have been investigated in numerous clinical trials. For example, in a pilot phase I study, NY-ESO-1 

peptide with CpG adjuvant promoted peptide-specific CD8+ T cell expansion specific in patients 

with advanced melanoma288. In another phase I study using NY-ESO-1 peptide with CpG and the 

adjuvant, montanide which is often used with peptide vaccines, overall survival was increased 
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from 24 months to more than 32 months; however more clinical investigation is required289. 

Nonetheless, single peptide-based vaccines have inherent limitations. As these vaccines target 

only one epitope of the molecule, the tumour can easily escape from immunosurveillance, 

potentially causing recurrence and metastasis. Additionally, the responses might not be durable 

since CD4+ T cell help, which has been shown to be important for maintenance of CD8+ CTLs, is not 

induced by peptide vaccines. A multiple peptide strategy has been also explored. OSE 2101, also 

known as IDM-2101 and EP-2101, consists of ten peptides specific to five TAAs frequently found in 

non-small cell lung carcinoma (NSCLC), i.e. carcinoembryonic antigen (CEA), p53, HER2/neu, 

MAGE 2 and 3. In a phase II clinical trial, the study reported that CTL responses were induced in 

patients given OSE-2101 plus incomplete Freund’s adjuvant (IFA) 290. The one-year survival rate 

was 60% and median survival was about 17 months in vaccinated patients. The result from this 

study was better than other studies in the same patient group. For example, median survival 

times were 7.9 and 8.3 months for advanced NSCLC patients who receive chemotherapy, 

docetaxel and pemetrexed, respectively. The one-year survival rate was 30% for each of these 

treatments291. Furthermore, IMS901, a ten tumour associated peptide vaccine targeting 

metastatic renal cell carcinoma (mRCC), in combination with GM-CSF was evaluated in clinical 

phase I/II trial. The investigation demonstrated that the vaccine was safe and able to induce 

peptide-specific T cell responses with reducing numbers of Tregs in the mRCC patients. The 

vaccine also prolonged overall survival time292. Both OSE-2101 and IMA901 vaccines are being 

tested in phase III clinical trials. These data indicate that multiple peptide-vaccines could become 

an option for cancer treatments. 

Kaumaya’s group has been testing B cell epitope vaccines for HER2. In 2000, they demonstrated 

immunogenicity of two HER2 B cell epitopes (HER2 376-395, 410-429)293. Both chimeric peptides 

were conjugated with a T cell epitope from the measles virus fusion protein (MVF, 288-302). In a 

phase I clinical trial, the vaccine was delivered intramuscularly to 24 mixed-cancer type patients 

with an adjuvant, nor-muramyl-dipeptide emulsified in Montanide™ ISA 720294. HER2-specific 

antibody was detected in serum samples of ten patients and this antibody was able to bind the 

HER2 native form on BT474 cancer cells that express HER2. Stable disease or partial response was 

observed in six patients. No severe side effects, such as cardiotoxicity and/or autoimmune 

disease, were seen in the vaccinated patients. However, more studies investigating the 

therapeutic effects are required. 

1.4.3.3 Protein vaccines 

While peptide-based vaccines usually lack the ability to activate humoral responses, protein 

vaccines can induce both humoral and cellular immunity. Unlike single peptide vaccines, protein 
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vaccines contain more than one epitope that can activate T cell responses. Protein vaccines have 

succeeded in preventing various infectious diseases for a century. Furthermore, based on 

preclinical studies, protein vaccines have been developed for the prevention of cancers, 

particularly for infection-related tumours295. NY-ESO-1 protein, delivered with a saponin-based 

adjuvant, ISCOMATRIX, has been used to treat melanoma patients296. Not only were high levels of 

specific antibody induced, but antigen-specific CD4+ and CD8+ T cells also were detected in the 

vaccinated patients. This demonstrated that multiple immune effector mechanisms could indeed 

induce immune responses in cancer patients.  

For cancer targets where antibody can play a role in the protection against cancer, e.g. surface 

and soluble target molecules, protein vaccines are particularly desirable. A phase II clinical trial in 

NSCLC tested a protein cancer vaccine composed of epidermal growth factor (EGF) conjugated to 

the P64K Neisseria meningitides carrier protein297 in combination with adjuvant Montanide™ ISA 

51298, also known as CIMAvax® EGF. The vaccine was administered by an intramuscular route. 

Authors found that after vaccination, the patients could be divided into two groups depending on 

anti-EGF antibody titres; one with high titres and second with low titres. Patients with a high 

antibody response had a remarkably better outcome compared with the low antibody response 

group and the control group, with median time of survival, 11.7, 3.6 and 5.3 months, 

respectively297. This demonstrated the ability of this conjugate protein vaccine to induce specific 

immune responses in a therapeutic setting. Recently, patients are being recruited to test the 

vaccine in a phase III clinical trial299. 

1.4.3.4 Virus-like particle based vaccines 

Virus-like particles (VLPs) are self-assembling viral components, usually capsid proteins with the 

viral genome absent and hence unable to self-replicate, rendering them safe. The particles can be 

comprised of one or several viral proteins. VLPs form a structure that mimics the virus and when 

linked to TAA, it can effectively induce both specific humoral and cell-mediated immunity. In 

addition, VLPs are a flexible platform that can be produced in various expression systems, such as 

yeast, insect, plant or mammalian cells. Successful vaccines using the VLP platform include HPV 

vaccines, Cervarix® (GlaxoSmithKline) and Gardasil® (Merck Sharpe & Dohme). Cervarix® is made 

in baculovirus infected insect cells, while Gardasil® is produced using a yeast expression system300 

301. These two prophylactic vaccines, Cervarix® and Gardasil®, have recently become available for 

the prevention of HPV-associated cervical cancer. Cervarix® is the vaccine against HPV 16 and 18, 

while Gardasil® targets four viral types (HPV 6, 11, 16 and 18). The vaccines also contain an 

aluminium-based adjuvant AS04, aluminum hydroxide with monophosphoryl lipid A (MPLA), in 

Cervarix® and aluminium hydroxyphosphate sulphate in Gardasil®. From these studies, long term 
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HPV-specific antibodies are found in high titres and provide protection from HPV infection273 274. 

These two vaccines induce effective HPV-specific humoral immune response, offering 

approximately 70% protection from HPV-related diseases.  

1.4.3.5 Dendritic cell-based vaccines 

A DC-based vaccine is prepared by taking DCs from cancer patients and loading them with specific 

peptide/protein TAAs ex vivo. After that, the DCs are perfused back into the patient and can 

activate TAAs-specific immune responses. When the lymphocytes are stimulated by immature 

peripheral DCs without a co-stimulatory molecules signal, immune tolerance can occur. However, 

if the DCs are properly stimulated, the cells initiate differentiation of effector antigen specific T 

cells. In whole-cell, peptide and protein vaccines, an adjuvant is the component that activates the 

DC functions. This concept is applied in DC-based vaccine therapy. The ex vivo cancer antigen-

loaded DCs rescue cancer-specific T cells and this leads to subsequent immune responses against 

the cancer. 

A PAP targeting vaccine, sipuleucel-T, also known by the trade name as Provenge®, was the first 

human therapeutic cancer vaccine licensed by the FDA in 2010228. DCs taken from metastatic 

prostate cancer patients are loaded in vitro with GM-CSF linked PAP and then re-infused back to 

induce immune responses against the cancer. The activated DCs produce IFN-γ and activate 

antigen-specific T cells302. The study indicated that the vaccine prolonged median survival by 

approximately 4 months compared with the control group228. Given that the cost of a 

personalised vaccine is high, the expense versus patient benefit has been questioned. 

1.4.3.6 Nucleic acid-based vaccines 

1.4.3.6.1 DNA vaccines 

DNA based vaccines have been recognised as a flexible platform to induce specific humoral and 

cellular responses against antigens of interest, including cancer antigens303. DNA vaccines consist 

of two main components; one is a specific antigen and the other is the DNA cassette itself, which 

acts as a vaccine adjuvant (Figure  1-9)280. Unmethylated CpG sequences in the plasmid DNA 

cassette are presented as a danger signal to the mammalian immune system, since these 

sequences are usually seen only in bacterial genomes. The CpG motifs are also known as TLR9 

agonists and trigger innate immunity through this pathway304. Thus, the DNA vaccine can activate 

TLR9-expressing immune cells such as DCs and B cells. However, DNA vaccines can still activate an 

immune response in TLR9- deficient mice305, indicating involvement of other pathways. Several 

immune sensors of plasmid DNA located in the cytoplasm, including absent in melanoma 2 

(AIM2), IFN-γ-inducible protein Ifi-16 (IFI16), DAI/ZBP, and DNA-dependent protein kinase (DNA-
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PK), have been recently identified306. They can all contribute to adjuvant properties of plasmid 

DNA and promote the immune response to the encoded antigen. 

DNA vaccines have many advantages. They are easy and inexpensive to produce, with no need for 

special refrigerated storage requirement. Whole antigens as well as selected epitopes and 

fragments can be inserted into DNA vaccines. Multiple arms of the immune response can be 

induced, including humoral (antibody) and cellular responses (CD4+ and CD8+ T cells). Activation of 

CD8+ cytotoxic T cells though both direct and cross-priming mechanisms have been 

documented280. Hence, DNA vaccine design is an essential step for success of vaccination. In 

recent years, combination of DNA vaccines with electroporation, a transfection technique using 

electric pulses to create temporary pores in cell membranes and causing DNA molecules to easily 

enter the cells, has been used as an effective way to enhance immunity307 308. As TAAs are weakly 

immunogenic, they do not induce effective immune responses when used in DNA vaccines. Many 

strategies have been used to enhance immunogenicity including fusion or co-delivery with either 

cytokines or immnoenhancing molecules309. In our laboratory, DNA vaccines encoding Id antigen 

fused with fragment C (FrC) of tetanus toxin (TT), a known strong immunogen, has been used 

against lymphoma and myeloma in animal experiments. Vaccination induces powerful immune 

responses against the Id antigen with both specific antibody and T cell components, providing 

protection to vaccinated mice from these malignancies. The data indicate an important function 

of foreign Th cells in assisting the induction of anti-tumour immune responses280.  
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1.4.3.6.2 RNA vaccines 

Another nucleic acid-based approach for cancer vaccination is messenger RNA (mRNA) vaccines. 

The concept of mRNA based vaccines is in the transient transfection of the host cells, leading to 

specific antigen translation. The mRNA is made in vitro by using cDNA as a template for 

transcription. In this case, DCs are the target cells, because they are the key cells to activate the 

subsequence immune responses (both humoral and cellular immunity) against the antigens. RNA 

in this case also plays a role of immune adjuvant, targeting TLR7 and TLR879 310-312. RNA-based 

vaccines do not pose a risk of a permanent cell transformation and genomic integration in vivo313. 

In clinical trials, mRNAs encoding TAAs such as MUC1, CEA, HER2/neu, telomerase, survivin, and 

MAGE-A1 have been used to treat RCC and melanoma patients in phase I/II trials314 315. These 

clinical trials showed that the mRNA vaccine induced both cellular and humoral immune 

responses, demonstrating proof of concept for cancer. In another phase I/IIa clinical study, mRNA 

vaccine was used to treat prostate cancer316. The mRNA encoding the full-length of four prostate 

cancer related antigens (prostate-specific antigen (PSA), prostate-specific membrane antigen 

 

Figure 1-9 DNA fusion vaccine structure 

A DNA vaccine has three main components. A plasmid DNA backbone is the first element 

generally from a bacterial plasmid. The vector contains unmethylated CpG, which can 

activate TLR9 in innate immune cells, and a promoter sequence. The second is TAA 

sequence. The last component is a strong immunogen sequence linked to the TAAs with or 

without a connector. 

Target 
antigen Immunoenhancer

(Linking sequence)Promoter sequence
(i.e. CMV)

DNA vaccine structure

Plasmid DNA vector CpG sequence
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(PSMA), prostate stem cell antigen (PSCA) and six-transmembrane epithelial antigen of the 

prostate 1 (STEAP1)) was given by an intradermal injection. PBMCs were evaluated for cellular 

responses using tetramer staining, intracellular cytokine determination and enzyme-linked 

immunospot (ELISpot) assay. The cellular response was observed in 77% of the patients, but only 

one patient had humoral response to the antigens. The most frequent advert effects seen in the 

vaccinated patients were injection area erythema (61%) and injection site reaction (48%). Median 

overall survival was 29.3 months in the vaccinated patients316. However, proof of vaccine efficacy 

in cancer patients is still required. 

1.4.3.7 Viral vector based vaccines 

Modified Vaccinia Ankara (MVA), a replication deficient poxvirus vector, was first introduced as a 

safe vaccine for smallpox. As a vector, MVA has been used in many vaccines for infectious disease 

and it can activate both humoral and cellular immunity317. These make it an interesting cancer 

vaccine candidate. MVA vaccines have been investigated in clinical trials for various cancers. For 

example, an MVA based vaccine (known as TG4010) targeting MUC1, a shared TAA found on 

many tumours, has been tested in the clinic. It consists of viral recombinant MUC1 and IL-2. A 

phase I clinical trial in MUC1-expressing cancers suggested that the TG4010 vaccine induced mild 

side effects, such as injection site pain and flu-like symptoms318. MUC1-specific CTL responses 

were seen in a NSCLC phase II clinical study and using the vaccine in combination with the first 

line chemotherapy, cisplatin and vinorelbine, showed improved outcome319. A second phase II 

clinical trial was performed to confirm the efficacy of the vaccine320. The patients were treated 

with TG4010 plus chemotherapy (cisplatin and gemcitabine) or chemotherapy alone. Adverse 

effects were observed at comparable frequency between the two groups. Objective responses 

were detected in 41.9% and 28.4% in TG4010 and placebo groups, respectively. The TG4010 

treatment also provided longer median overall survival period (23.3 months) compared to the 

control group (12.5 months)320. A phase IIb/III clinical trial is ongoing for the TG4010 vaccine321. 

Adenoviruses have been generally used in a gene transfer system due to their efficacy in gene 

delivery. This double stranded DNA virus can transduce both dividing and non-dividing cells. It can 

also be easily manipulated and generated in high titres, which is essential for clinical studies. The 

adenovirus DNA is not integrated into the host genome, so there is low risk for genomic 

mutation322. Recombinant adenoviruses have been used to transduce DCs to use as vaccines323. 

MART-1, which is commonly found in melanoma, has been transduced into DCs with the 

adenovirus vector (AdVMART-1/DCs). In a phase I/II clinical trial, the adenovirus transduced DCs 

were safe in late stage melanoma patients and the vaccine induced MART-1-specific CD4+ and 
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CD8+ T cells324. Nonetheless, the adenovirus based approach requires more evidence to support 

its efficacy. 

1.5 HER2 positive breast cancer 

20 to 30% of breast cancers overexpress HER2, which it is associated with a worse prognosis232 325-

327. The critical features of HER2 positive breast cancer are low steroid hormone receptor (ER and 

PR) expression, aggressive invasive behaviour and high recurrence rate232 328. To identify the HER2 

breast cancer subtype, HER2 expression levels are determined. HER2 expression is scored from 1 

to 3 using immunohistochemistry (IHC); tumours scoring 1 are considered negative for HER2 

expression, those scoring 3 are considered positive. Tumours scoring 2 are considered border line 

and subsequently undergo fluorescence in situ hybridization (FISH) analysis328. While IHC 

technique detects HER2 protein expression, FISH is designed to directly identify HER2 gene 

amplification as well as the centromere of chromosome 17 to determine the number of 

chromosomes in order to calculate the HER2/chromosome 17 ratio. If the ratio is more than 2.2, it 

is considered as HER2 FISH amplified tumour. Consequently, positive and border line tumours 

(IHC score 2+), which are confirmed with HER2 FISH analysis, should benefit from HER2-specific 

treatments328. In this study HER2 positive breast cancer has been the focus for vaccine 

development. 

1.5.1 Human epidermal growth factor receptor 2 (HER2) 

HER2, also known as ErbB2, HER2/neu or neu (Figure  1-10), is a 185kDa transmembrane receptor 

tyrosine kinase329. It was discovered in the 1990s through its homology with the EGFR (HER1). In 

fact, another study revealed that the HER2 gene is also similar to the retroviral oncogene of avian 

erythroblastosis virus, v-erbB330. Moreover, it was found that the rat neuro/glioblastoma (neu) 

encoding gene has an identical function to HER2, which is different from that of the erbB gene 

encoding EGFR in humans331 332. At present, it has been accepted that HER2 belongs to the HER 

receptor family, which includes three more members: EGFR, HER3 and HER4333. 

The receptor tyrosine kinases (RTKs) in the HER family share basic structural features334. The 

receptor structure contains three main structures: extracellular (ECD), transmembrane (TM) and 

intracellular (ICD) domains. The ECD possesses ligand binding activity to initiate a signalling 

transduction process (Figure  1-11). The TM portion with a lipophilic helix structure supports the 

receptor in the plasma membrane. Tyrosine kinase catalytic activity is located in the cytoplasmic 

part to transduce intracellular signalling. However, each receptor has individual characteristics.  
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The ECD can be divided into four subdomains. While subdomains II and IV are cysteine-rich 

regions, subdomains I and III form a specific ligand binding site335. Recently, approximately 10 

soluble ligands for the HER family receptors have been verified336. For example, EGF binds 

specifically with EGFR, and neuregulins can bind to either HER3 or HER4. In contrast HER2 has no 

known specific ligands337. In a resting state, subdomains II and IV form a closed conformation for 

all members except HER2335. Ligand binding triggers the conformational change of the receptor 

and allows subdomain II to undergo homo- or hetero-dimerization with another receptor335 337. 

Owing to the open form architecture of its ECD, HER2 tends to bind with other HER family 

receptors without ligand binding.  

A single point mutation at the TM portion of rat HER2/neu protein leads to ligand-independent 

dimerization338. Although there are only 23 amino acids in the TM domain, it can dominate the 

receptor configuration. In the 185kDa protein (p185) encoded by the rat neu gene which 

promotes neuro/glioblastoma in rats, the point mutation of valine-664 to glutamic acid (V664E) 

mediates the disulphide bond induced dimerization339. However, such a mutation has not been 

seen in human cancers326. 

 

 

Figure 1-10 HER2/neu receptor 

HER2 is receptor tyrosine kinase. A basic structure of the HER2 molecule contains 

extracellular ligand binding site, transmembrane domain and intracellular tyrosine kinase 

activity portion (a). The extracellular domain can be divided into four subunits. Subdomain I 

and III form ligand binding site, whereas subdomain II and IV are cysteine-rich regions. A 

blue sequence demonstrates structure of ED44 molecule (b) which includes subdomain IV 

containing Herceptin® binding site. 
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The cytoplasmic tail of HER family members mediates the tyrosine kinase activity (Figure  1-11). 

There are three cytoplasmic sub-regions: a juxtamembrane area, a tyrosine kinase catalytic region 

and a carboxyl-terminal region. Each RTK has specific docking sites for downstream signalling 

proteins. The highest tyrosine kinase activity is observed in the HER2 receptor337. It has been 

accepted that the HER3 cytoplasmic domain is deficient in tyrosine kinase activity since its ICD is 

short, limiting tyrosine kinase activity340. However, HER2-HER3 heterodimers provide an 

extremely strong intracellular signal compared with the other dimers341.  

When HER receptor dimerization has occurred, it induces autophosphorylation leading to an 

intracellular signalling cascade. Two main signalling pathways for the HER receptors are MAPK and 

PI3K/Akt pathways341. These activated routes initiate cell survival, cell proliferation and cell 

growth337 341 342. Consequently, increasing expression levels of HER family receptors can lead to 

cell transformation and neoplasms and the absence of HER family receptors results in cell death 

and apoptosis341.  

The transmembrane receptor encoded by the HER2 gene is typically presented in low levels in 

adult tissues. However, it is involved in normal tissue development and widely located in several 

human foetal tissues343. It is essential for growth, particularly in the breast and heart337 344. In 

contrast, decreasing levels of HER2 expression occurs during human growth and development. 

The receptor is found at low levels in most adult tissues enduring normal cell function345. 

However, HER2 is crucial to cardiac function even in adults344, so its expression is maintained in 

the cardiac tissue. Importantly, many cancers such as breast, ovarian and colorectal tumours have 

high expression of HER2 and these may therefore be targets for anti-HER2 cancer treatment326 345. 
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Figure 1-11 HER2/neu signalling transduction 

Homo- and hetero-dimerization of HER2/neu lead to intracellular signalling activation. 

PI3K/Akt and MAPK pathways are involved in the HER2-induced signalling. These signals 

stimulate cell survival, cell proliferation and cell mobility. This figure was modified from 

[341, 346 and 347]. 
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1.5.2 Specific HER2 positive breast cancer treatments 

1.5.2.1 Monoclonal HER2 specific antibody 

Trastuzumab (Herceptin®), the first HER2-specific treatment, has been approved to use in human 

HER2 positive breast cancer since 1998333. It is a humanized IgG mAb (clone 4D5) that binds to the 

ECD of HER2. Many clinical trials have shown the benefits of this mAb therapy in HER2 positive 

cancers. In HER2 positive breast cancer patients who have never received trastuzumab treatment, 

two clinical investigations in 2005 suggested trastuzumab produces better results16 348. Recently, 

Herceptin® has been combined with other drugs resulting in further improvement of survival18. 

Additionally, Herceptin® has been tested for treatment of other HER2-overexpressing cancers, 

such as ovarian349 and gastric cancers350, in which outcome was also improved. 

Trastuzumab specifically targets the HER2 molecule on the surface of cells; however, mechanisms 

mediating trastuzumab’s anti-cancer effect remain poorly defined. Trastuzumab-mediated direct 

inhibition of HER2 function has been postulated following identification of the binding position of 

trastuzumab on the HER2-ECD. Cho and colleagues demonstrated the structure of trastuzumab-

bound HER2, which revealed that trastuzumab attached to subdomain IV of HER2-ECD335. This has 

improved our understanding of trastuzumab-induced HER2 inhibition. Given that the mAb directly 

binds to the HER2 receptor, it affects receptor conformation and interferes with HER2 

dimerization248. There is evidence that the p185 protein can be cleaved at the ECD leaving just the 

95kDa C-terminus in situ. The remaining fragment lacks the trastuzumab binding site but retains 

the ability to activate normal intracellular signalling as full length HER2351. Trastuzumab binding, 

however, brings about cleavage restraint352. Both of these result in HER2 down-regulation and 

reduction in HER2 downstream signalling transduction248. Additionally, the Fc of the humanized 

mAb engages ADCC mechanisms, which cause specific tumour cell eradication353. ADCP is also 

induced by trastuzumab in both healthy donors and breast cancer patients354. 

Despite clinical efficacy, limitations of trastuzumab include treatment-mediated side effects, 

tumour-resistance and cost. Cardiotoxicity is a serious side effect of trastuzumab treatment, 

which occurs in a small number of patients (about 2.5 – 5.0%)355. However, cardiotoxicity is 

observed in many more patients with combination therapy (27%), especially with trastuzumab 

plus anthracyclines, a group of cancer drugs that inhibit DNA replication and repair which lead to 

cell death355 356. All patients, especially the elderly patients, need to be carefully monitored for 

heart function during treatment and be ready to leave trastuzumab treatment in the event of a 

problem. In addition, the patients can develop drug resistance against trastuzumab within one 

year and, therefore, may relapse357. Thus, a combination of trastuzumab and other HER2-selective 

treatments have been investigated to further improve outcome. Trastuzumab treatment is very 
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expensive. The cost of the mAb alone can be over US$40,000 (£30,000) per year266. Consequently, 

several studies have addressed the relative cost benefits of this novel HER2 specific treatment358. 

They concluded that it is an ineffective high cost treatment in many cases and some possible 

predictors should be included for treatment consideration. 

Based on data from trastuzumab, many HER2-targeting treatments have been developed. For 

instance, another mAb, pertuzumab (2C4, Genentech), is a dimerization inhibitor of the HER 

receptor359. It binds to the HER2 subdomain II and thereby blocks HER2 activity360. Clinical 

investigations in HER2 positive breast cancer demonstrate pertuzumab prolongs recurrence-free 

survival and reduces mortality risk361 362. In addition, a dual specific EGFR/HER2 inhibitor, lapatinib 

(GW572016, GlaxoSmithKline), has been approved for HER2 positive breast cancer patients 363. It 

is a reversible tyrosine kinase inhibitor that reduces EGFR/HER2 intracellular signalling364 365. The 

signalling blockade leads to an improvement of HER2 positive patient outcome366. Interestingly, 

both HER2-specific treatments do not increase incidence of cardiac dysfunction compared with 

trastuzumab treatment367 368. However, such conclusions are drawn from short-term data and 

longer-term follow up studies are still ongoing.  

As well as anti-HER2 mAb immunotherapies, HER2 targeting cancer vaccines are being 

investigated in many preclinical and clinical settings. Treatment strategies incorporating such 

vaccines may include monotherapy or combination therapy using exogenously administered 

mAb369. It is hoped that through use of vaccine-based treatment strategies, the cost, side effects 

and patient impact of mAb immunotherapy might be avoided whilst still delivering an equivalent, 

or superior, anti-HER2 immune response. 

1.5.2.2 HER2 targeting vaccines 

Over the years HER2 has evolved as a promising target for vaccination against HER2 positive 

cancers. Numerous results from preclinical settings and clinical trials of HER2 vaccination suggest 

the benefits of vaccination for HER2 positive breast tumours277 370 371. Furthermore, recent clinical 

studies indicated that a HER2 targeting vaccine could improve patients’ outcome370. As in all HER2 

targeting treatments, HER2 breast cancer vaccines each have an individual strategy to activate 

immune responses against the HER2 molecule, as described below.  

1.5.2.2.1 Peptide based HER2 vaccines 

In the case of HER2, several peptides have been identified for use in peptide vaccines to activate 

HLA-A2+ specific CTL responses, including E75 (HER2 369-377)372, p435 (HER2 435-443)373 and GP2 

(HER2 654-662)374. The GP2 peptide is found in the transmembrane domain of the HER2 molecule, 

while E75 and p435 are located in the extracellular domain. All peptide vaccines have to be 
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administrated together with adjuvant, and the two adjuvants IFA and GM-CSF are most frequently 

used. These peptide vaccines have been studied in clinical trials and specific CTL immune 

responses have been detected in patients370. 

Development of the E75 peptide vaccine (NeuVax™) is the most advanced. The results from a 

phase II clinical trial suggested that the E75 vaccine induced potent CTL responses against the 

peptide itself375. Importantly the vaccine increased the number of disease-free survivors and also 

reduced the incidence of disease recurrence. NeuVax™ is now being tested in a phase III clinical 

trial376. In addition, the GP2 peptide vaccine is currently being evaluated in phase II clinical trials. 

Although the GP2 peptide was found to bind with a low affinity to the HLA-A2 molecule, GP2-

specific CTL responses could be found in an in vitro study in HER2 positive breast cancer patients’ 

PBMCs377. This demonstrated the potential of the GP2 vaccine as a HER2 targeting treatment. 

Nonetheless, these peptide-based vaccines have inherent limitations. As these vaccines target 

only one epitope of the molecule, the tumour can easily escape from immunosurveillance and 

cause recurrence and metastasis. Additionally, the responses might not be durable since CD4+ T 

cell help, which has been shown important for maintenance of CD8+ CTLs, is not induced by these 

peptide vaccines. Impairment of MHC class I presentation processes can also lead to a deficiency 

of CTL activation378 379. Hence, further improvements in vaccine design are still required, for 

example, co-induction of Th cell responses through incorporation of CD4+ epitopes to achieve 

long-term immune memory. Thus, careful design of peptide vaccines is important to generate 

effective immune responses that can overcome HER2 immune tolerance. 

1.5.2.2.2 Protein-based HER2 vaccines  

Since protein based vaccines induce strong immune responses against infectious diseases, protein 

vaccination has been explored as a potential cancer vaccine. Protein vaccines deliver antigen in 

3D to the immune system and in particular to B cells. Many potential epitopes presented by APCs 

can be found in protein vaccines. Hence, they can stimulate both arms of the immune system: 

humoral and cellular immune responses. For HER2, induction of integrated humoral and cellular 

responses can be a particular advantage as both of these arms can co-operate to eradicate HER2-

positive tumours. Protein vaccination approaches against HER2/neu have been developed380. 

Initially, HER2/neu protein was targeted using the rat neu antigen in animal models, since rat neu 

is homologous to human HER2. Disis and colleagues381 investigated an intact rat neu antigen as a 

vaccine in rats and mice. The animals were vaccinated with the neu protein plus IFA. The study 

suggested that in rats, the rat neu protein vaccine could not elicit neu-specific immune responses, 

whereas in mice the whole rat neu protein was able induce specific antibody and T cell responses. 

In this context, the rat neu proved its immunogenicity but mechanisms of tolerance operating in 
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the rat model controlled the specific responses. However, in 1999, Esserman et al. demonstrated 

the efficacy of a HER2-ECD protein vaccine in rat neu expressing transgenic mice (the N202 

strain)382. The mice were immunized subcutaneously with HER2-ECD of the rat neu antigen in 

complete Freund’s adjuvant (CFA). The vaccination stimulated high titres of rat neu-specific 

antibody and induced cellular immune responses. The vaccine induced rat neu-specific responses 

and prolonged survival in the transgenic mice without autoimmune toxicity. These animal studies 

illustrated promising results supporting the use of HER2/neu protein or its ECD portion as a 

vaccine. 

In a phase I clinical setting, patients injected with a truncated HER2-ECD fragment protein vaccine 

(1-146 HER2 amino acid terminal) developed CD4+ and CD8+ T cell responses and antibodies 

specific to the HER2 fragment, with acceptable side effects383 384. However, none of the patients’ 

sera recognized the native form of HER2/neu molecule on the surface of tumour cells indicating 

that this truncated HER2-ECD fragment probably failed to fold and to mimic B cell epitopes of 

native HER2. Nevertheless, T cell responses were induced. It is also interesting to see how T cells 

could perform in the absence of antibody in terms of improving patient’s survival.  

Furthermore, another protein-based HER2 targeting vaccine, dHER2 antigen-specific cancer 

immunotherapeutic (ASCI) protein, was tested in a phase I clinical trial385. The vaccine was made 

from the complete ECD plus truncated ICD of HER2. Patients received the dHER2 ASCI vaccine 

with AS15, comprising of CpG, MPL and QS21, as an adjuvant and in combination with lapatinib, 

the EGFR/HER2 tyrosine kinase inhibitor. The vaccine was demonstrated to be safe and anti-HER2 

antibody was detected in most patients. Purified antibody was extracted from the vaccinated 

patient serum (10 or 12 weeks after the first vaccination) and used in Akt signalling inhibition 

assay in vitro. The experiment revealed that two of three samples were able to decrease pAkt 

levels after the vaccination. In contrast, HER2 ECD-specific IFN-γ producing T cells were seen in 

only one of ten patients. Although the median time of tumour progression was 55 days, the 

overall survival was 92% after 300 day-follow up385. It is interesting that induction of the HER2-

specific antibody alone could provide benefit to the patients. 

Consequently, generating a HER2 protein vaccine that can induce relevant antibody responses is 

highly desirable. Another challenge would be to express the protein vaccine in quantities required 

for patient application. 

1.5.2.2.3 DNA based HER2 vaccines 

Given the advantages of DNA vaccination (as described in  1.4.3.6.1), HER2 targeting with DNA 

vaccines has been extensively explored in both preclinical and clinical settings. The study by 
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Rovero and colleagues386 demonstrated that a DNA vaccine encoding the extracellular and 

transmembrane domains (EC-TM) of rat HER2/neu inhibited tumour progression in Balb/neuT 

mice transgenic for the rat HER2/neu. The rat HER2/neu in the Balb/neuT mice is expressed in the 

mammary glands under the control of MMTV-LTR promotor. The activation of this promoter is 

regulated by glucocorticoids which also regulate the mammary tissue development387. The female 

Balb/neuT mice spontaneously develop breast tumours within a few months of life388. In the 

study, they found that induced anti-HER2/neu antibody was the key for controlling tumour 

progression, and there was no evidence for CTL responses from that study. Later, it was 

demonstrated that electroporation significantly improved the immune response for the DNA 

vaccine307. The same group suggested the EC-TM DNA vaccine with electroporation could activate 

both HER2/neu specific antibody and CTL responses389 390. They also showed that the absence of 

IFN-γ and poor antibody responses failed to protect the Balb/neuT mice from tumour 

development391.  

In the human HER2 based animal model, Wei’s group developed a DNA vaccine encoding human 

HER2-ECD or HER-ICD. The HER2-ECD DNA vaccine provided protection from tumour challenge 

with cells expressing human HER2, while the HER2-ICD vaccine did not392. Moreover, combination 

of HER2-ECD and HER2-ICD DNA vaccination induced strong antibody and CTL responses393. 

Furthermore, a chimeric DNA vaccine was developed to promote better immune responses 

against HER2 positive breast cancer. The chimeric DNA was generated by combination of human 

and rat HER2/neu. Quaglino and co-workers394 tested the chimeric DNA vaccines in both rat and 

human HER2/neu tolerant transgenic mice. Results from their study demonstrated that the 

chimeric vaccines induced better HER2/neu specific immune responses against both the rat and 

human HER2/neu. The chimeric DNA vaccine encoding human HER2 and heterologous rat neu 

protein has been evaluated in vitro with HER2 positive breast and pancreatic cancer samples395. 

From this study, the vaccine induces the HER2-specific immune response without increasing Treg 

cell expansion or IL-10 and TGF-β secretion. This is proof of the chimeric vaccine concept in cancer 

patients. In a pilot clinical study, a DNA vaccine encoding full-length human HER2 was 

administered to HER2 positive breast cancer patients with low doses of GM-CSF and IL-2 by 

subcutaneous or intramuscular injection. This study demonstrated the safety of using the DNA 

vaccine and showed an induction of HER2 specific humoral and cellular immune responses396. 

1.6 Vaccine adjuvant systems 

The goal of vaccination is to induce a long-term immune response against an antigen, in order to 

protect against infection or cancer. In the case of infectious diseases, the responses must be 

strong enough to clear the infection from the host. For cancers, the vaccine-induced immune 
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responses should be enough to eliminate the cancer cells or inhibit cancer cell growth. There are 

many types of vaccines for infectious diseases such as killed viral vaccine, live attenuated vaccine, 

toxoid vaccine and subunit vaccine. For cancer vaccines, a specific cancer antigen expressed by 

cancer cells is chosen as a target. However, antigens alone are known to be poorly immunogenic 

and unable to provoke strong immune responses21. Therefore, adjuvants become an essential 

part of vaccination to promote immune responses against the antigen. 

Selection of an appropriate adjuvant is important as it could influence vaccine efficacy397. 

Adjuvants can be divided into subgroups based on their administration route, function or 

composition. The most widely recognised classification is by adjuvant composition. According to 

this, adjuvants can be divided into mineral salts (alum and other minerals), tensoactive agents, 

bacterial-derived adjuvants, vehicles and cytokines398. 

1.6.1 Aluminum based adjuvants 

Aluminum containing adjuvants, which have been in use for over 50 years, are one of the most 

successful adjuvants. The activity of an aluminum adjuvant was first demonstrated with 

diphtheria toxoid399. The word ‘alum’ is used for aluminium potassium sulphate (KAl(SO4)2), which 

was initially used for precipitation of diphtheria toxoid by Glenny et al.399 400. However the 

aluminum-based adjuvants used more recently in vaccines are aluminium hydroxide (Al(OH)3) or 

aluminium phosphate (AlPO4). These two adjuvants come in a hydrogel form, a colloidal gel with 

water as media. Most protein molecules are negatively charged, while adjuvants are positively 

charged. In this case, the adjuvant absorbs protein antigens in aqueous form rather than by 

precipitation, which was used in early methods with aluminium salt adjuvants401. These 

aluminium-adsorbed adjuvants are used both in laboratory and clinical studies. The alum-based 

adjuvant licensed for human vaccines is Alhydrogel® (2% Alhydrogel, Brenntag Biosector). The 

active component of the adjuvant is 10 mg/ml Al(OH)3. Recently, an aluminium based adjuvant, 

Imject® alum (Pierce), has been introduced for animal research. The Imject® alum comprises 40 

mg/ml Al(OH)3 and 40 mg/ml magnesium hydroxide (Mg(OH)2). However, Cain and colleagues402 

demonstrated that the conventional alum precipitation technique is the best adjuvant for 

induction of immune responses in mice, followed by Alhydrogel®, while the Imject® alum has poor 

adjuvanicity, displaying the lowest antigen absorption ability. 

Alum has long been used in many human vaccines. The alum-induced immune response 

mechanism has been recently demonstrated and shown to induce Th2 driven responses. Many 

immune mechanisms have been proposed for adjuvant activity of aluminium based adjuvants, 

such as the depot effect, phagocytosis and local inflammation induction401 403. The ‘depot’ effect 
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was the first explanation of how the adjuvant can improve immune responses against protein 

antigens. The antigen is slowly released from the injection site404 allowing continuing antigen 

supply to APCs. This results in effective processing of antigen by APCs leading to subsequent 

activation of the immune response. However, this explanation was not supported by later 

findings, where studies indicated that antigens can be rapidly desorbed from the injection sites 

and the adjuvant could not hold the protein antigens for a long period405 406. Next, particulate 

nature of alum absorbed antigen which facilitates the uptake by APCs, was proposed to be the 

main mechanism of action for aluminium based adjuvants401. There was evidence that increased 

antigen engulfment by DCs was achieved407. Aluminium containing adjuvants also induce 

inflammation at the injection site. The injection results in recruitment of inflammatory cells, such 

as monocytes and neutrophils, and increases cytokine release and cell adhesion molecule 

expression408.  

Adjuvants can shape immune responses against antigens. Specific functions of CD4+ Th cells 

depend upon signals from APCs and the microenvironment surrounding those naïve CD4+ T cells. 

IFN-γ secretion is a signature of a Th1 response, while a Th2 response generates IL-4, IL-5 and IL-

13 production89. As mentioned before, aluminium compounds tend to promote antibody 

production through Th2 responses, while they have little effect in triggering cellular immunity401 

403. When protein antigens are delivered with aluminium adjuvant, APCs present antigens through 

MHC class II, which generally activates CD4+ T cell differentiation into Th2 effector cells. Although 

the extracellular peptides from exogenous antigens can enter the MHC class I presentation 

pathway to activate CD8+ T cells409, the aluminium adjuvant does not promote strong Th1 

responses. However, addition of a TLR-4 agonist to the aluminium adjuvant helps with stimulation 

of the Th1 pathway410.  

1.6.2 Monophosphoryl lipid A  

3-O-desacyl-4'-monophosphoryl lipid A (MPLA) is one of the modern immune-stimulatory 

adjuvants that has been used recently in vaccine formulations in humans for infectious diseases or 

cancers411 412. MPLA is a derivative of LPS, which is an endotoxin found in the outer membrane of 

many gram-negative bacteria, such as Escherichia coli, Pseudomonas aeruginosa, and Salmonella 

enteritidis. LPS has been recognised for its powerful immunogenicity, but also strong toxicity. 

MPLA is a detoxified portion of LPS that retains the immunomodulation properties and is able to 

induce immune responses of the same magnitude as the parent molecule413 414. MPLA is an 

agonist of TLR4412 413, which is found on many cells, including innate (DCs and macrophages) and 

adaptive (B and T cells) immune cells. TLR4 is a pattern recognition receptor that detects LPS415. 

Activation of TLR4 initiates NF-κB and inflammatory cytokine (IL-1, IL-6 and IL-8) secretion. 
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Moreover, B7 family molecules (CD80 and CD86), required for naïve T cell activation, are also up-

regulated416-418. The activation of TLR4 is a crucial link between innate immunity and the adaptive 

immune responses. MPLA has been shown to be a TRIF-biased TLR4 agonist413, encouraging a 

predominantly Th1 cell-mediated immune response419. 

1.6.3 Combination of aluminum salt and MPLA adjuvants 

In recent years, MPLA has been combined with vaccines alone or with alum to promote immune 

responses against TAAs, both in trials and in the setting of prophylactic vaccination against HPV, 

which is used routinely in the clinic420. Since alum promotes antibody responses, MPLA is included 

to enhance cell-mediated immunity and provide strong immune responses against the antigens. 

However, creating a new combined adjuvant is challenging with many limitations, such as 

stability, safety, and effectiveness of the adjuvant after combination. However, in recent years, 

adjuvant system 04 (AS04), a combination of aluminium salt and MPLA, has been licensed for 

vaccines used for both cancer and infectious diseases421 422. For cancer, the HPV vaccine Cervarix® 

combined with AS04 is used for prevention of cervical cancer associated with HPV types 16 and 

18. The studies indicated that the vaccine promoted both antibody production and a Th1 

response, preventing the HPV infection that causes cervical lesions421 423 424. MPLA is one of the 

adjuvant examples that can activate innate immunity, which plays a crucial role for human vaccine 

responses. Cervarix® in combination with AS04 induced higher antibody levels in the vaccinated 

individuals than in patients infected naturally with HPV425, suggesting that the adjuvant system 

was superior for the induction of anti-viral antibody. 

1.6.4 Granulocyte macrophage colony-stimulating factor 

GM-CSF is a cytokine that has been widely used as an adjuvant for cancer vaccines in both 

preclinical studies and clinical trials426-429. At first, GM-CSF was found to activate differentiation 

and maturation of granulocytes and macrophages430 and subsequently several studies have 

clearly showed its wider role in the immune response following administration in vivo. The GM-

CSF receptor contains two subunits: a GM-CSF specific α subunit and a signal transducing β 

subunit, which is shared with IL-3431 and IL-5432. Signal transduction through the β subunit results 

in the activation of granulocytes, monocytes433, DCs and macrophages, which all play a role as 

APCs. Many cell types434 435, including macrophages, T cells and endothelial cells, as well as cells in 

the tumour microenvironment, can secrete GM-CSF, although the levels of circulating GM-CSF are 

usually low in the body436 437. However, GM-CSF overexpression can be found during inflammatory 

responses, allergic reactions and in some cancers, such as AML438. The cytokine also indirectly 

activates T cell responses through APCs, predominantly DCs434, implying an important role in the 
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immune response439 440. The main mechanism for enhancing the immune response to antigen by 

GM-CSF is through recruitment of APCs to the site of injection. As a vaccine adjuvant, GM-CSF has 

been applied in many different ways. For example, it can be pre-injected at the immunisation site 

to activate APC differentiation and expansion prior to the vaccine challenge426. Transfection of 

target cancer cells with DNA encoding GM-CSF is another way which results in the recruitment of 

APCs to initiate the immune response against cancer441. Incorporating a GM-CSF sequence in a 

DNA plasmid is an option for DNA based vaccines; hence the plasmid can encode both GM-CSF 

and the antigens442. 

Several studies have shed light on the mechanisms of action of GM-CSF in immune induction. 

Together with recruitment of APC to the site of injection, it has been shown that GM-CSF 

stimulates the differentiation and maintenance of bone marrow-derived macrophages and DCs443. 

Antigen presentation by these cells is essential for antigen-specific T cell priming and activation. 

An in vitro study indicated that GM-CSF promotes production of IL-2, IFN-γ and TNF-α from 

PBMCs, whereas decrease in IL-4 and IL-10 levels were observed444. In rodents, GM-CSF elicits a 

DTH response when used in combination with protein and peptide vaccines426. On the other hand, 

GM-CSF has also been implicated in immune suppression. Gr-1+ CD11b+ immature myeloid cells, 

known as suppressors of T cells, are expanded after a high-dose of GM-CSF has been 

administered445. In addition, GM-CSF secreted by the tumour itself also provides local immune 

suppression in the tumour microenvironment, resulting in the expansion of myeloid precursor 

cells and inhibition of APC function437 446. Therefore, the benefits of GM-CSF usage should be 

carefully addressed when it comes to is combination with a vaccine. 

1.7 Aims of the study and the hypothesis 

This study aimed to investigate the ability of ED44-based plant-derived vaccines to induce both 

humoral and cellular immune responses in animal models. Initially the vaccines were tested for 

their ability to induce anti-HER2 antibody in wild type Balb/c mice where the HER2 fragment ED44 

is a foreign antigen. Alum and GM-CSF were tested as vaccine adjuvants and the ability to induce 

humoral responses was compared. Subsequently, ED44-based vaccine testing was carried out in 

the more demanding setting of tolerance to HER2, in the Balb/neuT transgenic model. The aim 

was to evaluate the benefit of conjugation to FrC as a means of overcoming tolerance. 

Furthermore Balb/neuT transgenic mice spontaneously develop mammary gland carcinomas that 

mimic human breast cancer; hence the ability to protect mice in this model was also evaluated. 

Since Balb/neuT tolerant mice express rat HER2/neu, the vaccines used in this study were 

designed using rat ED44 for proof of concept. The human version of ED44 and the ED44-FrC 
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conjugate was separately evaluated for the ability to induce antibody in the D2F2/E2 model, 

which expresses human HER2. 

For these reasons, the hypothesis is that the novel plant-expressed HER2 ED44 targeting vaccines 

will induce HER2-specific antibody and cellular responses. The ED44-FrC conjugate vaccine will 

overcome tolerance and induce potent antibody as a result of the ability of FrC to induce T cell 

help for B cells, while unconjugated ED44 will not be effective in the setting of tolerance. 

Altogether, this study will demonstrate vaccine-induced immune activity in vitro and in vivo to 

support the possibility of using the new plant-expressed ED44 containing vaccine in HER2 positive 

breast cancer patients, as well as in patients with other HER2 positive malignancies. 
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Chapter 2: Materials and Methods 

2.1 Mouse experimental protocol 

2.1.1 Mice 

Wild type Balb/c, rat HER2/neu transgenic (Balb/neuT), and HHD mice transgenic for HLA-A-02 

allele were housed in compliance with the UK Home Office regulations at animal facilities of the 

University of Southampton. HHD transgenic and female Balb/c mice were 6-12 weeks old when 

experiments started. Female Balb/neuT mice were aged 10 weeks when vaccinated. All 

experiments were executed under 2 project licences (PPL 30/2845 and 30/3028) and 2 personal 

licences (PIL I86C94218 and IFC8ABE97). 

2.1.1.1 Genomic DNA purification 

Ear or tail samples were taken from offspring. Following the manufacturer’s instructions, genomic 

DNA extraction from each sample was performed using the Wizard® SV genomic DNA purification 

system (Promega, Wisconsin, USA). The mouse samples, ear or tail tips, were lysed overnight (16-

18 hours) at 55°C in Nuclei lysate solution (91 µM EDTA (pH 8.0), 1.45 mg/ml proteinase K and 

72.7 µg/ml RNase A solution). 250 µl of Wizard® SV lysis buffer was added into the lysates and 

they were mixed by vortexing. The DNA from the lysate solutions was extracted using Wizard® SV 

minicolumns. All purified DNA samples were dissolved in nuclease-free water and kept at -20°C or 

-80°C. 

2.1.1.2 Balb/neuT mouse screening 

Polymerase chain reaction (PCR) was used for neu gene screening in each DNA sample. The PCR 

reactions were performed with GoTaq® G2 Flexi DNA Polymerase (Promega). Two sets of primers, 

for the β-casein gene or the neu gene, were used in the PCRs (Table  2-1). Casein is the major 

protein found in milk of mammalian species. The β-casein gene was tested to confirm that there 

was enough DNA sample in the solution for the PCR reaction. The β-casein primers provided a 525 

base-pair (bp) DNA fragment, while the neu primers produced a 230 bp fragment. 

The neu and β-casein gene screening was set up in 20 µl total PCR volume with Green GoTaq® G2 

Flexi Buffer, 2 µl extracted genomic DNA, 1.25 units of GoTaq® G2 Flexi DNA Polymerase, 1 mM 

MgCl2 solution, 0.25 mM of each dNTP (dATP, dTTP, dGTP and dCTP), 1 µM of each neu primer 

[neu (dir) and neu (rev)] and 0.5 µM of each β-casein primer [β-casein (dir) and β-casein (rev)]. All 

primers were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). The PCR solutions were set 

up in a laminar flow cabinet to minimize the risk of contamination. 
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The PCR cycle conditions were set up as follows, in a thermal cycler (G-Storm GS482, G-Storm Ltd, 

Somerset, UK). An initiating condition was set as 95°C for 2 minutes followed by 32 cycles of 

denaturing at 95°C for 1 minute, annealing at 60°C for 1 minute and extension at 72°C for 2 

minutes. A final extension was at 72°C for 15 minutes and then the PCR solutions were held at 

4°C. 

The PCR products were run in a 2% agarose gel with constant voltage (100V, PowerPac™ Basic 

Power Supply, Bio-Rad Laboratories, Hertfordshire, UK) to clarify the band sizes. The agarose gel 

was prepared from an agarose powder (Fisher Scientific, New Jersey, USA), DNA gel stain (SYBR® 

Safe DNA Gel Stain, 1 in 10,000 dilution, Invitrogen™, Life Technologies, California, USA) and TAE 

electrophoresis buffer (40mM Tris acetate, 1 mM EDTA). 100bp DNA ladder (Promega) was used 

as a DNA size marker. After electrophoresis, the DNA bands were looked at under UV light 

(GelDoc-it™ Imaging system, UVP, Cambridge, UK). The DNA samples that provided DNA bands of 

β-casein and neu genes were counted as positive Balb/neuT mice, while the negative Balb/c DNA 

samples provided only β-casein band. 

Table  2-1 Balb/neuT mouse screening primers 

Primer Sequence 5’ to 3’ 

β-casein (dir) GAT GTG CTC CAG GCT AAA GTT 

β-casein (rev)  AGA AAC GGA ATG TTG TGG AGT 

neu (dir) GTA ACA CAG GCA GAT GTA GGA 

neu (rev) ATC GGT GAT GTC GGC GAT AT 

2.1.2 Vaccines and adjuvants 

The C-terminus truncated extracellular domain of HER2/neu (ED44), with a molecular weight of 44 

kDa, was used to vaccinate against HER2 positive breast cancer in mouse models. Human and rat 

versions of the ED44 protein vaccines were expressed in Nicotiana benthamiana and provided by 

ICON Genetics GmbH (Halle/Saale, Germany). Both vaccines were produced alone and also 

conjugated with a carrier, FrC, using glutaraldehyde conjugation. Unconjugated 5T33 protein 

(multiple myeloma IgG) also made by ICON Genetics was used as a negative control vaccine. All 

vaccine molecular weights are shown in Table  2-2. In addition, an EC-TM DNA vaccine, made up of 

rat HER2/neu extracellular and transmembrane domains inserted into pCMV3.1 (modified from 

pcDNA3.1), was used as a comparator in the rat version vaccine experiments only386. The DNA 

vaccine was kindly provided by Professor Guido Forni (University of Turin, Italy). Human ED44 

(hED44) was conjugated with a plant viral particle (PVP) as described in section  2.8. 
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Aluminum hydroxide (13 mg/ml, Sigma-Aldrich), which tends to promote a T-helper 2 (Th2) 

response, was used as an adjuvant in all protein vaccinations (the ED44, the ED44-FrC and the 

negative control 5T33 vaccines). Only in the Balb/neuT mouse model, monophosphoryl lipid A 

(MPLA, InvivoGen, Toulouse, France), the safe LPS endotoxin derivative of gram-negative bacteria, 

was used as an adjuvant in combination with the aluminium hydroxide to engage Th1 responses. 

Montanide™ ISA50V2 adjuvant (SEPPIC, New Jersey, USA) was used in combination with peptide 

vaccines (section  2.9). Montanide is a water-in-oil structure, the vaccine aqueous solution 

surrounded by oily surfactant, called emulsion. The montanide structure is biodegradable, 

because after injection the surfactant is broken down and releasing the vaccine inside447. 

Montanide has been used as an adjuvant with peptide and protein vaccines in veterinary and 

clinical settings448-450. 

Table  2-2 Vaccine information 

Vaccine Molecular weight (kDa) Quantity per mouse (μg) 

ED44 44 50 

ED44-FrC 112 130 

Negative control (5T33) 150 170 

2.1.3 Prophylactic setting in an animal model 

2.1.3.1 Vaccination protocol 

Female Balb/c mice were vaccinated at day 0 and boosted at day 21 with each vaccine before 

tumour challenge (Figure  2-1). The mice were vaccinated with human ED44 (hED44) or rED44 

vaccines, either conjugated (ED44-FrC) or unconjugated (ED44), the negative control vaccine or 

the DNA vaccine. 50 µg of the unconjugated vaccine was used at priming, while the amount of the 

other protein vaccines were calculated to give equivalent amounts of the ED44 using the 

molecular weights as described in Table  2-2. The protein vaccines were diluted with normal saline 

solution (NSS, 0.9% w/v NaCl) up to 100 µl per mouse and mixed for 45 minutes with an equal 

volume of an aluminum hydroxide adjuvant. Then the vaccine mixtures were delivered 

subcutaneously at both sides of the mouse’s flank. Three weeks later, the vaccinated mice were 

boosted with half the amount of the same protein vaccine. 50 µg of the DNA vaccine was 

administrated intramuscularly into the tibialis anterior muscles, with 50 µl per thigh, for the first 

injection. DNA vaccine boosting was done 3 weeks later with the same quantity of DNA. 
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2.1.3.2 Serial serum sampling 

Serial blood samples were taken from the vaccinated mice to determine vaccine-induced immune 

responses. Blood samples were taken at week 3, 5 and 7 after the priming injection, with the 

addition of week 9 for the human version vaccines (Figure  2-1). Tail bleeding was used for taking 

the blood samples from all vaccinated mice. The tail tip was coated with local anaesthetic 

(Xylocaine Gel® 2%, lidocaine hydrochloride, ASTRA Pharmaceutical Ltd., Hertfordshire, UK). Mice 

were warmed at 37°C for 10 minutes before bleeding. A sharp scalpel was used to cut 1-2 mm of 

the tail tip. About 100 µl of blood was taken during each bleed from each mouse. The clotted 

blood was centrifuged at 10,000 g for 10 minutes to separate the serum. The sera were preserved 

with 1 µM sodium azide supplement and stored at -20°C. 

 

2.1.3.3 Tumour cell challenge 

Two cell lines expressing high levels of HER2/neu were used in the prophylactic experiments. The 

D2F2/E2 cell line is a transfected mouse mammary cancer expressing the human HER2 molecule 

on the cell surface451. The TUBO cell line is a mammary carcinoma derived from Balb/neuT mice, 

the mammary carcinoma spontaneous mouse model. High levels of rat HER2/neu receptor can be 

observed on the TUBO cell surface386. Corning® tissue culture flasks (Thermo Scientific, 

Cramlington, UK) and complete Dulbecco's modified Eagle's medium (DMEM, PAA Laboratories 

Ltd, Somerset, UK) were used for culture of both cell lines. The complete medium was 

Figure 2-1 Experimental protocol for the prophylactic setting 
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supplemented with 20% foetal calf serum (FCS, Gibco®, Invitrogen™, Life Technologies), 1 mM 

sodium pyruvate (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 1% non-essential amino 

acids (PAA Laboratories Ltd), 1 unit/ml penicillin (Sigma-Aldrich) and 1 µg/ml streptomycin 

solution (Sigma-Aldrich). Geneticin (800 µg/ml, Gibco®) was included only in the D2F2/E2 culture 

media. The cell lines were cultured in a 37°C, 5% CO2 incubator. The cells were detached using 

trypsin-EDTA solution (Sigma-Aldrich) and were sub-cultured when they reached 60-80% 

confluence. 

After the serial blood sample collection, all vaccinated mice were challenged with one of the 

specific tumour cell lines. Naïve Balb/c mice were used as a negative control. D2F2/E2 (human 

HER2 overexpression) and TUBO (rat neu overexpression) cell lines were used in the human and 

rat ED44 vaccine experiments, respectively. A lethal dose of the tumour (2x105 cells) in 100 µl 

DMEM was injected subcutaneously in the left flank of the mice. The challenged mice were culled 

when the tumour mass was bigger than 15 mm in one dimension or serious illness occurred. 

Surviving mice were terminated for further investigations such as memory B cell and plasma cell 

studies. 

2.1.4 The spontaneous mammary carcinoma (Balb/neuT) mouse model 

2.1.4.1 Vaccination protocol 

Ten week-old female Balb/neuT mice were vaccinated with the rat form of ED44 (rED44), ED44-

FrC (rED44-FrC), the EC-TM DNA vaccine or a negative control vaccine. The mice were injected 

subcutaneously with 50 µg of rED44 or with the equivalent amount of rED44-FrC and negative 

control vaccines as presented in Table  2-2. The vaccines were diluted with NSS up to 100 µl, and 

then mixed with an equal volume of aluminum hydroxide adjuvant. In addition, to promote Th1 

responses, some mice were vaccinated with a mixed adjuvant (aluminum hydroxide plus 10 µg 

MPLA per injection per mouse). Other mice were vaccinated with the EC-TM DNA vaccine by 

intramuscular injection. Serial boosting injections with the same vaccines were carried out no 

more than 5 times with 3 weeks intervals in between (Figure 2-2). 

2.1.4.2 Serial serum sample collection 

Blood samples from vaccinated Balb/neuT mice were taken at week 3, 5, 8, 11 and 14 time-points 

after the priming injection (Figure 2-2). Tail bleeding was performed for blood taking. Serum 

samples were collected using the same procedure as described in the prophylactic mouse tumour 

model (section  2.1.3.2). The serum samples were stored at -20°C. 
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2.1.4.3 Balb/neuT mouse termination 

Tumour progression in the Balb/neuT mice was observed every week after the mice were 15 

week-old. Tumour sizes were measured in all 10 mammary glands during each observation time. 

The mice were terminated when combined mammary mass tumour reached 15 mm in mean 

diameter or serious illness occurred. 

 

2.2 Enzyme-linked immunosorbent assays for antibody detection 

2.2.1 Mouse anti-ED44 antibody and IgG isotypes detection 

An enzyme-linked immunosorbent assay (ELISA) was used to evaluate levels of anti-ED44 antibody 

in vaccinated and naïve mouse serum samples. In the studies, an indirect assay was used in the 

ELISA detection. 96-well flat-bottomed Nunc Immuno™ ELISA plates (Nunc, Roskelde, Denmark) 

were coated with 100 µl per well of 3 µg/ml ED44 (either the human or rat form) diluted in 

carbonate-bicarbonate buffer (14.4 mM Na2CO3 and 34.8 mM NaHCO3, pH 9.5) at 4°C overnight. 

After the overnight incubation, the coating solution was removed and then plate blocking was 

carried out with 200 µl per well of 1% bovine serum albumin (BSA) in Phosphate buffered saline 

(PBS, VWR international Ltd., Leicester, UK) at 37°C for 1 hour. The coated ELISA plates were 

rinsed 5 times with 200 µl per well of PBS-0.1% Tween® 20 (Sigma-aldrich). 
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Then a standard serum or each serum sample diluted in PBS-0.1% Tween® 20 (4 times serial 

dilution starting from 1/100 to 1/5,000 dilutions depending upon the serum sample), 100 µl per 

well, was applied to the plate. Pooled mouse serum from the week 3 time-point from the 

conjugated and unconjugated ED44 vaccine groups was used as the standard serum. Subsequent 

to 90 minutes of incubation with the serum, five washes were performed before 100 µl per well 

of a 1 in 1,000 dilution of the secondary horseradish peroxidase (HRP) conjugated anti-mouse IgG 

(The Binding Site, Birmingham, UK) was applied. Alternatively a 1 in 1,000 dilution of HRP labelled 

anti-mouse IgG1 (Oxford Biotechnology, Kidlington, UK), a 1 in 1,000 dilution of HRP labelled anti-

mouse IgG2b (Harlan Sera Lab, Loughborough, UK), or a 1 in 4,000 dilution of HRP conjugated 

anti-mouse IgG2a (AbD Serotec, Kidlington, UK) was added. The plates were incubated at 37°C for 

further 1 hour.  

2.2.2 Detection of peroxidase activity 

After another 5 washes, 100 µl of a chromogenic substrate was then added to each well. The 

substrate was prepared by adding an O-Phenylenediamine dihydrochloride (OPD) tablet (15 mg, 

Sigma-Aldrich) to substrate buffer (24.4 mM Citric acid and 51.4 mM Na2HPO4, pH 4.5) with a 

subsequent addition of a 1 in 1,000 dilution of hydrogen peroxide (H2O2). Once the secondary HRP 

labelled anti-mouse IgG had bound to the mouse serum IgG, the chromogenic substrate was 

added to develop the oxidizing reaction. The OPD was oxidized by the hydrogen peroxide with 

HRP catalysing the reaction. A result of the reaction was 2,3-diaminophenazine, a soluble yellow-

brownish product which can be measured, and water. The reaction was stopped by adding 40 µl 

concentrated sulphuric acid (2.5 M H2SO4). Light absorbance at a 490 nm wavelength was 

determined with microplate-reader (Dynex MRX, Dynex Technologies Ltd, Billingshurst, UK). A 

standard curve was drawn using Microsoft® Excel® (Microsoft corporation, California, USA) to 

determine the serum antibody levels (a 1:200 dilution of the standard serum was set to equal 200 

relative units per ml). Each sample light absorbance was compared with the standard curve and 

the relative units were calculated as described in an equation (Equation  2-1). GraphPad Prism 6.0 

software (GraphPad Software Inc., California, USA) was used to produce graphs and histograms. 

The Mann-Whitney U test was used for non-parametric data analysis. The difference was 

considered statistically significant when the p-value was less than 0.05. 

Equation  2-1 Relative unit calculation 

𝑈𝑈 =  𝑐𝑐 ×  𝑑𝑑  

U = Sample relative units (U/ml) 

c  = Comparative units of light absorbance (at 490 nm) or mean fluorescence intensity 

(MFI) of serum sample to that of standard serum 
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d = Dilution factor 

2.2.3 Affinity test for anti-rED44 antibody 

A chaotropic ELISA was used to determine the affinity of the mouse anti-ED44 antibodies induced 

by vaccination of the mice. A chaotropic reagent interferes with intramolecular interaction by 

disturbing non-covalent bond in macromolecules such as proteins. The chaotrope reduces 

stability of protein structure452. This may cause antigen-antibody complex disruption in the ELISA 

assay. The stronger the antibody-antigen binding (i.e. high affinity) the more antibody stays 

bound, which is detected by the secondary antibody.  

The ELISA plates were processed as described in the last sections, but only one dilution was 

selected for each sample and 1 µg/ml concentration was used for trastuzumab (Herceptin®, 

Roche, UK). After the incubation with the serum sample for 90 minute at 37°C on the plate 

shaker, the plate was washed 5 times with PBS-0.1% Tween 20® before adding serial dilutions of 

the chaotropic reagent, ammonium thiocyanate (NH4SCN, Sigma-Aldrich; Figure 2-3). The 

chaotropic solution was diluted in PBS-0.1% Tween 20®. The first concentration (6 M) was diluted 

seven times by two (3 M to 46.9 mM). Fifteen minutes incubation with the ammonium 

thiocyanate at room temperature was carried out prior to addition of HRP conjugated anti-mouse 

IgG, as described in preceding paragraphs. The affinity indices were calculated from the 

thiocyanate concentration that can inhibit 50% of an untreated (non-chaotrope) well, using 

GraphPad Prism 6.0 software. Graphs were created using the GraphPad Prism 6.0 software from 

the results. The Mann-Whitney U test was performed with this non-parametric data. P-values of 

more than 0.05 were marked as no statistical difference. 
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2.3 Anti-HER2/neu antibody binding assay 

An antibody binding assay measured the capability of the anti-ED44 antibody generated by the 

vaccines to bind the native form of the HER2/neu molecule. The D2F2/E2 and TUBO cell lines 

were used for HER2/neu antibody binding evaluation with a flow cytometer (FACSCalibur, BD 

Biosciences, California, USA). As mentioned before, the D2F2/E2 cells express human HER2 on the 

cell surface, while rat neu is highly expressed on the TUBO cell membrane. 

Both cell lines were prepared as a single cell suspension in fluorescence activated cell sorting 

(FACS) buffer (1% bovine serum albumin in PBS with 1 µM sodium azide) with 1 mM EDTA (pH 8.0, 

Fisher Scientific). 2x105 cells in 100 µl FACS buffer were incubated with 0.5 µg of anti-mouse 

CD16/32 Fc blocking antibody (Clone 93, eBioscience, Hatfield, UK) and 1 µl of decomplemented 

normal mouse serum for 20 minutes on ice. After that, positive control or serum samples were 

Figure 2-3 Diagram demonstrating how affinity was measured by ELISA 
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directly added into the cell suspension. 1 µg of anti-c-ErbB2/c-Neu (Ab-5) mouse mAb (Clone TA-

1, Calbiochem®, USA) or 2 µg of anti-c-ErbB2/c-Neu (Ab-4) mouse mAb (Clone 7.16.4, 

Calbiochem®) were used as the positive control in D2F2/E2 or TUBO cells respectively. Serum 

samples from 5 weeks (rED44 vaccines) or 7 weeks (hED44 vaccines) after vaccination were 

analysed in these experiments and were added into the single cell suspension at desired dilution. 

The dilutions for the standard serum were 1 in 100, 200, 400, 800 and 1,600 to make a standard 

curve for unit conversion, while the vaccinated mouse serum dilution varied depending on the 

serum. The cells were incubated for further 30 minutes on ice. Then they were washed twice and 

resuspended in 100 µl of FACS buffer with EDTA. Labelled anti-mouse IgG antibody (F(ab')2 anti-

mouse IgG eFluor® 660, eBioscience) was used as a secondary antibody to detect the anti-

HER2/neu IgG antibody bound to the D2F2/E2 or TUBO cells. The samples were incubated with 

0.1 µg of the secondary antibody for 30 minutes on ice. Cells were washed once and resuspended 

in 250 µl of FACS buffer with EDTA, then they were analysed on a FACSCalibur using Cell Quest Pro 

(BD Biosciences) and FlowJo (Tree Star Inc., Oregon, USA) software. Fifty thousand events were 

collected per sample for analysis. Each serum sample relative unit was converted using 

Equation  2-1. 

2.4 Analysis of HER2-induced Akt signalling inhibition 

2.4.1 Human breast cancer cell line 

BT474, a HER2/neu positive human breast cancer cell line453, was cultured with complete DMEM 

media. 10% FCS (Gibco®), 1 mM sodium pyruvate (Sigma-Aldrich), 2 mM L-glutamine (Sigma-

Aldrich), 1% non-essential amino acid (PAA Laboratories Ltd), 1 unit/ml penicillin (Sigma-Aldrich) 

and 1 µg/ml streptomycin solution (Sigma-Aldrich) were added to make the complete DMEM 

media. The cells were cultured in an incubator at 37°C, 5% CO2. When the cells reached about 

80% confluence, they were sub-cultured using trypsin–EDTA solution (Sigma-Aldrich) for cell 

detachment. The BT474 cell line was tested with sera from mice vaccinated with hED44-

containning vaccines for HER2 signalling pathway inhibition. As HER2 dimerization induces signal 

transduction through Akt, the dimerization interference by anti-HER2 antibody may cause 

blocking HER2 activation and reduction of Akt phosphorylation, leading to decrease of 

downstream signalling. 

2.4.2 Cell treatment 

The BT474 cells (3x105 cells per well) were plated in a 12-well plate (Costar® 12 Well Clear Flat 

Bottom, Corning Incorporated, Corning, New York, USA) and incubated overnight at 37°C, 5% CO2. 
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Following the incubation, the cells were treated with pooled vaccinated mouse serum samples, 

trastuzumab (Herceptin®) or a pan PI3K inhibitor (LY294002, Cell Signaling Technologies, 

Massachusetts, USA), to inhibit PI3K-upstream of Akt. The pooled serum samples were from 

human ED44-FrC vaccinated mice or negative control vaccinated mice and were diluted 1/50 and 

1/100 in 1 ml complete DMEM media. Trastuzumab was used at 63 and 125 µg/ml in the 

complete DMEM media. The cells were incubated with the serum samples or Trastuzumab for 24 

hours at 37°C, 5% CO2. Another set of BT474 cells was treated with 30 µM of the PI3K inhibitor in 

1 ml complete DMEM media for 1 hour at 37°C, 5% CO2, as a positive control for PI3K/Akt 

signalling inhibition. 

2.4.3 Protein harvesting 

After the 24 hour incubation, the cells were harvested by scraping. The cell debris was transferred 

into 100 µl RadioImmunoPrecipitation assay (RIPA) buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

1 mM EDTA, pH 7.4, 1 mM EGTA pH 7.4, 1% v/v NP40, 0.1% w/v sodium dodecyl sulphate (SDS), 

1% Sodium deoxycholate and 2.5 mM Sodium pyrophosphate), supplemented with 1 mM serine-

threonine phosphatase inhibitor (β-glycerophosphate, Sigma-Aldrich), 1 mM alkaline and tyrosine 

phosphatase inhibitor (sodium orthovanadate, Na3VO4, Sigma-Aldrich) and 1% protease inhibitors 

(protease inhibitor cocktail, product reference number P2714, Sigma-Aldrich). They were 

incubated with the RIPA buffer for 15 minutes on ice and then the cell lysate solutions were spun 

at 15,000 g for 10 minutes at 4°C. The supernatants were transferred into new microcentrifuge 

tubes and stored at -20°C. 

2.4.4 Protein quantification 

The Pierce® BCA assay kit (Thermo Scientific) was used to determine the protein concentration of 

the cell lysate. Standard protein (albumin, range between 25-2000 µg/ml) and cell lysate samples 

were incubated with 200 µl of working reagent (ratio of BCA reagent A to BCA reagent B, 50:1) at 

37°C for 45 minutes. The developed solutions were allowed to cool at room temperature prior to 

light absorbance measurement at 570 nm wavelength using a microplate reader (Thermo 

Scientific™ Varioskan Flash, Thermo Scientific). The sample concentration was calculated by 

comparing to the standard protein using Microsoft® Excel® 2010 software. 

2.4.5 Electrophoresis and protein transfer 

Electrophoresis was performed on the cell lysates to separate the protein sizes. Total Akt (60 

kDa), phosphorylated Akt (60 kDa) and a house-keeping protein (β-actin, 42 kDa) were detected 
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by specific antibodies in western blotting to evaluate of the level of Akt activation in the BT474 

cells. 

The cell lysate proteins, 15 µg per sample, were mixed with NuPAGE® SDS sample buffer 

(Invitrogen™, Life Technologies) to denature the cell lysate proteins, and a reducing agent, 

dithiothreitol (DTT, Sigma-Aldrich), before heating at 95°C for 5 minutes to prevent denatured-

protein aggregation. The lysates and protein standards (Novex® Sharp Pre-stained Protein 

Standard, Invitrogen™, Life Technologies) were loaded on a precast Bis-Tris gel (NuPAGE® Novex® 

4-12% Bis-Tris Gels, Invitrogen™, Life Technologies) prior to electrophoresis at constant 150 V for 

1 hour 30 minutes in running buffer (NuPAGE® MOPS SDS Running Buffer, Invitrogen™, Life 

Technologies). Following the electrophoresis, the proteins were transferred to a methanol pre-

wetted polyvinylidene difluoride (PVDF) membrane (Amersham Hybond™-P, GE Healthcare, 

Buckinghamshire, UK) in a protein transfer buffer (NuPAGE® transfer buffer, Invitrogen™, Life 

Technologies) with constant 25 V overnight (16 hours) at 4°C using a wet protein transfer 

technique. 

2.4.6 Western blotting 

Once the proteins were transferred, the PVDF membrane was incubated with blocking solution 

(5% non-fat milk in Tris buffered saline (TBS, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl) with 0.1% 

Tween® 20, TBS-T) for 1 hour at room temperature, which was followed by 3 washes with TBS-T. 

Primary antibodies for pAkt (rabbit anti-phospho-Akt (Ser 473) antibody, product code #9271, Cell 

Signaling Technologies), Akt (rabbit anti-Akt antibody, product code #9272, Cell Signaling 

Technologies) or β-actin (mouse anti-β-actin antibody, clone 2F1-1, BioLegend) detection, were 

diluted 1/1,000 in 5% BSA-TBS-T solution. The protein transferred PVDF membranes were 

incubated with the primary antibody solution overnight (16 hours) at 4°C. The membrane was 

washed 3 times with TBS-T prior to incubation with a 1/1,000 dilution in 5% BSA-TBS-T of the HRP-

linked secondary antibody (anti-rabbit IgG, HRP-linked antibody, Cell Signaling Technologies or 

anti-mouse IgG (Gamma)(AFF)-PEROX, The Binding Site) for 1 hour at room temperature. The 

membrane was washed 3 times with TBS-T before chemiluminescent signal detection using 

SuperSignal™ West Pico Chemiluminescent substrate (Thermo Scientific). The chemiluminescent 

signal was captured using a Bio-Rad imaging system (Fluor-S® MultiImager, Bio-Rad Laboratories). 

The primary and secondary antibodies were removed from the membrane before reprobing with 

other detection antibodies. The PVDF membrane was incubated with acidic stripping buffer (25 

mM Glycine, 1% w/v SDS, adjusted pH 2.0 by using HCl) at room temperature for 30 minutes 
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followed with 3 TBS-T washes. Then the membrane was processed for using with an alternative 

detection antibody as described above. 

2.5 Cell growth inhibition assay 

2.5.1 Cell lines 

Two human breast cancer cell lines expressing HER2, BT474 and SKBR3453, were used in the cell 

growth inhibition experiment. The cells were cultured in the conditions described in section  2.4.1. 

2.5.2 Cell treatment 

To evaluate the growth inhibition effect of vaccine-induced antibody on the human HER2 positive 

breast cancer cell lines, 5,000 cancer cells were seeded into a 24-well plate (Costar® 24 Well Clear 

Flat Bottom, Corning Incorporated) and incubated overnight at 37°C, 5% CO2. After 24 hours, the 

cells were treated with a 1/500 dilution of serum samples from hED44-FrC or the negative control 

vaccinated mice, 63 µg/ml trastuzumab (Roche), or complete media only. 

2.5.3 Treated cell collection and nuclear staining 

24, 48 and 72 hours after the cancer cells were treated, the cells were washed with sterile PBS 

prior to the fixation process. For SKBR3, the cells were fixed for 5 minutes with chilled 50% v/v 

acetone (Fisher Scientific) and 50% v/v methanol (Fisher Scientific) fixative solution at room 

temperature. The fixative reagent was removed and the cells were kept in PBS at 4°C until the 

next step. For BT474, the cells were fixed with 10% neutral-buffer formalin (4% formaldehyde 

solution, Sigma-Aldrich) for 5 minutes at room temperature. The formalin was removed then 

cooled acetone/methanol fixative solution, as described above, was applied to fix the cells for 5 

minutes. The cells were stored in PBS at 4°C. 

Diamidino-2-phenylindole dye (DAPI, Life Technologies) was used to stain A-T rich sequence in 

DNA of the fixed cells. 1µg/ml DAPI solution was added to the cells and incubated for 10 minutes 

at room temperature prior to being observed under microscope (Olympus CKX41, Olympus 

Corporation, Massachusetts, USA) with UV light. DAPI-stained images were captured using a CC-

12 camera (Soft Imaging System GmbH, Münster, Germany) and Cell^B software (Olympus 

Corporation). The images were analysed and the DAPI-marked nuclei counted using ImageJ 

software version 1.48 (The National Institutes of Health (NIH), USA). GraphPad Prism 6.0 software 

was used to produce graphs from the cell count data. 
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2.6 T-helper response investigation 

2.6.1 Splenocyte preparation 

Both mouse strains (Balb/neuT and Balb/c) were used to investigate T-helper cell responses to the 

vaccines. Female Balb/c mice, aged 6-12 weeks, and female Balb/neuT mice, aged 10 weeks, were 

vaccinated with a single injection of the rED44, the rED44-FrC or the negative control (5T33) 

vaccine with alum as an adjuvant. Fourteen days later, spleens were harvested. Spleens were 

mashed through a 70 µm Falcon® cell strainer (BD Biosciences) with 10 ml of RPMI 1640 media 

(PAA Laboratories Ltd, Somerset, UK). The cell suspension was layered on 10 ml of lymphoprep™ 

(Axis-Shield PoC AS, Oslo, Norway) and spun at 800 g in a bucket swing centrifuge for 20 minutes. 

The interphase layer between the lymphoprep™ and media was collected and washed with 50 ml 

of RPMI 1640 media. The cell suspension was centrifuged at 500 g for 5 minutes and the cell pellet 

was resuspended in filtered complete RPMI 1640 media, supplemented with 10% FCS (Gibco®), 1 

mM sodium pyruvate (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 1% non-essential amino 

acid (PAA Laboratories Ltd), 1 unit/ml penicillin (Sigma-Aldrich) and 1 µg/ml streptomycin solution 

(Sigma-Aldrich) with 50 µM β-mercaptoethanol (Sigma-Aldrich). The cells were counted and 

diluted to the desired concentration. 

2.6.2 ELISpot assay 

MultiScreen® 96-well filtration plates (Merck Millipore) were coated with 375 ng per well of anti-

mouse IL-2 (purified anti-mouse IL-2, BD™ ELISpot, BD Biosciences), anti-mouse IL-4 (purified anti-

mouse IL-4, BD™ ELISpot) or anti-mouse IFN-γ (purified anti-mouse IFN-γ, BD™ ELISpot) antibodies 

in 75 µl of filtered PBS for overnight incubation at 4°C. 200 µl of complete RPMI medium was 

applied for blocking 1 hour prior to adding the splenocytes. The splenic cells, 2x105 per well in 200 

µl complete RPMI media, were plated into each specific cytokine coated plates in triplicate. The 

cells were treated with 2 µg per well of rED44, TT or ovalbumin (OVA, EndoGrade® ovalbumin, 

Hyglos GmbH, Bernried am Starnberger See, Germany) and incubated for a 40-hour period in a 

37°C, 5% CO2 incubator. 

After the incubation, the splenocytes were lysed with sterile water before 4 washes with 

filtered PBS-0.1% Tween® 20. The ELISpot plates were incubated with specific biotinylated 

detection antibodies overnight at 4°C. The antibodies were at 2 µg in 100 µl per well of anti-

mouse IL-2 (Biotinylated anti-mouse IL-2 detection antibody, BD™ ELISpot) or anti-mouse IL-4 

(Biotinylated anti-mouse IL-4 detection antibody, BD™ ELISpot), while 1 µg in 100 µl per well was 
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used for the anti-mouse IFN-γ (Biotinylated anti-mouse IFN-γ detection antibody, BD™ ELISpot). 

All were diluted in filtered PBS-10% FCS. 

Following incubation with the detection antibody, four washes with 200 µl per well of PBS-0.1% 

Tween® 20 were performed, prior to incubation with 100 µl per well of a 1 in 500 dilution of 

streptavidin-alkaline phosphatase (streptavidin-ALP, Mabtech AB, Nacka Strand, Sweden), which 

was prepared in filtered PBS-10% FCS. The incubation was carried out at room temperature for 2 

hours. Three washes with filtered PBS-0.1% Tween® 20 and further 2 washes with filtered PBS 

were performed. Spots were developed using the BCIP/NBT Kit (Invitrogen™, Life Technologies) 

following the manufacturer’s instructions. 10 ml of alkaline phosphatase substrate was prepared 

from 1 ml of concentrated 5-Bromo-4-Chloro-3-Indolyl phosphate (BCIP) buffer solution, 1ml of 

concentrated nitroblue tetrazolium salt (NBT) solution and 8 ml of sterile water. 100 µl of the 

solution was added into each well and left for 5-20 minutes until spots appeared. The plates were 

rinsed with deionized water to stop the developing reaction and completely dried before storing 

in a dark place. The spots were captured and counted under an ELISpot microplate reader (AID 

GmbH) using AID microplate reader software. The data were compared using GraphPad Prism 6 

software with the Mann-Whitney U test. 

2.7 Follicular regulatory T cell determination 

2.7.1 Splenocyte preparation 

The transgenic Balb/neuT mice (10 weeks old) were vaccinated for follicular regulatory T cell (Tfr) 

investigation. The mice were injected with a single injection of the rED44, the rED44-FrC or the 

negative control (5T33) vaccines with alum adjuvant. Spleens were taken from the vaccinated 

mice 14 days later. The splenocytes were prepared as described in the splenocyte preparation 

section  2.6.1. The cell dilutions were set up in complete RPMI media. 

2.7.2 Intracellular staining and FACS analysis 

Splenocytes from each mouse, 5x106 cells, were washed and diluted in 1 ml of PBS prior to 

incubation with 2 µl of LIVE/DEAD® Fixable Aqua Dead Cell Stain (Invitrogen™, Life Technologies) 

for 30 minutes on ice. Two washes with FACS buffer were performed. The cells were resuspended 

in 100 µl FACS buffer and incubated with 5 µg of anti-mouse CD16/32 Fc blocking antibody 

(eBioscience) for 20 minutes on ice. Then the cells were stained with 0.6 µg of AlexaFluor® 700 

labelled anti-mouse CD4 (clone GK1.5, eBioscience), 1.0 µg of AlexaFluor® 488 labelled anti-

human/mouse/rat CD278 (ICOS, clone C398.4A, BioLegend), 0.6 µg of Brilliant Violet™ 421 
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labelled anti-mouse CD185 (CXCR5, clone L138D7, BioLegend), 0.6 µg of PE-Cy7 labelled anti-

mouse CD279 (PD-1, clone RMP1-30, BioLegend), and 0.6 µg of PerCP labelled anti-mouse/human 

CD45R/B220 (clone RA3-6B2, BioLegend) for a further 30 minutes on ice. After that the cells were 

washed twice with FACS buffer and resuspended in 0.5 ml of Fixation/Permeabilization working 

solution, which was freshly prepared from 1 volume of Fixation/Permeabilization concentrate 

solution (eBioscience) and 3 volumes of Fixation/Permeabilization diluent solution (eBioscience). 

The cells were incubated with the solution for 18 hours at 4°C in the dark.  

After the incubation, the splenocytes incubated in the Fixation/Permeabilization solution were 

washed 2 times with 1 ml of permeabilization buffer (eBioscience). The cells were stained with an 

intracellular marker for FoxP3 (0.6 µg of PE conjugated anti-mouse/rat FoxP3, clone FJK-16S, 

eBioscience) for 30 minute on ice in dark. Two washes with the permeabilization buffer were 

carried out and the cells were resuspended in 500 µl FACS buffer. 

Matched fluorochrome isotype control antibodies (0.2 µg of AlexaFluor® 700 labelled rat IgG2a, 

0.2 µg of AlexaFluor® 488 labelled Armenian hamster IgG, 0.2 µg of Brilliant Violet™ 421 labelled 

rat IgG2b, 0.2 µg of PE-Cy7 labelled rat IgG2b, 0.2 µg of PerCP labelled rat IgG2a and 0.2 µg of PE 

labelled rat IgG2b) were also used for staining the splenocytes, 1x106 cells per 100 µl. Two washes 

with FACS buffer were performed. The cell pellets were resuspended in 100 µl of the FACS buffer 

prior to fixing with BD Cytofix™ fixation buffer (BD Biosciences) for 15 minutes on ice. The cells 

were washed 2 times to remove the fixation buffer and then resuspended in the desired volume 

of FACS buffer (200 µl for 1x106 cells). The cell suspensions were analysed by a FACSCantoII 

machine using BD FACSDiva™ software. A graph was created using GraphPad Prism 6 software. 

2.8 Potato virus X (PVX)-conjugated vaccine formulation 

2.8.1 PVX extraction 

2.8.1.1 Host-plant growing condition 

N. benthamiana plants were used treated as host plant for PVX infection. The plants were grown 

in a greenhouse facility, in Building 85, Highfield campus, University of Southampton. The 

temperature was controlled to be at 23°C to 25°C. The plants were provided with 16 hours 

supplementary light per day. 

2.8.1.2 PVX infection of the host-plants 

Froze PVX-infected N. benthamiana leaves were used as source of PVX from previous culture. The 

leaves were powdered and resuspended in PBS. The suspension was sieved through a 70 μm BD 
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Falcon® cell strainer (BD Bioscience). The PVX-containing flow through fluid was transferred to the 

plant leaves following Celite® application. The plants were 4 weeks old at the 4 true-leaf stage and 

in healthy condition before the infection occurred. The Celite® 545 AW (Sigma-Aldrich) powder 

was spread on the plant leaves to create mild tissue injury allowing the PVX infection to these 

healthy leaves. The infected plant leaves were harvested 10-14 days after the infection, to reach 

optimal yield of the virus product. The leaves were stored at -80°C. 

2.8.1.3 PVX purification 

The frozen PVX-infected N. benthamiana leaves were ground to a fine powder with a mortar and 

pestle, which were pre-chilled at -80°C for 30 minutes. The leaf powder was suspended in 15 ml 

protease inhibitor cocktail solution, which was made from 1 protease inhibitor cocktail tablet 

(cOmplete™, EDTA-free, EASYpack, Roche) in 50 ml sodium borate buffer (0.5 M Boric acid (Sigma-

Aldrich) and adjust pH value to 8 with 1 M NaOH), allowing the leaf powder to thaw. This 

suspension was filtered using a 70 μm BD Falcon® cell strainer (BD Bioscience) into a 50 ml 

Falcon® tube and the slush was pressed with a syringe plunger to give extra liquid. An equal 

volume of chloroform was added into the flow through fluid and the solution was mixed well by 

shaking. Then the upper phase was collected after the mixture was centrifuged for 20 minutes at 

4,000 g, 4°C. The upper phase (volume is ‘A’) was transferred into a sterile 50 ml glass bottle. 

0.25xA ml of 20% sodium chloride (NaCl) and 0.4xA ml of 20% polyethylene glycol (PEG)-8000 

(Sigma-Aldrich) solution were added. The cocktail was stirred with a magnetic stirrer at 4°C for at 

least 2 hours and then then spun down at 8,000 g, 4°C for 10 minutes. Pellets were resuspended 

in the protease inhibitor cocktail buffer, in one fourth (volume ‘B’) of the original volume. The 

solution was centrifuged again at 8,000 g, 4°C for 10 minutes to remove plant debris. The 

supernatant was transferred to a new autoclaved 50 ml glass bottle. 0.4xB ml PEG-8000 solution 

was added into the supernatant and the mixture was mixed with a magnetic stirrer at 4°C 

overnight and centrifuged at 8,000 g, 4°C for 10 minutes. The pellet was resuspended with PBS. 

The suspension was centrifuged again and the supernatant containing PVX particles were 

transferred into a new centrifuge tube and store at 4°C. 

2.8.2 hED44-PVX vaccine formulation 

2.8.2.1 hED44 and PVX conjugation 

hED44 and purified PVX particles were conjugated with a linker before they were connected 

together. The heterobifuntional cross-linker, sulfosuccinimidyl 6-(3'-(2-pyridyldithio) 

propionamido) hexanoate (Sulfo-LC-SPDP, Pierce™, Thermo Scientific) solution was made in PBS. 

Both hED44 and PVX were incubated with sulfo-LC-SPDP for 2 hours at room temperature. To 
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remove excess sulfo-LC-SPDP, the SPDP-conjugated molecules were purified by Zeba™ desalting 

columns (Pierce™, Thermo Scientific). 50 mM DTT was added and incubated with the SPDP-linked 

hED44 for 30 minutes at room temperature to provide sulfhydryl-activated molecules in the 

protein containing the linker. The sulfhydryl-activated protein was purified by a new Zeba™ 

column to eliminate the DTT and by-products. The 6 moles of SPDP-PVX and 1 mole of sulfhydryl-

activated hED44 were mixed and incubated for 18 hours at 4°C allowing conjugation of these 2 

molecules. The PVX-conjugated hED44 (hED44-PVX) was stored at 4°C. 

2.8.2.2 Assessment of efficacy of vaccine conjugation using SDS-PAGE gels 

2.8.2.2.1 Gel electrophoresis 

After finishing the conjugation process, the hED44-PVX protein was quantified using a BCA assay 

as described in section  2.4.4. 2 µg of the protein was mixed with NuPAGE® SDS sample buffer (Life 

Technologies) with or without DTT and loaded on a precast 4-12% Bis-Tris gel (NuPAGE® Novex®, 

Life Technologies). Novex® Sharp Unstained Protein Standards (Invitrogen™, Life Technologies) 

were used as protein standards. Electrophoresis was carried out at 150 V for 1 hour 30 minutes in 

NuPAGE® MOPS SDS Running Buffer (Life Technologies) at room temperature. 

2.8.2.2.2 Coomassie Blue gel staining method 

The gel was washed in deionised water 3 times for 5 minutes and stained with SimplyBlue™ 

SafeStain (Life Technologies) for 1 hour at room temperature. The stained gel was washed with 

deionised water for 1 hour or longer to provide clear background. Gel pictures were taken under 

UV light (GelDoc-it™ Imaging system, UVP). The photographs were analysed using ImageJ 

software version 1.48 (NIH, USA). 

2.8.2.3 ELISA test for hED44-PVX conjugation protein 

The sandwich ELISA technique was performed to investigate whether the 2 proteins had 

conjugated. The humanised anti-HER2 antibody, trastuzumab (Roche), was diluted in carbonate-

bicarbonate buffer to 3 µg/ml and coated on 96-well flat-bottomed Nunc Immuno™ ELISA plates 

(Nunc) by incubating overnight at 4°C. The plates were washed 5 times with PBS-0.1% Tween® 20 

(200 µl/well) and incubated at 37°C for 1 hour on a plate shaker with 100 µl per well of either 6 

µg/ml hED44-PVX, 3 µg/ml hED44 or 3 µg/ml PVX solutions, which were diluted in PBS-0.1% 

Tween® 20. After washing 5 times with PBS-0.1% Tween® 20, 100 µl mouse serum dilutions (8 

times serial dilution beginning with 1/1,000) were applied into each well. The sera contained 

either anti-hED44 or anti-PVX antibodies. The plates were incubated for 1 hour at 37°C and then 

washed 5 times with PBS-0.1% Tween® 20. A 1 in 1,000 dilution of the second antibody, HRP-
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linked anti-mouse IgG (The Binding Site), was applied 100 µl per well. Hour incubation at 37°C was 

performed and the plates were washed with 5 times with PBS-0.1% Tween® 20. To determine 

how much of HRP in each well, a chromogenic substrate was prepared and applied into the well 

as explained in section  2.2.2. A Varioskan™ Flash Multimode Reader (Thermo Scientific) was used 

to read 490 nm light absorbance values. 

2.8.2.4 hED44-PVX conjugation determination using transmission electron microscope 

2.8.2.4.1 Negative staining 

A 5 µl drop of PVX-conjugated hED44 was applied on to a 200-mesh Formvar®/Carbon reinforced 

grid (SPI Supplies/Structure Probe, Pennsylvania, USA) and incubated at room temperature for 1 

minute. The grid was gently blotted with filter paper to remove unbound hED44-PVX. Negative 

staining agent (3% Ammonium molybdate in 0.1 M ammonium acetate buffer, pH 7.0, with 0.25 

M sucrose supplement to aid spreading) was put onto the grid and left for 10 seconds. The grid 

was dried by blotting and then analysed under a transmission electron microscope (TEM, Hitachi 

H-700, Tokyo, Japan). 

2.8.2.4.2 Immuno-negative labelling for TEM 

A 200-mesh Formvar®/Carbon reinforced grid was incubated with 5 µl of hED44-PVX solution for 1 

minute at room temperature. hED44 and PVX solutions were used as comparators. Filter paper 

was used to remove the droplet by blotting. The grids were washed with PBS-1% BSA plus 0.01% 

Nonidet P40 (NP40, Roche) in 10x6 well plates (20 µl per well, cel-cult, Nunc™) with covers as 

humidity chambers, for 5 minutes. The grids were dried and incubated with either 1/1,000 

dilution of mouse anti-hED44 or anti-PVX serum in PBS-1% BSA-NP40 for 1 hour. Three washes 

with 5 minutes interval were carried out to remove excess antibody from the mouse serum and 

the grids were dried. Gold-conjugated anti-mouse IgG antibody (Life Technologies, 1/50 dilution in 

PBS-1%BSA-NP40) solution was applied to the grids and incubated for 1 hour at room 

temperature. The grids were washed 3 times with PBS-1%BSA-NP40 and twice with distilled 

water. 3% ammonium molybdate was used as negative staining. The grids were dried prior to 

pictures being taken using TEM (Hitachi H-700). 

2.9 Cytotoxic activity analysis 

2.9.1 Vaccine-induced T cell cytokines detection by FACS analysis 

Female Balb/neuT mice were vaccinated with only 1 injection of either rED44-FrC or a negative 

control vaccine with aluminum hydroxide adjuvant. Splenocytes were harvested from the mice 
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after 14 days of the vaccination. Lymphocytes were prepared by using the same as described in 

section  2.6.1. 

2.5x106 lymphocytes were transferred into a well in a 6-well plate. The cells were cultured in 

filtered complete RPMI 1640 media with 10 µg/ml of either rED44 or FrC overnight (18-24 hours) 

at 37°C, 5% CO2 to reactivate the lymphocytes. After the incubation, a protein transport inhibitor, 

BD GolgiPlug™ containing Brefeldin A (BD Biosciences), was directly added to each well to make a 

1/1,000 final dilution. The cells were incubated for a further 5 hours and then harvested. The 2.5 

x106 reactivated cells were transferred into a FACS tube and stained with 2 µl of LIVE/DEAD® 

Fixable Aqua Dead Cell Stain (Invitrogen™, Life Technologies) in 1 ml PBS plus GolgiPlug™ for 30 

minutes on ice in the dark. The cells were washed twice with FACS buffer and resuspended in 100 

µl 0.1% Brefeldin A (BD GolgiPlug™)-FACS buffer solution. Anti-mouse CD16/32 Fc blocking 

antibody (5 µg, eBioscience) was added and left for 20 minutes on ice, prior to addition of surface 

marker antibodies. The surface marker antibodies were anti-mouse CD3 PE (0.25 µg per 106 cells, 

clone 17A2, Biolegend), anti-mouse CD4 PerCP-Cy5.5 (0.25 µg per 106 cells, clone RM4-5, 

eBioscience) and anti-mouse CD8a AlexaFluor® 488 (0.5 µg per 106 cells, clone 53-6.7, 

eBioscience). The cells were incubated for 20 minutes on ice in the dark and washed with 500 µl 

0.1% Brefeldin A-FACS buffer solution. The cell pellet was resuspended in 100 µl fixation media 

(Reagent A, Fix&Perm® cell permeabilization kit, AN DER GRUB Bio Research GmbH (ADG), 

Austria) and incubated for 15 minutes at room temperature in a dark place. The cells were 

washed 2 times with FACS buffer and then the cell pellet was resuspended in 100 µl 

permeabilization media (Reagent B, Fix&Perm® cell permeabilization kit, ADG). Anti-mouse IL-2 

APC.Cy7 (0.25 µg per 106 cells, clone JES6-5H4, BD Pharmingen™), anti-mouse IL-4 APC (0.25 µg 

per 106 cells, clone 11B11, eBioscience), anti-mouse IFN-γ PE.Cy7 (0.25 µg per 106 cells, clone 

XMG1.2, eBioscience) and anti-mouse TNF-α BrilliantViolet™ 421 (0.25 µg per 106 cells, clone 

MP6-XT22, eBioscience) intracellular staining antibodies were applied into the cell solution. The 

cells were washed 2 times with FACS buffer after 30 minutes incubation on ice. After washing, the 

cells were acquired with a FACSCantoII machine. BD FACSDiva™ software (BD Biosciences) was 

used to analyse data and graphs were created using GraphPad Prism 6.0 software (GraphPad 

Software Inc.). 

Matched fluorochrome isotype control antibodies (0.2 µg of PE labelled rat IgG2b, 0.2 µg of 

PerCP-Cy5.5 labelled rat IgG2a, 0.2 µg of AlexaFluor® 488 labelled rat IgG2a, 0.2 µg of PE-Cy7 

labelled rat IgG1, 0.2 µg of APC-Cy7 labelled rat IgG2b, 0.2 µg of APC labelled rat IgG1 and 0.2 µg 

of Brilliant Violet™ 421 labelled rat IgG1) were also used for staining the 1x106 cells per 100 µl 

splenocytes.  

82 



Chapter 2 

2.9.2 Determination of IFN-γ producing CD8+ T cell numbers using ELISpot 

375 ng per well of anti-mouse IFN-γ (purified anti-mouse IFN-γ, BD™ ELISpot) antibody in 75 µl of 

filtered PBS was coated on MultiScreen® 96-well filtration plates (Merck Millipore) overnight at 

4°C.  

HHD mice were injected with hED44-PVX alone or E75 (KIFGSLAFL, HER2/neu 369–377, GL 

Biochem, Shanghai, China) plus P30 (TT epitope) peptide vaccine with Montanide™ ISA50V2 

adjuvant (SEPPIC). The latter was used as a positive control. 50 µg of each E75 and p30 peptide 

was diluted in 100 µl PBS and mixed 100 µl Montanide™ ISA50V2. Vaccine emulsification was 

performed before delivery to the mice with subcutaneous injection. 200 µg of hED44-PVX 

conjugated vaccine was injected using intraperitoneal technique. The vaccinated HHD mice were 

injected 14 days prior to spleens being collected. Naïve HHD mice were used as a control. The 

splenocytes were prepared using the same as mentioned in section  2.6.1. 

Before adding the splenocytes into the coated plates, 200 µl of complete RPMI medium was put 

in each well for 1 hour blocking. 2x105 splenic cells in 200 µl complete RPMI media were added 

into each well and incubated with one of the specific antigens. The antigens were E75, P30, PVX-

coat protein (PVX-CP) and an irrelevant peptide (sperm-associated antigen 9, SPAG9). The final 

concentration for E75, P30 and SPAG9p19 (VMSERVSGL, GL Biochem) peptides was 1 μM, while 

PVX-CP concentration was 10 µg/ml. The cells were incubated for a 24-hour period at 37°C, 5% 

CO2. 

Sterile water was used to lyse the splenocytes after the incubation. The plates were washed 4 

times with filtered PBS-0.1% Tween® 20 before anti-mouse IFN-γ biotinylated detection antibody 

was added for overnight incubation at 4°C. The biotinylated anti-mouse IFN-γ detection antibody 

was diluted in filtered PBS-10% FCS to 10 µg/ml solution. 200 µl of PBS-0.1% Tween® 20 was 

added to wash the wells 4 times, before make a 2 hour-incubation at room temperature with 100 

µl per well of a 1 in 500 dilution of streptavidin-ALP (Mabtech AB) prepared in filtered PBS-10% 

FCS. Three washes with filtered PBS-0.1% Tween® 20 and further 2 washes with filtered PBS were 

required. Spots were developed using the BCIP/NBT Kit (Invitrogen™, Life Technologies) following 

the manufacturer’s instructions (as explained in section  2.6.2). The developed spot images were 

taken and counted under an ELISpot microplate reader (AID GmbH) using AID microplate reader 

software. The data were compared using GraphPad Prism 6 software with the Mann-Whitney U 

test. 
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2.10 Statistical analysis 

In general, immune responses were compared between the experimental groups using the non-

parametric two-tailed (Mann Whitney-U) test. The log-rank Mantel-Cox) test was used to 

determine statistical significance for survival rates. Otherwise, statistical methods were stated 

specifically. 
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Chapter 3: ED44 protein as a HER2-targeting vaccine  

3.1 Introduction 

A novel vaccine against HER2 has been developed in collaboration with ICON Genetics. The HER2 

fragment, ED44, was selected to direct a broad immune response against HER2 and it was 

conjugated to FrC of TT to provide foreign T cell help. The new vaccine was expressed by ICON 

Genetics in a plant host, N. benthamiana, using the magnICON® system which allows vaccine 

scalability at a low cost to ensure deliverability for anticipated clinical testing454. In this chapter, 

the vaccine was investigated in vivo to determine its ability to induce immune responses against 

the specific molecule. 

3.1.1 Strategy for development of a plant-expressed HER2 targeting vaccine 

3.1.1.1 Plant-based recombinant protein as a vaccine antigen 

Protein production in plants is a relatively novel approach for expression of vaccines, including 

vaccines for cancer. Plants have been used for expression of pharmaceutical products since the 

first human growth hormone was produced in transgenic tobacco, in 1986455. However, several 

issues such as post-translational modification of plant recombinant proteins as well as 

environmental safety have been a potential concern. There is a broad range of post-translation 

modifications in eukaryotic cells such as glycosylation, phosphorylation and disulphide bond 

formation. It is known that in plants post-translational protein modifications are different from 

those in mammals including mice and humans. Inclusion of different sugar residues into a glycan 

chain is a well-known factor contributing to increased immunogenicity of plant proteins in 

animals456. For example plant-made proteins have relatively high levels of mannose compared to 

proteins made in mammals. Moreover, plants attach β1,2-xylose and α1,3-fucose sugars onto 

protein molecules457. β1,2-xylose and α1,3-fucose sugars are known to be important in IgE binding 

in allergy to plants458. For expression of recombinant therapeutic proteins such as mAbs, cytokines 

or enzymes in plants, the so-called “designer glycosylation” approach, has been used to minimize 

the protein immunogenicity459. A number of mammalian glycotransferases has been introduced 

into plants to substitute lack of β1,4 galactose and sialic acid and to allow expression of 

recombinant proteins with mammalian N glycan compositions460. Transgenic N. benthamiana 

plants where iRNA has been used to disrupt the endogenous β1,2 xylosyltransferase and α1,3 

fucosyltransferase enzymes were generated by Strasser and co-workers461. However, these 
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modifications are not required when the plant proteins are used as a vaccine to induce antigen 

specific immune responses. 

Nonetheless, a major concern about using plant systems for protein expression has been safety 

for the environment. This comes mainly from using transgenic plants. Viral vectors have been 

developed to use in a transient fashion eliminating generation of stably transfected transgenic 

plant that might pose a risk. The risk from using viral expression vectors as well as a bacterial 

vehicle for gene transfer to the plants has been minimised through genetic engineering462. 

Additionally, in the EU all the procedures are performed in a contained environment of a green 

house. There is no risk for human use as all the genetic materials from plants, viral and bacterial 

vectors are eliminated during purification procedures. Recently, plant-expressed proteins have 

been used as experimental vaccines in veterinary and for human vaccination against infectious 

diseases as well as against cancer463 464.  

3.1.1.2 Plant-based recombinant protein production  

One of the most efficient technologies for protein expression in plants is ‘magnifection’, which has 

been developed by ICON Genetics, Germany454. This technology benefits from the combination of 

three main components, plant host, viral vectors and a bacterial carrier. The plant host, N. 

benthamiana, is used for large scale recombination protein production without manipulation of 

the plant genome. Viral vectors ensure high levels of protein expression and yield. The gene of 

interest is inserted into viral cDNA (i.e. tobacco mosaic virus (TMV) and PVX) and the expression is 

controlled by the viral promotor465. These recombinant viral vectors are transferred to the host 

plants by Agrobacterium. The A. tumefaciens leads to a crown gall disease in plants. A T-DNA 

region located in a tumour inducing (Ti) plasmid of the bacteria is the area that the transgene of 

interest containing viral vector is placed466. This recombinant T-DNA is transferred and integrated 

with the host nuclear genome, where the gene of interest transcription occurs. These 

recombinant bacteria can carry the gene of interest throughout the plant to ensure high protein 

expression465. Together, all these components make the magnifection an interesting technology 

for expression of both protein therapeutics and vaccines. 

Protein expression using the magnifection technology has many advantages. First, high levels of 

protein expression and yield are obtained achieving more than three grams of the recombinant 

protein per one kilogram of leaf biomass465. Second, it is low cost to produce massive amounts 

(less than US$50 per gram of purified protein). Third, it is easy to scale-up for a larger industrial 

manufacturer. Fourth, such recombinant protein can be produced within 3 to 4 weeks, which is a 

much shorter time compared to other methods454. Furthermore, the viral vector can drive 

expression of several proteins including large proteins, offering the possibility to support 
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production of many complex proteins such as toxoids, enzymes, antigens, and cytokines465. 

Biosafety issues have been addressed as plant cultivations are carried out in enclosed areas such 

as greenhouses thus eliminating spread of Agrobacterium spp. and transfected plants to the 

environment. Lastly, the recombinant protein extraction is a straightforward protocol454. 

For this study, expression of ED44 genetically fused to FrC was initially performed. However, the 

yield of the fusion protein was very low. Hence, ED44 and FrC were expressed separately and then 

chemically conjugated to achieve the optimal yield. 

3.1.1.3 ED44-FrC conjugate vaccine: considerations for using the HER2 derived fragment 

ED44 in novel cancer vaccines targeting HER2 positive cancers 

The 44 kDa truncated C-terminus fragment (ED44) of HER2-ECD (Figure  3-1) was selected to target 

HER2-expressing cancers. This region, but not the same fragment, of rat HER2/neu has been used 

previously in a DNA vaccine by Rolla and co-workers390. They found that this region linked with TM 

domain was comparable in immunogenicity to the full-length rat HER2-ECD with the TM domain. 

When combined with electroporation this DNA vaccine protected mice against onset of 

spontaneous HER2-driven breast cancer in the rat neu transgenic mouse model, Balb/neuT. On 

the contrary, other regions of HER2 were less immunogenic. In addition, the TM and intracellular 

domains of HER2/neu have not been included in our vaccine to avoid possible complications 

during protein expression. Furthermore, the immunodominant HLA-A2 restricted peptide, E75 

(369-377), which is found in the human HER2 sequence, as well as another HLA-A2 peptide, p435 

(435-443), can be found in ED44467 468. As the overall aim is to co-induce antibody together with 

CD8+ cytotoxic T cells, having already defined epitopes will be useful for detecting responses and 

for comparison with different vaccine modalities such as peptide vaccines. Furthermore, ED44 is 

the juxtamembrane part of the HER2-ECD, which contains the binding site for trastuzumab335. 

Hence ED44-induced antibody should bind to the same region of HER2 as trastuzumab, potentially 

initiating similar inhibitory mechanisms of HER2 by interfering with homo and hetero dimer 

formation and preventing HER2-ECD cleavage. When HER2 dimerization and/or cleavage are 

inhibited, HER2-induced intracellular signalling does not occur. Hence, taking into account all the 

above, ED44 was selected as our vaccine to activate the immune system against the HER2/neu 

overexpressing cancers.  
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Figure 3-1 Diagram of ED44-FrC conjugate vaccine HERVAXIN® 

Truncated HER2 fragment ED44 and FrC of TT proteins are expressed in N. benthamiana 

plants using the magnifection technology. Sequences of the proteins were inserted into 

DNA plasmids containing viral promotors and then Agrobacterium was transfected with the 

plasmids. The bacteria were used to infect a plant host to produce ED44 and FrC in plant 

cells. Following purification of the proteins, glutaraldehyde conjugation is performed to link 

ED44 and FrC together. 

ED44-FrC conjugated 
(HERVAXIN®) vaccine

Fragment C of 
tetanus toxin (FrC)

Nicotiana benthamiana

ED44 encoding plasmid FrC encoding plasmid

Transfected
Agrobacterium

Plasmid transfection

Plant cell 
infection with 

Agrobacterium

Bacterial DNA

88 



Chapter 3 

3.1.1.4 Linking ED44 with FrC to engage foreign T cell help 

To break immunological tolerance to HER2 antigen, it was conjugated to FrC of TT. The linked T 

cell help specific for FrC is aimed at supporting the specific anti-HER2 response. TT from 

Clostridium tetani acts as a blocker of inhibitory neurotransmitters in human nervous systems469. 

However, it is also a very strong immunogen and in a non-toxic, toxoid form is the main 

component of vaccines against tetanus itself and is widely used as a carrier for polysaccharide 

vaccines470. For example, a meningococcal C polysaccharide is conjugated with TT to provide a 

source of strong T cell help to generate isotype-switched antibody responses (hapten-carrier 

effect) against the bacteria that cause meningitis471.  

As TT is a large molecule and some parts of TT are toxic to human with less immunogenicity, a 

specific fragment of TT has been selected to act as an immunogenic carrier. TT is separated into 

two main fragments: heavy and light chains. The TT molecule is also split into fragment B and 

fragment C (FrC) by papain digestion (Figure  3-2). The 47 kDa C-terminal portion of the toxin 

heavy chain, FrC containing domain 1 (DOM1) and DOM2, is non-toxic but retains immunogenicity 

and can induce protection against a lethal dose of TT472. Thus FrC has been used as a carrier in 

many vaccines for enhancing immune activation against both infections and cancers473 474. For 

example, a 28-kDa glutathione S-transferase antigen (P28) can be used to target Schistosoma 

mansoni, a human parasite that causes schistosomiasis. A FrC fused P28 vaccine showed ability to 

increase antibody responses against the P28 molecule473. 

For cancer, King, Stevenson and colleagues474 demonstrated that including FrC as a source of T cell 

help in a DNA vaccine by fusing to the Id antigen of B cell malignancies facilitated induction of 

anti-Id antibody and CD4+ Th cells. Anti-Id immunity and protection against lymphoma and 

myeloma were not induced unless FrC was included. This seminal paper was the first 

demonstration of the utility of FrC as a carrier for cancer antigens. This was a significant 

advancement in the field of Id vaccination, as FrC could be easily included into DNA vaccines, 

while the previously used immunogenic carrier, keyhole limpet hemocyanin (KLH), was unsuitable 

due to its complicated and undefined structure475. Due to the lack of tolerant models the 

performance of the Id-FrC fusion DNA vaccine has been never tested in the tolerant setting. The 

Id-FrC DNA vaccine has been tested in patients with lymphoma and myeloma in early phase 

clinical trials in Southampton (Prof. Christian Ottensmeier). They demonstrated generation of Id-

specific antibody and Th responses476. In the myeloma trial, both FrC- and Id-specific T cells were 

detected in 29% of patients, with 43% of patients responding to FrC alone. The vaccine was safe 

with mild to moderate side effects including flu-like symptoms and fatigue476. The next generation 

of a FrC-derived carrier DOM1 has been developed to deliver individual CTL epitopes. The domain 
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has been designed to still provide linked T cell help, but with competitive CD8+ CTL epitopes 

having been eliminated by removing the second domain of FrC. This design has been tested with 

epitopes from many cancer antigens and the plasmid DNA containing DOM1 (pDOM)-epitope 

vaccine design performed very well pre-clinically including in a number of tolerant models477. 

Subsequently the design has been extensively evaluated in phase I/II clinical trials in HLA-A2 

positive patients with prostate or colorectal cancer as well as AML. Cancer epitope specific 

responses have been detected in patients with prostate and colorectal cancer478-480. pDOM- 

epitope was used to target CAP-1 peptide from CEA in 27 cancer patients, majority is colorectal 

cancer481. The vaccine was overall safe and well tolerate, but 48% of patients reported diarrhoea 

due to expression of CAP-1 peptide in normal colon. Interestingly, among patients with advanced 

cancer those with diarrhoea lived almost three times as long as those without diarrhoea, although 

the difference did not reach significance in this small cohort.  
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Figure 3-2 FrC structure and pDOM-epitope DNA vaccine 

Tetanus toxin can be cleaved into fragment B and fragment C (FrC) by papain (a). The FrC 

portion is immunogenic and lacks toxicity. FrC has been used in our laboratory in DNA 

vaccine against Id antigen in lymphoma and myeloma (b). For induction of CD8+ T cell 

responses, the domain 1, is fused to the 5’ of antigen or peptide sequences280.  
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3.1.2 Human and rat version of the novel HER2-targeting vaccines: animal modelling 

At present, several transgenic mouse models based on human HER2 are available including whey 

acidic protein (WAP)-Her-2482 and MMTV.f.huHER2 #5 (Fo5)-transgenic mouse models483. These 

transgenic mouse models should provide a tolerant setting for in vivo vaccine testing but the 

tolerant mechanisms including Tregs, as well as the differences in T cell and B cell repertoires 

from the wild type mice, are not well defined in these models482 484. Furthermore, the tumour 

development, consistency and duration of the tumour progression in the human HER2 transgenic 

mice are problematic. The WAP-Her-2 mice do not develop spontaneous tumours482, while the 

Fo5 female-transgenic progeny do develop tumours very late, sometimes at the age of one 

year483. These limitations make it difficult to test novel cancer vaccines in a human HER2 tolerant 

setting. 

The transgenic mouse models based on rat HER2/neu have become an alternative choice. One of 

the models that has been extensively studied is the Balb/neuT mouse model. The Balb/neuT 

transgenic mice develop spontaneous HER2/neu positive breast tumour from an early age (week 

4). Histological aspects of the tumour mimic tumour development in humans. Also, rat HER2/neu 

is expressed in the thymus that leads to tolerisation of the T cell repertoire in the transgenic 

mice485. A consequence is that the mice are tolerant to rat HER2/neu, hence it is a true self-

antigen. The Balb/neuT mice will be explained further in the next chapter (section  4.1.1.1). 

3.1.3 Specific objectives 

Before moving forward to test the new HER2-targeting vaccine in the tolerant mice, the vaccine 

immunogenicity was evaluated and vaccine-induced immune responses were monitored in the 

wild type Balb/c mice which provided a non-tolerant setting. Not only the rat ED44 and ED44-FrC 

were assessed, but the human versions of the plant-expressed recombinant proteins also were 

tested to develop a vaccine for using in patients. Consequently, this chapter focuses on both rat 

and human vaccine versions, using two transplantable models. One is driven by the rat HER2/neu 

(TUBO) and another expressing human HER2 on the cell surface (D2F2/E2). The TUBO cells were 

derived from the Balb/neuT transgenic mice, the spontaneous cancer model. High levels of the rat 

HER2/neu expression were observed in this cell line with preservation of the signalling ability386. 

The mouse mammary cell clone D2F2/E2 was stably transfected with the human HER2. These cells 

were demonstrated to present the human HER2 molecules on their surface however it is unclear 

that the human HER2 can transduce intracellular signalling in this case451. 

The goals of this chapter are as follows. 

92 



Chapter 3 

• Investigating the ability of the plant-expressed rat HER2/neu targeting protein vaccines 

(rED44 and rED44-FrC) to induce humoral and cellular protection responses in the wild 

type Balb/c mouse using the TUBO model driven by rat HER2/neu. 

• Determining the ability of the rat HER2/neu targeting vaccines to induce antibody against 

human HER2 and protection against the human HER2 expressing model D2F2/E2.  

• Studying the capability of the human ED44-based vaccines to induce protective immunity 

in the D2F2/E2 model. 

3.2 Testing of ED44-based vaccines in a non-tolerant setting 

3.2.1 Rat ED44-based vaccines  

3.2.1.1 Plant-expressed rED44-based vaccine induced HER2/neu specific antibody response 

The first question was whether plant-derived vaccines rED44 and rED44-FrC could stimulate the 

immune system to make antibody against the rat HER2/neu. Female Balb/c (wild type) mice were 

injected with vaccines, rED44, rED44-FrC alongside the EC-TM DNA vaccine comparator, and a 

negative control vaccine, following the protocol described in Figure  2-1. The negative control 

vaccine was an irrelevant antigen, a 5T33 Id recombinant protein. This antigen was also expressed 

in plants using the same expression system (details are in materials and methods). The DNA 

vaccine was used as a positive control and a comparator, for which efficacy against the rat 

HER2/neu positive breast cancer in several animal models was already demonstrated390 486. Two 

adjuvants were chosen for protein vaccines. Aluminum hydroxide (alum) has been known as a 

potent adjuvant for antibody induction in vaccines against infection diseases and has been in 

human use for over 50 years. Alum adjuvant was combined with all three protein vaccines. The 

second adjuvant was GM-CSF used in many cancer vaccines aiming to induce largely but not 

exclusively cytotoxic responses, with less known potency for antibody induction428 444. GM-CSF 

was only used with rED44-FrC to compare ability of the new recombinant vaccine to activate the 

rat HER2/neu specific immune responses. All protein vaccines were delivered by subcutaneous 

injections while EC-TM DNA vaccine was injected by intramuscular route twice at day 0 and week 

3. The vaccinated mice were tail-bled for serum sample collection at week 3, 5 and 7 from the 

priming injection (Figure  2-1). Mild inflammation was found at the injection site, however, there 

were no serious side effects observed in all mice vaccinated with rat ED44-based vaccines.  

Initially the sera samples were evaluated for antibody to rED44 by ELISA. The number of mice in 

this experiment was chosen based on previous experience (at least 3-5 mice per group) in 

evaluation of antibody responses to antigen/adjuvant combinations in our lab and to be in 
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compliance with the 3R’s principle for animal usage. rED44-FrC vaccine induced rED44 specific 

antibody responses when used with either alum or GM-CSF (Figure  3-3). These levels were 

statistically higher than those in the control vaccine group (p<0.05). However, the rED44 specific 

antibody levels in the rED44-FrC plus GM-CSF group were lower than in the rED44-FrC plus alum 

groups after the priming injection (p=0.0357) and after the boost (p=0.0357). Hence out of the 

two clinically relevant adjuvants for antibody induction, it was clear that alum was superior over 

GM-CSF and hence alum-based adjuvant was used with the protein vaccines for the rest of the 

study. 

Next, rED44 and rED44-FrC vaccines were compared. After priming injection specific antibody was 

induced in rED44 (p<0.0001), and rED44-FrC (p<0.0001) groups compared to the control vaccine 

but not in the EC-TM DNA vaccine group. Antibody could not be found in the negative control 

group (Figure  3-4), except one serum sample where an unexpected antibody response was found 

at week 7. This result was not reproduced. Non-specific antibody binding could be one reason for 

this phenomenon. As expected, the antibody levels increased after the boost in all rED44 

containing groups and significant levels were now also observed in the EC-TM DNA vaccine group 

(p<0.0001) compared to the control vaccine. The antibody levels continued to marginally increase 

from week 5 to week 7 in all experimental groups except for the EC-TM DNA vaccine group. rED44 

specific antibody levels were similar in rED44 alum and rED44-FrC alum groups at each tested 

time point with a tendency of slightly better levels achieved by rED44 vaccine overall after two 

injections. These data demonstrate that all vaccines can induce antibody responses against the 

rED44 antigen with protein vaccines performing significantly better than the DNA vaccine. 

Importantly, rED44-FrC conjugate was able to induce anti-rED44 antibody at a level comparable to 

unconjugated vaccine rED44 indicating that rED44 B cell epitopes were largely preserved during 

the conjugation procedure.  
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Figure 3-3 Anti-rat ED44 antibody induced by rED44-FrC vaccines in combination with 

different adjuvants 

This figure demonstrates anti-rED44 antibody in serum samples from mice vaccinated with 

rED44-FrC and a negative control vaccine. The mice were injected with rED44-FrC in 

combination with either GM-CSF (n=3) or alum (n=5) adjuvants and the control vaccine with 

alum (n=4). They were boosted with the same vaccine 3 weeks later. The serum samples 

from the mice were collected at week 3 and week 5. Each bar represents the mean value 

with standard deviation (SD). Statistical analysis was performed using the Mann-Whitney U 

test. The difference between the groups was considered statistically significant when the p-

value was less than 0.05 (*=p<0.05). 
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Figure 3-4 Evaluation of anti-rED44 antibody following vaccination with rED44 targeting 

vaccines 

Anti-rED44 antibody in samples from mice vaccinated with rED44, rED44-FrC, EC-TM DNA 

vaccine and a negative control vaccine was evaluated. The mice were primed and boosted 

with the same vaccine 3 weeks after the first injection. The mice were tail-bled at week 3, 5 

and 7 to provide serum samples for each time-point (Figure  2-1). rED44-FrC (n=15) and 

rED44 (n=15) vaccines with alum adjuvant induced higher antibody responses compared to 

EC-TM DNA vaccine (n=15). No antibody responses were found in the negative vaccine 

control group (n=12). Each bar represents the mean value with SD. The Mann-Whitney U 

test was used for statistical analyses. The difference between the groups was considered 

statistically significant when the p-value was less than 0.05 (*=p<0.05, ****=p<0.0001). This 

experiment was reproduced 3 times and the data were combined in this figure. 
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3.2.1.2 Anti-rat HER2/neu IgG antibody isotypes 

The next question was the IgG isotype profile induced by the vaccines. Three serum samples from 

week 5 time-point of each experiment were randomly selected to investigate IgG1, IgG2a and 

IgG2b isotypes. 

ELISA demonstrated that IgG1, IgG2a and IgG2b isotypes were induced by both protein vaccines 

and the results of one experiment out of two independent experiments are shown in Figure  3-5. 

All three IgG isotypes were induced by the rED44 and rED44-FrC vaccines. rED44-FrC induced 

lower levels of IgG1 and IgG2a compared to the unconjugated vaccine (p=0.0043 and 0.0411, 

respectively). Although the rED44-FrC vaccine seemed to activate lower levels than rED44 in 

IgG2b, there is no statistically significant difference between them. These results suggest both 

rED44 and rED44-FrC vaccine with alum activated humoral responses of multiple isotypes.  

 

 

Figure 3-5 Anti-rat ED44 IgG isotypes 

For each experiment, three mouse serum samples from the week 5 time point as seen in 

Figure  3-4 were selected randomly to analyse IgG isotypes (2 independent experiments in 

total). The serum samples were from rED44-FrC (n=6) and rED44 (n=6) vaccinated Balb/c 

mice. The serum samples were diluted to the optimal concentration. IgG1, IgG2a and IgG2b 

were detected. Each bar represents mean value and SD. Differences were considered 

statistically significant when p values were less than 0.05 using the Mann-Whitney U test 

(*=p<0.05, **=p<0.01). 
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3.2.1.3 Rat ED44 vaccines induce antibody to native form of HER2/neu 

In the previous section the evaluation of antibody levels was based on the rED44 molecule, which 

was used as a coating antigen in the ELISA. It was not clear whether the antibody would bind to 

the native HER2/neu molecule. The next question was whether these recombinant protein 

vaccines were able to induce antibody that bound to native HER2/neu on breast cancer cells. Such 

recognition of the HER2/neu natural conformation by the vaccine-induced antibodies is required 

to target HER2/neu positive breast cancer cells. 

A flow cytometry based binding assay was employed to investigate the binding level of the 

antibody against the HER2/neu molecule on the tumour cells. The tumour cell line, TUBO, was 

used as target cells. The TUBO cells have been established from a mammary carcinoma of the 

Balb/neuT transgenic mouse presenting high levels of rat neu molecule on the cell surface386. As 

the antigen-specific antibody should be of high affinity after the boost, week 5 serum samples 

were selected to determine anti-rED44 antibody affinity. The serial dilutions of sera from rat 

HER2/neu targeting vaccine groups (the ED44 based vaccines and the DNA vaccine) were 

incubated with the cells and the binding of the induced IgG antibody was detected using 

fluorochrome-conjugated anti-mouse IgG secondary antibody as explained in the section  2.3. The 

pooled serum was used as a standard to detect the rat HER2/neu molecule on the TUBO cell 

surface. In order to compare the levels of binding, serial dilution of the standard was used to 

generate a standard curve in a similar way to ELISA (Figure  3-6a). The flow cytometry experiments 

demonstrated that both the rED44 and rED44-FrC vaccines induced antibodies which could bind 

to the native form of the rat HER2/neu molecule (Figure  3-6a). 

 In terms of differences between the groups the FACS-based assay revealed a similar pattern to 

that seen in ELISA. A slight difference was observed in the levels of binding between rED44 and 

rED44-FrC groups, but it was not statistically significant. The levels of antibody induced by EC-TM 

DNA vaccine were lower than the levels of the protein vaccine-induced antibodies (p<0.0001, 

Figure  3-6b). The same negative control group as for ELISA was used here. Low levels of binding 

was observed in the negative control samples presumably because of binding reactivity of these 

polyclonal sera with unknown antigens on the TUBO cells. This cross-reactivity could be due to 

similarity in glycosylation patterns in plant expressed vaccines and of the surface proteins of 

cultured mammalian cells. However, all vaccines induced highly significant antibody levels as 

compared to the negative control group (p<0.0001). 
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These data suggest that the plant-expressed recombinant rED44 protein vaccines either 

unconjugated or FrC conjugate were able to induce significant HER2/neu specific humoral 

responses indicating the responses have an excellent potential to protect against a HER2 positive 

tumour. Furthermore, there was a strong correlation between the levels of rED44-specific 

antibody and rat HER2/neu native form binding ability for both rat ED44 and rED44-FrC vaccines 

(rED44-FrC the linear correlation coefficient (Pearson), r=0.6630, p=0.0098; rED44 r=0.7673, 

p=0.0014; Figure  3-7).  
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a. 

 
b. 

 
Figure 3-6 Evaluation of antibody binding to rat HER2/neu 

The antibodies from the vaccinated mice were tested for binding ability to the native form 

of rat neu on the surface of TUBO cells. Week 5 (after a boost) serum samples from 

vaccinated female Balb/c mice (rED44 with alum n=15, rED44-FrC with alum n=15, EC-TM 

DNA vaccine n=15 and a negative control vaccine with alum n=12) were used to detect the 

native form of rat HER2/neu. Results are (a) representative plots where the rED44-FrC and 

rED44 vaccinated serum sample dilutions were 1/3,200; and (b) relative units per ml of the 

rat HER2/neu specific antibody. The Mann-Whitney U test was used for the statistical 

analyses, with a p-value less than 0.05 indicating statistical significance (****=p<0.0001). 

The mean value and SD is shown by each bar. This experiment was conducted 3 times and 

the combined results are shown in this figure. 
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3.2.1.4 Vaccine-induced CD4+ T cell responses 

It is well known that the CD4+ Th cell compartment plays an important role in supporting 

immunological responses against antigens. The focus here is on the role of these cells in providing 

help to B cells to undergo isotype switch and affinity maturation. IL-2, IL-4 and IFN-γ are the 

cytokines with well-defined function in provision of such help. In the last section, the IgG isotype 

profile was revealed in mice vaccinated with the recombinant protein. It has been accepted that 

a. 

 
b. 

 
Figure 3-7 Correlation of binding to rED44 by ELISA and to native rat HER2/neu by flow 

cytometry 

Correlations for rED44-FrC (n=14, a) and rED44 (n=14, b) are shown. Solid and dotted lines 

demonstrate the best-fit line and 95% confidence interval, respectively. 
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mouse IgG1 responds to Th2 help, while IgG2a is the Th1-bias isotype487 488. Hence the Th cell 

cytokines were studied in detail in the vaccinated mice. 

Assessment of IL-2, IL-4 and IFN-γ cytokines was carried out using an ELISpot assay. Balb/c mice 

were vaccinated with either rED44 or rED44-FrC or the negative control vaccine as mentioned 

before (section  2.6). Fourteen days later, spleens were harvested from the vaccinated mice and 

splenocytes were prepared as single cell suspensions. The isolated cells were incubated with the 

specific antigen (ED44), TT or the control antigen which in this case was an irrelevant protein OVA. 

Since FrC is a portion of TT, TT was used as a source of FrC for splenocyte re-stimulation. The cells 

were incubated for 40 hours to allow processing of the antigens by DC and activation of T cells 

was followed by secretion of the cytokines. Produced cytokines were captured by specific 

biotinylated antibodies followed by an alkaline phosphatase conjugated streptavidin and 

developing of the reaction to visualize the spots. Each spot represented a Th cell that responded 

to the antigen. 

rED44 and rED44-FrC vaccines induced Th cells that secreted IL-2, IL-4 and IFN-γ in response to 

rED44 antigen in comparison with the negative control group (Figure  3-8). As expected, the 

rED44-FrC vaccine induced IL-2 and IL-4 producing T cells when re-stimulated by TT antigen. The 

TT-specific T cells were not found in the rED44 and the negative vaccine groups. In addition, the 

OVA antigen failed to activate the splenocytes to generate significant levels of either IL-2 or IL-4 

(Figure  3-8b). Low levels of IFN-γ were induced by both vaccines. However, the responses to 

rED44 of rED44-FrC and rED44 vaccine groups were higher than those in the negative control 

(p<0.05, Figure  3-8b).  

In mice IL-4 governs secretion of IgG1, whereas IgG2a is linked to IFN-γ and IL-2 secretion by the 

cognate Th cells488. The Th cell responses here correlated with the IgG isotype profiles as 

predicted. Collectively, both vaccines were able to induce CD4+ T cell responses in the wild type 

mice. These data provide a baseline of the T cell responses in non-tolerant setting for future 

comparison to responses in the tolerant setting of the Balb/neuT transgenic mice. 
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a. 

 
b. 

 

Figure 3-8 Vaccine-induced CD4+ T cell responses in Balb/c mice 

Balb/c mice were vaccinated with rED44 (n=6), rED44-FrC (n=5) or the negative control 

vaccine (n=5). After 14 days, spleens were taken from the vaccinated mice and subjected to 

ELISpot for IL-2, IL-4 and IFN-γ cytokines. The splenocytes were restimulated in vitro for 40 

hours with either rED44 or TT for specific responses or OVA negative control. Spots were 

developed using capture antibody against specific cytokines. Spots were read and counted 

under an ELISpot microplate reader system. Each bar in diagram (b) displays the mean 

value with SD. The Mann-Whitney U test was performed to determine statistical 

significance (*= p<0.05, **= p<0.01). Three independent experiments were performed with 

one representative shown. 
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3.2.1.5 Protection against TUBO breast carcinoma 

In earlier sections both rat HER2/neu specific antibody and Th cells were detected in mice 

vaccinated with the rED44-based recombinant protein, the next step was to confirm that the 

vaccine-induce immune activities could protect against the HER2/neu positive breast cancer. 

Hence, the vaccinated mice were subsequently subcutaneously injected with a lethal dose (2x105 

cells) of the TUBO cells, the rat HER2/neu positive mammary carcinoma cell line. Naïve mice and 

the control vaccine group as before were also included. The challenged mice were monitored and 

culled when the tumour mass reached 15 mm in diameter. 

The negative control and the naïve mice were culled due to the tumour burden between day 32 

and 38 after the challenge. Both protein rED44 and rED44-FrC vaccines as well as the EC-TM DNA 

vaccine provided 100% protection against the TUBO cell challenge (p=0.0001, Figure  3-9) and no 

tumour development was observed in these mice. They survived until the experiments were 

finished at day 100. 

 

 

Figure 3-9 Survival curves for the TUBO tumour challenge 

Balb/c mice were injected with rED44-FrC (n=5), rED44 (n=5), EC-TM DNA vaccine (n=5) and 

a negative control vaccine (n=3). Naïve Balb/c mice (n=5) were included as a control. 

Vaccinated and naïve mice were subcutaneously injected with the lethal dose (2x105 cells) of 

rat HER2/neu positive breast tumour, TUBO, after the vaccination and serial blood collection. 

All mice were monitored for tumour development and culled when the tumour diameter 

reached 15 mm. The log-rank test was used for statistical analysis (***=p<0.001). This 

experiment was reproduced three times with similar results. 
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Collectively, the results suggested that the plant-expressed rED44 and rED44-FrC recombinant 

proteins were able to induce a strong HER2 specific antibody response in non-tolerant setting. 

The protein vaccines induced strong rat HER2/neu-specific antibody with broad IgG isotype 

switching. CD4+ Th cells responding to HER2/neu protein and the carrier antigen (TT) were also 

activated in vaccinated mice. This activation is crucial for the immune system to develop and 

maintain a humoral memory compartment, which is ready for the second challenge and rapidly 

promotes powerful immune responses against the antigen489. These vaccinated mice were also 

protected against the rat HER2/neu expressing TUBO cancer cells.  

3.2.1.6 Protection against D2F2/E2 human HER2 positive breast cancer 

After the rED44-based vaccines were demonstrated to protect the vaccinated mice from the rat 

neu expressing cancer cells with presentation of strong antibody and specific Th cell responses, 

the vaccines were further investigated in the human HER2 overexpressing cell line, D2F2/E2. As 

human HER2 is 89% homologous to the rat HER2/neu protein, the rat HER2/neu sequence-based 

ED44 vaccines may protect the vaccinated mice from the D2F2/E2. Previously rat fragments have 

been also used to generate anti-human HER2 immunity by others490. Hence the next question was 

if these vaccines could drive the response against human HER2. However, FACS-based experiment 

suggested that the rED44-based vaccines were unsuccessful in induction of human HER2-specific 

antibody. The vaccine-induced antibody cannot bind to the native form of human HER2 molecule 

(Figure  3-10a). This suggested that B cell epitopes in rED44 did not match the epitopes in human 

HER2. 

The rED44 and rED44-FrC vaccinated mice were also challenged with the human HER2 positive 

breast cancer cell line, D2F2/E2. Similar to the TUBO model, the vaccinated mice were 

subcutaneously injected with a lethal dose of the D2F2/E2 (2x105 cells) after the vaccination and 

serial serum samples collected. Figure  3-10b presents a survival curve of the challenged mice 

which indicates that the two rED44 proteins (no statistical difference) and DNA (p=0.0188) vaccine 

only slightly delayed the tumour development compared to the control vaccine and naïve control 

groups. Overall all vaccines failed to induce long term protection. These data suggest that rat neu 

vaccine-induced immune responses are not sufficient to eradicate the human HER2 positive 

breast cancer. Hence, a human version of the ED44 vaccine was developed. 
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a. 

 
b. 

 

Figure 3-10 D2F2/E2 binding assay and survival curves for the D2F2/E2 challenge 

Balb/c mice were vaccinated with rED44, rED44-FrC, EC-TM DNA vaccine (each n=6) and a 

negative control vaccine (n=4). The serum samples, 1 in 100 dilution, were tested for 

binding ability to human HER2 on D2F2/E2 cell surface using flow cytometry (a). After the 

serial serum sample collection, the vaccinated mice and similar age naïve Balb/c mice (n=5) 

were challenged with the lethal dose (2x105 cells) of D2F2/E2 (b). The challenged mice 

were followed and terminated when the tumour was bigger than 15 mm in one diameter. 

The experiment was repeated 2 times. Statistical analysis was performed with the log-rank 

test. There is no statistical difference between all groups, except EC-TM DNA vaccine 

compared to the control vaccine and naïve mice (p<0.05).  
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3.2.2 Evaluation of human ED44-based vaccines in the D2F2/E2 model 

3.2.2.1 Induction of anti-human HER2 antibodies  

Here similar assays as for evaluation of the rat version of ED44-based vaccines were used; ELISA 

to evaluate responses to hED44 itself followed by a FACS-based binding assay to evaluate binding 

to the native human HER2 on the D2F2/E2 tumour cells. Female Balb/c mice, aged 6 to 12 weeks, 

were vaccinated and boosted with the following vaccines; human ED44 (hED44), FrC conjugate 

hED44 (hED44-FrC) and an irrelevant myeloma antigen, 5T33, as a negative control vaccine 

(Figure  2-1). Alum adjuvant was mixed with all protein vaccines prior to every injection. Serial 

serum samples were collected from all vaccinated mice by tail bleeding and antibody levels were 

measured. 

From the anti-hED44 antibody assessment, vaccine-induced hED44-specific antibody was only 

detected in hED44 and hED44-FrC vaccinated mice (Figure  3-11). There was no specific antibody 

detected in the negative control group as expected. Even though the antibody levels of the hED44 

group were higher than those of the hED44-FrC vaccinated mice with statistically significant 

difference (p<0.05) in all time-points (Figure  3-11), the hED44-FrC antibody levels were 

considerably high compared to the negative control (p<0.0001) indicating that that the conjugate 

largely preserved the B cell epitope structure. Increasing antibody levels were observed after the 

booster vaccination. The antibody levels were measured 3 times after the boosting (Figure  2-1) 

with 2 week intervals. The antibody levels were at their highest at 4 weeks after the booster in 

both groups and levels reached plateau (Figure  3-11).  
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3.2.2.2 IgG isotype analysis of human form ED44 vaccines 

In this study, human HER2-specific IgG1, IgG2a and IgG2b in mouse serum samples were 

evaluated. The wild type mice were vaccinated with the human version protein vaccines, either 

hED44-FrC or hED44. At four weeks after the boost (week 7), three serum samples were selected 

as the groups’ representatives randomly to test the IgG isotypes using an ELISA technique. 

hED44 and hED44-FrC vaccines induced all three isotypes tested in comparable quantities 

between the vaccines (Figure  3-12), as in the rat version. There was a trend that the hED44 

 

Figure 3-11 Evaluation of anti-human ED44 antibody 

Balb/c mice were vaccinated with hED44, hED44-FrC or a negative control vaccine and 

boosted with the same vaccine 3 weeks after. Serum samples were collected at week 3, 5, 7 

and 9. The anti-hED44 antibodies in serum samples were detected using ELISA. The mice 

were vaccinated with hED44-FrC (n=18), hED44 (n=18) or a negative control vaccine (n=12). 

Each bar represents mean value with SD. The Mann-Whitney U test was used for statistical 

analyses (*=p<0.05, ***=p<0.001, ****=p<0.0001). Three independent experiments were 

performed and the combined results are shown in this figure. 

108 



Chapter 3 

induced more hED44-specific antibody than that hED44-FrC did. However, statistical difference of 

those IgG isotypes was not noticed between the two. 

 

3.2.2.3 Human ED44 based vaccines induce anti-human HER2 antibody  

The question was the same as for the rat form vaccine; ‘can the vaccine-induced antibody bind to 

a native conformation of human HER2?’ Thus, FACS-based experiments were carried out to test 

the binding ability of the antibody induced by both human ED44 and ED44-FrC vaccines. As for the 

rat assay the sera standard was used to generate a standard curve and serially diluted samples 

were used. Results from the flow cytometry indicated that both human ED44-based vaccines 

generated antibody that bound human HER2 on the D2F2/E2 cell surface. Representative plots for 

hED44-FrC and hED44 vaccine groups are shown on Figure  3-13a. Low levels of binding of serum 

 

Figure 3-12 Anti-human ED44 IgG isotypes 

Balb/c mice were vaccinated with hED44 (n=9) or hED44-FrC (n=9) in combination with an 

alum adjuvant. The serum samples were collected at 4 weeks after a boost (7 weeks after 

the priming injection). Three mouse serum samples were randomly selected (3 samples 

from each experiment, 3 experiments in total) and analysed for IgG1, IgG2a and IgG2b 

isotypes using ELISA assay. Statistical analysis was performed using the Mann-Whitney U 

test. The combined results are shown. 
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samples were detected in the negative control group and the reasons for the reaction could be 

the same as seen in the TUBO cell binding experiment ( 3.2.1.3). However, the antibody levels 

were much lower than those in hED44-FrC and hED44 groups. hED44-induced levels were higher 

than those induced by the hED44-FrC vaccine (p=0.0011, Figure  3-13b) supporting anti-hED44 

ELISA results. Furthermore, there was a strong correlation between the levels found in ELISA and 

anti-HER2 levels determined by FACS (Figure  3-14), similarly to the rat version vaccines (hED44-

FrC r=0.8083, p=0.0015, hED44 r=0.9108, p<0.0001). Taken together, these data indicate that the 

human version of ED44 protein vaccines were able to mimic the essential determinants of the 

native HER2 and guide anti-HER2 antibody specificity. These data was in contrast with the data 

obtained with the rat version which failed to guide the anti-human HER2 specificity (Figure  3-13b). 
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b. 

 

Figure 3-13 Human HER2 binding assay for antibody induced by vaccination with the rat and 

the human ED44-based vaccines 

Serum samples from vaccinated Balb/c mice were evaluated for antibody binding to 

D2F2/E2 cells, which expressed the native human HER2 on the cell surface. The vaccine-

induced antibody (1/8,000 dilution) from both groups displays binding ability to the HER2 

native form, as shown in representative FACS plots (a). Graph (b) shows relative units of 

individual serum samples, which were calculated from the pooled standard, for rED44-FrC 

(n=10), hED44, hED44-FrC (n=12) and a negative vaccine control (n=8) groups. The data 

were combined from 2 independent experiments. Mean values with SD are shown with 

each bar. Statistical analyses were performed with the Mann-Whitney U test (**=p<0.01, 

****=p<0.0001).  
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3.2.2.4 Protection from the human HER2 positive breast cancer challenge 

The next question was whether the human HER2-targeting vaccines protect mice from the HER2 

positive breast cancer cells. After vaccinations and blood sample collections, all vaccinated and 

a. 

 
b. 

 
 

Figure 3-14 Correlation of hED44 antibody and human HER2 binding levels 

This diagram examined the correlation between the hED44-specific antibody (Figure  3-11) 

and the human HER2 native form binding levels (Figure  3-13) for hED44-FrC (n=12, a) and 

hED44 (n=12, b). The base-fit line and 95% confidence interval are shown in solid and dot 

lines respectively. The Pearson linear correlation coefficient was used for statistical 

analysis. This experiment was reproduced for 2 times and the combined result was shown 

in the figure. 
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naïve Balb/c mice of a comparable age were challenged with a lethal dose (2x105 cells) of 

HER2/neu positive breast tumour cells, D2F2/E2 (Figure  2-1). The mice were injected 

subcutaneously with 100 µl of the tumour cell suspension. 

Within 30 days after the challenge, the tumour mass reached 15 mm in the negative control 

vaccine and the naïve mouse groups. On the other hand, the tumour development in the hED44 

vaccinated group was dramatically delayed with statistical significance (p<0.01, Figure  3-15), with 

10-20% of mice surviving at the time when the experiments were terminated. Even better 

protection was seen in the hED44-FrC vaccinated mice as more than 50% of the mice remained 

tumour free at the end of the experiments. The levels of the vaccine induced-antibody and the 

D2F2/E2 binding ability did not correlate with the protection in this model. 

Collectively, the hED44 and hED44-FrC vaccines could activate the host immune system to reject 

HER2/neu overexpressed breast cancer cells. Although the hED44 vaccines only include the C-

terminus of HER2/neu, they are able to stimulate the immune responses against the natural 

configuration of the HER2/neu molecule on the tumour cell surface. 
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3.2.3 Investigation of potential mechanism for anti-tumour effects of hED44-FrC induced 

antibody  

3.2.3.1 PI3K/Akt signalling inhibition assay 

PI3K/Akt signalling pathway is downstream of activated HER2 leading to cell survival, proliferation 

and mobility. Two residue sites, Threonine 308 (Thr308) and Serine 473 (Ser473), are 

phosphorylated when the Akt is activated342. HER2/neu specific mAbs, trastuzumab and 

pertuzumab, were designed to bind the extracellular domain of the HER2/neu. The binding leads 

to inhibition of HER2/neu dimerization with other HER family molecules and prevents intracellular 

signal transduction via PI3K/Akt. By analogy, the hED44-FrC vaccine-induced anti-ED44 antibody 

should bind to the HER2/neu and also restrain the PI3K/Akt signal transduction. This was tested 

directly on human tumour cell lines. The BT474 cell line, a HER2/neu overexpressing human 

 

Figure 3-15 Survival of vaccinated mice after the D2F2/E2 tumour challenge 

After vaccinations and serial blood sampling, the vaccinated mice (hED44-FrC n=6, hED44 

n=6, a negative vaccine n=4) and naïve (n=4) Balb/c mice were challenged with the lethal 

dose (2x105 cells) of the D2F2/E2 cells, a human HER2 positive breast tumour cell line, using 

subcutaneous injection. The challenged mice were culled when the tumour reached 15 mm 

in one dimension. The statistical difference was considered significant when p-value less 

than 0.05 using the log-rank test (**=p<0.01). The experiment was reproduced three times. 
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breast cancer line, was incubated with the combined sera from vaccinated mice (as described in 

section  2.4.2). A combined negative control mouse sera, trastuzumab (Herceptin®) or PI3K 

inhibitor (LY294002) were also used for treatment of the BT474 cell line as controls or 

comparators. pAkt (Ser473) was measured as a marker for the Akt activation by Western blot 

analysis using the site specific phosphor antibody. 

Although HER2 is expressed on the D2F2/E2 cell surface, it is unable to signal and this human 

HER2 antigen is a surrogate antigen in these mouse cells392. Hence human breast cancer cell line 

BT474 cell line was selected because it expresses high levels of human HER2 and is able to 

mediate downstream signalling. It was also previously used to demonstrate reduction of pAkt 

levels by trastuzumab491. In clinical settings, mean concentration of trastuzumab in serum samples 

of patients who received mAb multiple doses was around 79 µg/ml, while the peak concentration 

was about 123 µg/ml492 493. In this study, trastuzumab was kindly provided by Dr Manos Papadakis 

(Cancer Sciences Academic Unit, Faculty of Medicine, University of Southampton). His 

experiments indicated that similar concentration range of trastuzumab of 63 and 125 µg/ml was 

able to inhibit BT474 cell growth (M. Papadakis, unpublished data); hence these concentrations 

were used in this PI3K/Akt signalling inhibition assay. 

As shown in Figure  3-16, pAkt level was lower in the lane where the lysate from BT474 cells 

incubated with the hED44-FrC vaccinated sera were run in comparison with the control lane. The 

level of inhibition was comparable to that of the PI3K inhibitor and exceeded that of the 

trastuzumab. In contrast to the hED44-FrC sera, the negative control sera did not decrease the 

pAkt level. β-actin was quantified as control for loading, while the total Akt protein level was also 

quantified to confirm that Akt molecules are intact. Both proteins were detected at the same 

intensity (Figure  3-16). They demonstrated that all cell-lysates were loaded equally for every 

sample. Hence the hED44-FrC vaccine-induced antibody could inhibit the HER2 downstream 

signalling indicating that this is one mechanism by which the induced antibody could eliminate 

HER2/neu positive breast tumours. 
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3.2.3.2 Human HER2-overexpressing cell growth inhibition assay 

Following the results on inhibition of HER2 downstream signalling caused by the hED44-FrC 

induced antibody, a cell growth inhibition assay was set up to determine the effect of the 

antibody on the growth of cancer cells. DAPI nuclear staining assay on fixed cells was used to 

enumerate viable human breast cancer cells. In this case fluorescent images of cells (not 

permitted by a trypan blue exclusion assay) were obtained using the imager. Indirect cell viability 

methods such as MTT assay have been also previously used by others494. However, since it 

determines cellular metabolic activity rather than cell numbers, enumeration of cells can be 

unreliable because of under- or overestimation of the activities495. 

 

Figure 3-16 Vaccine-induced anti-HER2/neu antibodies inhibit Akt signalling in the HER2 

positive breast cancer cell line 

The human HER2 positive mammary cancer cell line, BT474, was treated with sera from 

vaccinated mice, trastuzumab (Herceptin®) or PI3K inhibitor (LY294002). Phosphorylated-

Akt (pAkt, Ser473) was used to detect HER2 downstream signalling in Western blotting 

assay. The vaccinated mouse serum samples were pooled from hED44-FrC (n=6) or a 

negative vaccine control mice (n=4) and the combined serum were use as 1 in 50 or 100 

dilution in complete cell culture media. Trastuzumab was diluted in the media to2 

concentrations, 63 and 125 µg/ml. 30 µM of the PI3K inhibitor was used to treat the cell 

line for 1 hour. Two independent experiments were performed to confirm the result. 
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In this experiment, two human cell lines overexpressing human HER2, BT474 and SKBR3, were 

treated as explained in section  2.5.2 and each sample was done in quadruplicate. After cell 

fixation at day 1, 2 and 3 after the treatment, DAPI staining and ImageJ software were used in 

cell-quantitation analysis. DAPI specifically binds to DNA by making a complex with A-T rich region 

in the DNA strands496. The cell images were taken under an UV light microscope and the numbers 

of cells were counted from the images (Figure  3-17).  

When the human HER2 expressing tumour cells were treated with sera from hED44-FrC 

vaccinated mice, growth of both BT474 and SKBR3 cell lines was retarded. The fixed cells were 

stained with DAPI and captured their images under UV-light microscope. The DAPI-stained nuclei 

were calculated (Figure  3-17a). Numbers of the cells in hED44-FrC serum and, trastuzumab 

treated wells were lower than those in the control vaccine and untreated wells (Figure  3-17b). 

These noteworthy differences were observed in every experimental time-point (all p=0.0286). 

This effect to limit the tumour cell proliferation by the hED44-FrC induced antibody was in 

keeping with ability of the sera to inhibit HER2 downstream signalling. Hence, the conjugated 

vaccine had the potential to induce effective antibody, which can bind to the native form of 

human HER2 and also constrain cancer proliferation, similarly to as the clinically effective HER2-

specific mAb trastuzumab.  
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a. 

 
b. 

 
Figure 3-17 Cell growth inhibition assay of HER2 expressing human cell lines 

BT474 and SKBR3 expressing human HER2 cell lines were treated with hED44-FrtC induced 

antibody, negative control vaccine sera or comparators (trastuzumab and untreated cells) 

in desired concentration. The cells were fixed at 24, 48 and 72 hours after the treatment. 

Numbers of cells were calculated from DAPI-stained pictures with ImageJ software. 

Example pictures of DAPI stained and counted cells are shown in (a). The amounts of the 

cells were plotted in (b) and the Mann-Whitney U test was performed to measure statistical 

differences. 
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3.3 Discussion 

3.3.1 rED44-based vaccines in a prophylactic setting 

Immunogenicity of plant recombinant rED44-FrC and rED44 vaccines was tested in wild type 

Balb/c mice initially. Alum and GM-CSF were selected as adjuvants. After comparison of these two 

adjuvants, rED44-FrC with alum generated higher levels of rED44 specific antibody than the 

rED44-FrC with GM-CSF mixture (Figure  3-4). This was perhaps not surprising as alum has been 

used in humans for induction of protective antibody against infectious diseases for more than 50 

years399. The ED44 fragment was able to induce high levels of antibody to HER2, as revealed by 

the TUBO cell binding assay. This was in contrast to the EC-TM DNA vaccine that encoded a larger 

portion of rat HER2/neu (the whole extracellular domain) which was expressed in the mouse. 

These results suggest that the plant-made ED44 fragment is an excellent immunogen to induce 

humoral response against the HER2 molecule. 

Conjugation of rED44 to FrC only mildly affected immunogenicity of rED44, as it was evidenced by 

comparable levels of anti-rED44 antibody induced by the conjugate and unconjugated vaccines 

for both the rat and human version when measured in the Balb/c mice (Figure  3-4 and Figure  3-6). 

These results imply that the conjugation process of ED44 with FrC did not alter essential antigen 

epitopes on the molecule.  

A similar pattern of the IgG isotype profile was observed for both unconjugated and conjugate 

vaccines. In mice, a Th1 response is associated with IgG2a and IgG2b which are most potent in 

inducing ADCC, while IgG1 is regulated by the Th2 immune reaction and its effector function is 

related more to inflammation497. IgG3 has been shown to be activated in a T cell independent 

manner to certain types of immunogens such as capsular polysaccharide antigens and 

polysaccharides in the cell walls of non-encapsulated bacteria498, hence it was not measured here. 

In the DNA vaccine group, the sera were not tested for IgG isotypes because the antibody levels 

were too low and not in an optimal range for ELISA detection. However, Quaglino and co-

workers389 reported that the DNA vaccine without electroporation activated mainly IgG2a isotype 

with no IgG1 response using flow cytometry. IgG isotype switching to IgG1, IgG2a and IgG2b 

isotypes can be observed in serum samples from rED44 and rED44-FrC vaccinated groups in the 

experiments, indicating that these vaccines in combination with alum could induce a wide 

spectrum of isotypes in contrast to the DNA vaccine. This indicates the potential to activate 

multiple mechanisms of cancer cell cytolysis though the Fc portion of antibodies. 

T cell responses (Figure  3-8) correlated with the IgG subclasses (Figure  3-5), with both Th1 and 

Th2 responses induction found. From the antibody and T cell response results, the plant-made 
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ED44-based antigens were able to activate the mammalian immune system achieving induction of 

potent humoral and cellular responses. 

All Balb/c mice vaccinated with HER2-specific protein vaccines survived after the rat HER2/neu 

positive tumour challenge. Since high antibody levels able to bind to HER2/neu on the tumour 

cells were detected, the protection seen was not surprising. This study suggested that the rat 

version of ED44-based vaccines induced powerful immune responses against the rat HER2/neu 

molecule. 

3.3.2 The human version of ED44  

The rat HER2/neu molecule has more than 80% homology to the human molecule332, and the rat 

and chimeric version of EC-TM DNA vaccine have been used to generate immunity against human 

HER2 positive tumours499. The rat version of the conjugate vaccine was tested for the ability to 

protect against the human HER2 positive carcinoma D2F2/E2. Although, some antibody binding to 

human HER2 was observed, as seen in Figure  3-10, the rat version of ED44-FrC could not protect 

mice from the tumour challenge with HER2 human positive cells D2E2/F2. This could be because 

the levels of induced antibody were too low to mediate protection. Hence, the human form of 

ED44 was then developed. This version was excellent at inducing the human HER2 specific 

antibody (Figure  3-11) and generating protection in the prophylactic model with 80% of hED44-

FrC vaccinated mice protected from the tumour cell challenge (Figure 3-15). These levels of 

protection were in a similar range to that obtained using the DNA vaccine490 and were better than 

those seen in mice vaccinated using a HER2-carrying adenovirus-based vaccine where around 50% 

protection was seen500. Both hED44 and hED44-FrC were expected to afford tumour challenge 

protection at similar levels seen with the TUBO model. The protection levels however were up to 

75%. This might be because of the fact that the D2F2/E2 cell line is unable to engage signalling 

mechanisms through HER2 (discussed more later on). These studies showed that the D2F2/E2 

cells were not completely eradicated; even though the HER2-specific immune responses were 

induced501-503. Furthermore, the conjugate vaccine generated better protection compared to 

unconjugated. But given that in the D2E2/F2 model both antigens are foreign it is not clear why 

that would be the case. One reason could be that the conjugation eliminated undesired epitopes 

and improved epitope structure of ED44 but this needs investigating in details. 

3.3.3 Possible mechanisms of tumour elimination  

From this study, it is clear that the plant-derived vaccines could induce strong HER2 specific 

antibody with CD4+ T cell help responses. Given that attempts to co-induce cytotoxic T cell 
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responses have been unsuccessful, antibody is the most likely mediator of protection in the HER2 

models. Additionally antibody has been shown to be sufficient for protection in the models used 

in this study that includes the spontaneous model Balb/neuT504. A direct role for CD4+ T cells in 

killing cancer cells has been demonstrated in a number of models98 505. To date this effector 

mechanism has been considered minor relative to antibody and CTLs but interest is rapidly 

growing. It would be difficult to demonstrate the contribution of these CD4+ T cell subsets in the 

presence of antibody, which is effective in tumour killing. One way to achieve this would be to use 

a B cell depleting antibody, such as anti-CD20, in the induction stage and an antibody depleting 

specific T cell subsets (CD4 and CD8) in the effector stage of the immune response (i.e. once the 

response has been induced). These experiments will also be relevant to understanding the 

contribution of CTLs, especially in the case of the other vaccine design e.g. using a plant viral 

particle (PVP) as an alternative or an additional carrier. 

Trastuzumab has been described to induce multiple mechanisms of action against HER2 positive 

cancers such as dimerization inhibition, ADCC, HER2 internalisation and degradation after the 

antibody binding248. In the D2F2/E2 model HER2 is just a surrogate antigen and is not essential for 

the cells to survive, as HER2 is not thought to link with signalling machinery inside the cells451. But 

given the efficacy of HER2 vaccination in this model it is likely that antibody-mediated 

mechanisms that operates through the Fc antibody portion, such as ADCC and activation of 

complement, are implicated. Since the impact of the vaccine-induced antibody on HER2 signalling 

could not be studied in the D2F2/E2 model, the study was then performed in human cell lines 

positive for endogenously expressed HER2. A signalling pathway downstream of HER2 involving 

PI3K/Akt, which is known to be inhibited by trastuzumab341, was investigated.  

It is clear that the induced polyclonal sera have the potential to perform better in inhibiting the 

HER2-mediated signalling than trastuzumab from this study. Additionally it would be interesting 

to compare the combination of trastuzumab and pertuzumab alongside the induced sera from 

this study, as the mixture was demonstrated to improve survival outcome in HER2-positive 

metastatic breast cancer patients compared to trastuzumab treatment alone (56.5 versus 40.8 

months)506. 

Serum containing hED44-FrC vaccine-induced antibody restrained HER2-overexpressing cell line 

proliferation. From section  3.2.3.2, BT474 and SKBR3 cell growth was limited when the cells were 

cultured with the serum or trastuzumab. The effect of trastuzumab was similar to that observed 

in other studies507-509, which used different techniques to determine the cell growth inhibition or 

viability such as a trypan blue exclusion assay or just a particle counter. The limitation of the 

technique used for enumeration of cells here is that it does not allow discriminate between live 
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cells and early apoptotic cells. The early apoptotic cells which cell nuclei are still intact or have a 

less irregular shape would be also stained and detected. 

So far all data were generated in non-tolerant host models which do not represent the challenges 

for the vaccines in patients. Consequently, testing in a tolerant setting was necessary before 

translation to the clinic. In this study, rat neu transgenic mice, Balb/neuT, were used as the 

tolerant host model to investigate the plant-expressed HER2 targeting vaccines further. 
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Chapter 4: Performance of ED44-based vaccines in the 

tolerant mouse model Balb/neuT 

4.1 Introduction 

In the previous chapter the plant-expressed ED44-based vaccines were demonstrated to induce a 

strong HER2-specific antibody response alongside Th cells in wild type mice. However, the protein 

vaccines were recognised by the wild type mouse immune system as foreign antigens. This does 

not mimic the conditions in cancer patients. In HER2 positive breast cancer patients, the 

HER2/neu truncated fragment ED44 will be a self-antigen and the ED44-specific immune response 

will be controlled by regulatory immune mechanisms. Therefore an animal model that can 

represent the immune responses in the patients is required to test the novel HER2-targeting 

vaccines. 

4.1.1 Animal models of breast cancer to study cancer vaccines  

Animal models allow research safety and effectiveness of novel cancer vaccines as they offer 

either a partially or fully functional immune system. Various animal models have been developed 

to include syngeneic models, allograft or xenograft, and others. All of them have limitations510. For 

example, in syngeneic models although the host immune response can be induced, the 

transplanted tumours do not always behave as human cancers. Xenografts however are 

transplanted to immunodeficient mice and although human tumours can be used and some 

mediators of immunity such as mAbs or T cells can be tested, the host immune system is not fully 

operational511. Generation of a functional immune system by transfusing CD34+ hematopoietic 

progenitor cells to immunodeficient mice including Balb/c Rag2null IL2Rγnull mice (BRG) and NOD-

scid IL2Rγnull mouse model (NSG) is possible and could be explored for testing of cancer 

vaccines512. 

Genetically engineered mouse (GEM) models are useful for evaluation of novel cancer vaccines. 

The GEM models that develop tumour spontaneously offer advantages of slow tumour growth in 

a normal tissue context, allowing interaction with the tumour microenvironment that plays an 

important role in tumour survival and escape from the host immune responses513. HER2 

transgenic mouse models have been developed to express high levels of HER2 that drives breast 

cancer progression in a similar fashion to human HER2 positive breast cancer. The GEM models 

also offer an opportunity to test novel HER2 targeting cancer vaccines in a self-tolerant setting. 
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Additionally, in some cases spontaneous tumour development closely mimics staged 

development of breast cancer. 

4.1.1.1 The rat neu transgenic mouse model Balb/neuT 

One of breast cancer GEM models is the rat neu transgenic mouse. Given that the rat neu gene is 

88% homologous to the human HER2 gene332, rat neu transgenic mouse models were developed 

to study HER2-positive breast cancer. Breast tumours spontaneously develop in these cancer-

prone mice, because of specific genetic mutations that lead to alteration of the gene expression. 

One of the best defined models is Balb/neuT transgenic mice388. 

The Balb/neuT (H-2d) transgenic mouse model was first defined in 1988 by Muller and 

colleagues514. This model affords aggressive breast tumour progression. Overexpression of rat neu 

protein can be seen in both male and female mice from this line. Salivary gland cancer develops in 

the male mice515. On the other hand, breast tumour is found in the female mice. All female mice 

carrying the HER2 transgene develop tumours in all ten mammary glands by 33 weeks of age. The 

tumour progression from a histopathological aspect mirrors its counterpart in human breast 

cancer with consistency for more than 50 generations of mice278. This aggressive tumour 

development is the result of a single-point mutation in the rat neu gene. Owing that replacement 

of valine with glutamic acid at position 664 (V644E) in the transmembrane domain, dimerization 

of the HER2/neu molecule with itself or other HER family members is easily achieved through the 

hydrogen bond of the glutamic acid-664 and alanine-661516. The dimerization leads to continuous 

intracellular signal transduction which leads to cell growth and survival341.  

The V644E rat neu transgenic mouse has been crossed onto the Balb/c background. The 

transgene is under the control of the mouse mammary tumour virus long terminal repeat (MMTV-

LTR) promoter which offers reliability in HER2/neu expression and mammary manifestation278. 

Atypical hyperplasia lesion is developed in the mammary gland regions from the 4th week from 

birth517. Epithelial cells of side buds become carcinoma in situ after 8 weeks, and then the cells 

develop into invasive and palpable lesions after the 10th week. Lung and bone marrow are 

metastatic sites of the HER2/neu positive tumour cells278. Following this time scale, all mice 

develop breast cancer in their lifetime making the model very useful for vaccine development. 

Besides, the expression of HER2/neu in cancer lesions is the only genetic difference between the 

transgenic and the wild type Balb/c mice. This makes comparison of the immune responses 

between these mouse models straightforward.  

The Balb/neuT model does not completely recapitulate cancer lesions found in humans. The most 

common area of human breast cancer is the lateral superior region and usually the lesion is 
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unilateral, while the transgenic mouse tumour develops alongside the buds of every mammary 

gland517 518. Moreover, the most common type of human breast cancer is invasive ductal 

carcinoma, while an invasive lobular type is observed in the Balb/neuT mice386 519. Overexpression 

of HER2/neu in the mice is the only factor that promotes tumour progression, whereas in humans 

many factors such as age, obesity and sex hormone status are implicated in tumorigenesis520. In 

addition, lung is the most common metastatic site in the mice whereas in human breast cancer 

metastasis spreads to other vital organs such as the bone marrow, liver and brain. Specifically for 

the development of HER2 targeting vaccines, tolerance to the transgene has been very well 

characterised in the model485 521. 

4.1.1.2 Human HER2 transgenic mouse models 

Many transgenic mouse models for human HER2 have been developed to investigate breast 

tumour development and HER2 specific treatments. For instance, Wei’s group constructed the 

WAP-Her-2 transgenic mouse model482. The WAP promoter was used to drive human HER2 

overexpression in transgenic mice with a C57BL/6 (H2-Kb) background. The human HER2 

expression can be observed in the mammary glands and cerebellum. Although these mice are 

tolerant to human HER2, they do not develop spontaneous breast tumours and hence they are of 

limited use for vaccination studies482. Another model is the MMTV.f.huHER2 #5 (Fo5)-transgenic 

mice on the FVB background. The human HER2 is expressed under the control of the MMTV 

promoter. Nearly eighty-percent of positive female mice start developing breast cancer at 

approximately 28 weeks of age. Histological structure of breast tumours is classified as 

adenocarcinoma. However, not all mice develop tumour after a year483. Hence, the inconsistency 

of tumour incidence and long-time tumour development in these transgenic mice could be 

considerable problems for HER2 targeting vaccine studies.  

A recently described human HER2 transgenic mouse model is human (Δ16HER2)-LUC transgenic 

mouse on a FVB background. A deletion of 16 amino acids in the extracellular domain of HER2 

(Δ16HER2) has been detected in human breast cancer522. The deletion results in HER2 activation 

and resistance to trastuzumab in breast cancer cell lines523. Hence, the deleted HER2 was used to 

generate the new transgenic mouse model524. The Δ16HER2 was expressed under the MMTV 

promoter with luciferase as a reporter. This transgenic mouse model develops breast cancer in a 

short period of about 15 weeks on average. 4-5 tumours per mouse develop in between 12 and 

19 weeks. Moreover, the Δ16HER2 is expressed in the mammary glands and histologically the 

tumour is adenocarcinoma, the same as human breast cancer development524. This novel model 

looks very promising; however tolerance in this model has not been characterised yet.  
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As stated in the previous paragraphs, the human HER2 transgenic mouse model has been under 

development during my experiment study. Thus, in this chapter the ED44-based vaccine against 

HER2 positive breast cancer was assessed in the rat HER2/neu transgenic mice Balb/neuT. 

4.1.2 Specific aims 

Specific objectives of this chapter were. 

• To investigate the immunogenicity of ED44-based vaccines rED44 and rED44-FrC in the rat 

HER2/neu tolerant setting alongside the DNA vaccine comparator. Specifically to evaluate 

the ability of the vaccines to break tolerance and induce antibody and CD4+ T cell 

responses to HER2 and to foreign carrier FrC.  

• To investigate the ability of the vaccines to treat already developed HER2/neu 

overexpressing breast cancer in the Balb/neuT model. 

4.2 Results 

4.2.1 Genotyping of Balb/neuT mice  

As homozygous HER2/neu transgenic mice cannot survive during embryogenesis due to cardiac 

and neurological problems525, homozygous mice are not available for our studies. Hence, 

heterozygous male Balb/neuT mice were bred with female Balb/c (wild type) mice to give 

heterozygous F1 pups and the F1 progenies were used for experiments. All offspring of Balb/c 

female and Balb/neuT male parents had to be tested for the transgene. The pups were ear-tagged 

and tissue samples were collected for genomic DNA purification. The DNA was extracted from 

each tissue sample and then was tested for the neu transgene and β-casein housekeeping gene by 

polymerase chain reaction (PCR) using the specific primers listed in the materials and methods 

section (Table  2-1). PCR products were subjected to a 2% agarose gel electrophoresis. The specific 

β-casein gene PCR product of 525 base-pairs and the neu gene product of 230 base-pairs are 

visible on the gel (Figure  4-1). If the genomic DNA provided those 2 bands (genes), the mouse was 

considered as a positive Balb/neuT mouse. 
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4.2.2 Immune responses evaluation 

4.2.2.1 Anti-HER2/neu antibody induction 

Positive female Balb/neuT mice were used for testing of rED44, rED44-FrC or EC-TM DNA 

vaccines. All experiments were started when the mice were 10 weeks old. By this age, atypical 

hyperplasia and/or carcinoma in situ are observed in mammary glands of these female mice278 388. 

In addition, spontaneous tumour progression is also accompanied by accumulation of 

CD25+FoxP3+ positive Tregs in the periphery521. In the study by Rolla and colleagues526, the Tregs 

dampened the performance of the EC-TM DNA vaccine and the vaccine was unable to protect 

mice from the tumour. However, they also found that the vaccine was able to induce significant 

protection against the tumour development when the Tregs were depleted by anti-CD25 

antibody. Hence this time point represents very demanding conditions for vaccine testing: 

significant tumour burden and tolerance to HER2. 

 

Figure 4-1 Balb/neuT mouse screening (genotyping) 

PCR products were subjected to gel electrophoresis to clarify the DNA band sizes. In the 

positive Balb/neuT mice, two specific band sizes corresponding to 525 and 230 base-pairs 

representing β-casein and neu genes, respectively, were present. There is only one DNA 

band (β-casein) in naïve Balb/c mouse samples (lane 2, 3 and 7). The samples which showed 

2 specific DNA bands (lane 4, 5, 6, 8 and 9) were considered as Balb/neuT positive tissue 

samples. 
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In this study, separate groups of 10 week-old Balb/neuT female mice were set up for rED44, 

rED44-FrC and EC-TM DNA vaccines (Figure 2-2). A control group, which was injected with a 

control vaccine (5T33) as in the wild type study, was also included. The vaccinated mice were 

boosted 4 more times with the same vaccine with 3 weeks interval. The mice were bled for serial 

serum sample collection at week 3, 5 and 8 from the priming injection. If applicable, the serial 

blood sampling was also collected at week 11 and 14.  

Given the data on the correlation of the antibody reactivity to rED44 with that to the native rat 

HER2/neu obtained in the binding assay (Figure  3-7), the levels of antibody here were measured 

by ELISA with rED44 as a coating antigen. Similarly to the wild type mice, Balb/neuT mice also 

responded to the protein vaccines. The rED44-FrC vaccine in combination with an aluminium 

hydroxide adjuvant stimulated higher levels of anti-rED44 antibody than the rED44 after priming 

(p=0.0152, Figure  4-2). Remarkably the difference was even more pronounced after boosting 

when the antibody levels were measured 2 weeks after the injection (p=0.0022) and when the 

antibody reached the peak level. The statistical difference disappeared by week 8 (Figure  4-2). In 

the DNA vaccine group, the anti-rED44 antibody was detected in some DNA vaccinated mice, 

while others did not generate any specific antibody. Anti-rED44 antibody levels from the rED44 

and rED44-FrC vaccinated mice were much higher than those induced by the DNA vaccine at all 

time-points (p<0.05). As expected, all mice injected with the negative control vaccine did not 

generate rED44-specific antibody responses. Taken together, in the Balb/neuT mice at the time 

when breast cancer was already developing, both protein rED44 and rED44-FrC vaccines could 

induce anti-HER2/neu antibody responses. The rED44-FrC conjugate generated significantly higher 

antibody levels with faster kinetics. The data implied that the rED44-FrC conjugate vaccine could 

potentially offer better protection in this model. 
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4.2.2.2 Anti-HER2/neu antibody responses with alum plus MPLA adjuvant 

Addition of MPLA to the vaccine adjuvant may encourage greater immune responses against 

HER2/neu overexpressed cancers, because MPLA is a TLR-4 agonist and hence can act directly on 

B cells as well as enhance Th1-biased immunity412. Serum samples were taken from the 

vaccinated mice (Figure 2-2) and anti-rat HER2/neu antibody was measured by ELISA as described 

in section  4.2.2.1. The MPLA adjuvant slightly improved the antibody levels in rED44-FrC, but 

without statistical difference (Figure  4-3). However, the MPLA increased the specific antibody 

levels in rED44 vaccine (p=0.0152) but this difference disappeared after the second booster. 

Hence, the MPLA containing adjuvant has a marginal effect on these vaccines in the tolerant 

model. 

 

 

Figure 4-2 Anti-rat ED44 antibody levels in Balb/neuT mouse model 

Ten week-old female Balb/neuT mice were vaccinated with rED44-FrC (n=6), rED44 (n=6), 

EC-TM DNA vaccine (n=6) or the negative control vaccine (n=4). Mean value with SD of 

each group is shown by each bar. Statistical analysis was performed using the Mann-

Whitney U test (*=p<0.05, **=p<0.01). Data are a representative example of four 

independent experiments. 
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4.2.2.3 Anti-rED44 antibody affinity assessment 

Affinity resulting from the process of antigen-driven somatic hypermutation in the germinal 

centre is one of the key antibody properties that can impact the antibody efficacy against the 

antigen. Hence the affinity of anti-HER2/neu antibody was investigated in serum samples from 

the vaccinated Balb/neuT mice used above.  

Ammonium thiocyanate (NH4SCN) was applied as a chaotropic agent to interfere with antigen-

antibody interaction after addition of vaccine-induced serum samples to rED44-coated ELISA 

plates. Two sets of samples from two separate experiments (week 3 and week 5 after the priming 

injection) were selected. The antibodies from the rED44 and rED44-FrC vaccinated mouse sera 

 

Figure 4-3 Anti-rat ED44 antibody levels in Balb/neuT mice with alum and MPLA adjuvants 

Serum samples from vaccinated 10 week-old female Balb/neuT mice were evaluated an 

antibody response by ELISA test. The mice were injected subcutaneously with rED44 or 

rED44-FrC together with alum alone or alum plus MPLA (rED44-FrC with alum n=5 and 

alum plus MPLA n=4, n=6 for rED44 vaccine). Mean value with SD for each group is shown 

by each bar. Statistical analyses were performed using the Mann-Whitney U test 

(*=p<0.05, **=p<0.01). This figure is representative data of five independent experiments. 
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were diluted to the desired concentration. Then ammonium thiocyanate solutions were added 

before the serum IgG antibody detection step. In this case, the low affinity-antibodies should not 

bind the ED44 antigen, while the higher affinity antibodies remain bound to the antigen and can 

be detected by a secondary HRP-conjugated anti-mouse IgG antibody. 

Ten week-old female Balb/neuT mice were vaccinated with rED44 or rED44-FrC in combination 

with alum only or alum plus MPLA adjuvant. Injection and serum sample collection protocols were 

described in section  2.1.4 (Figure 2-2). Affinity index was calculated by plotting individual OD490 

value against NH4SCN concentration (Figure  4-4a). The concentration that decreased optical 

density of the sample by half compared to a non-treated sample was the sample affinity index. 

Figure  4-4b illustrates that the rED44-FrC conjugate with alum induced antibody of higher affinity 

than the rED44 alone at both time points (week 3 p=0.0043 and week 5 p=0.0173), with the 

difference being more pronounced in the secondary antibody response at week 5 (after a 

booster). Furthermore, maturation of the antibody affinity was seen in the rED44-FrC immunized 

serum samples after the booster, but not in the rED44 vaccine group. These data demonstrate a 

clear advantage of using the conjugate vaccine to augment the induction and maintenance of high 

affinity antibody responses against HER2/neu in the tolerant setting. 

Antibody affinity was also evaluated in the MPLA containing vaccine groups. Results revealed that 

MPLA did not improve the affinity of ani-HER2/neu antibody at week 3. Slight enhancement of 

antibody affinity was seen in the rED44 vaccinated week 5 mouse serum samples; however, 

statistical significance was not reached (Figure  4-4). No further effect on antibody affinity was 

seen when MPLA was combined with rED44-FrC vaccine. 

The human HER2-specifc mAb trastuzumab with known high affinity was also used for the affinity 

test. The affinity index of trastuzumab was between 1.9 and 2.3 (Figure  4-4) and was defined as 

high. In this case, the affinity of the mAb cannot be directly compared to the vaccinated mouse 

serum samples because different antigens (hED44 for the mAb, rED44 for the serum samples) are 

used for the ELISA-based assay and the sera contain polyclonal antibodies. However, the data 

helped to interpret the results of affinity comparison of the sera from the vaccinated groups. 

Thus, the affinity measurements illustrated that inclusion of FrC specific T cell help through 

conjugation allowed enhancement of antibody affinity in comparison with unconjugated vaccine. 

This could not be substituted by using the TLR4 agonist adjuvant MPLA which also could not 

further improve antibody affinity generated by the conjugate vaccine. 
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a. 

 
b. 

 

Figure 4-4 Affinity assessment of anti-rED44 antibody from Balb/neuT mice 

Four groups of mice were vaccinated with rED44-FrC with alum (n=5) or alum plus MPLA 

(n=4) or with rED44 with alum (n=6) or alum plus MPLA (n=6). These are the same mice as 

in Figure  4-3. The serum samples were collected and antibody affinity was determined 

using ELISA with a chaotropic agent (NH4SCN). Affinity of trastuzumab was tested in a 

similar way as the sera. (a) An example determination of the affinity index. The chaotropic 

concentration that reduced OD by 50% was considered as an affinity index for mAb (Xt) and 

each mouse serum sample (X1 and X2). (b) Bars represent affinity index mean values and SD. 

Statistical difference was determined using the Mann-Whitney U test (*=p<0.05, 

**=p<0.01). Higher affinity index indicates the antibody shows higher affinity binding to the 

antigen. 
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4.2.2.4 IgG isotype in rED44-based vaccinated Balb/neuT mice 

Similar to the wild type mouse model, serum samples from rED44 and rED44-FrC vaccinated mice 

were analysed for IgG isotypes using ELISA. The serum samples were selected from week 3 (after 

priming injection) and week 5 (2 weeks after boost) time-points. 

The rED44-FrC vaccine stimulated all three IgG isotypes tested, while only IgG1 and IgG2b were 

observed in the rED44 vaccine group (Figure  4-5). In this model, samples where MPLA was 

combined with the vaccines together with alum were also available and hence were tested. Three 

isotypes were induced in rED44-FrC with both adjuvants after the single injection (Figure  4-5a). 

There is no increase in the levels above those induced by rED44-FrC with alum. In contrast, the 

rED44 vaccine with MPLA induced higher IgG2b than rED44 plus alum only (p=0.0476) and the 

level was similar to that observed in rED44-FrC groups. There was similar trend for IgG1 but 

without statistical difference and IgG2a was not induced. 

After boosting (Figure  4-5b), the trend persisted with more pronounced difference in IgG2b level 

between with MPLA-supplemented rED44 vaccine and rED44 with alum only (p=0.0022). One 

mouse out of 5 induced IgG2a in rED44 plus alum group and 2 out of 5 in the group where MPLA 

was also added. In contrast IgG2a was detected in all mice where the conjugate vaccine was used 

irrespective of the presence of MPLA. 

Taken together, although MPLA addition improved the antibody levels, no effect was seen on the 

affinity with a small effect on the antibody isotype profile (raised IgG2b levels in ED44 plus MPLA 

group). In a sharp contrast, FrC as a carrier enhanced antibody affinity and widened the isotype 

profile of the induced antibody. 
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4.2.2.5 Vaccine-induced CD4+ T cell responses in Balb/neuT mice 

rED44 and rED44-FrC vaccines were used in experiments to characterise CD4+ T cell responses in 

10 week-old mice. Aged-matched naïve Balb/neuT mice were used as the control group. Mice 

were immunised 14 days before their spleen samples were harvested. Spleens were processed to 

make single cell suspensions and the cells were incubated with the specific antigens. The antigens 

used for T cell activation were rED44, FrC and OVA similarly to the wild type setting. An ELISpot 

assay was used to reveal three specific Th cell associated cytokines: IL-2, IL-4 and IFN-γ. ELISpot 

plates were coated with capturing antibody to the specific cytokines. After 40 hours incubation, 

spot were developed with the specific detecting antibodies, following the protocol and they 

represented the T cells that secreted the particular cytokine. 

When compared to the control vaccine group, T cells from the rED44-FrC vaccinated mice 

responded to rED44 antigen with low levels of IFN-γ (Figure  4-6b, p=0.0159) and IL-2 was 

a. b. 

 
Figure 4-5 IgG isotype analysis in vaccinated Balb/neuT mice 

Week 3 (a) and 5 (b) serum samples from vaccinated female Balb/neuT mice were tested 

for IgG isotypes. The mice were injected with rED44-FrC with alum (n=5) or alum plus MPLA 

(n=5) and rED44 with alum (n=5) and alum plus MPLA (n=5). A single representative 

example from four independent experiments is shown. Each bar represents mean value 

with SD. The Mann-Whitney U test was carried out to test statistical difference between 

the groups (*=p<0.05, **=p<0.01). 
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marginally induced without any statistical difference. The levels of IL-4 levels were also significant 

(p=0.0159) and more substantial. Similar response was seen in the rED44 group. The numbers of 

ED44-specific CD4+ T cells were not statistically different between the rED44-FrC and rED44 

groups. 

In addition, FrC-specific T cells which produced IL-2, IL-4 and IFN-γ were also observed in the 

rED44-FrC-injected mice (Figure  4-6b, p<0.05) which responded to the FrC protein. As expected, 

these FrC-specific T cells were not found in the rED44 group. 

From the above paragraphs, it appears that in the tolerant setting the rED44 vaccine was unable 

to induce considerable Th cell responses which it could induce in the wild type mice. All cytokines 

were seen at lower levels in the rED44- vaccinated Balb/neuT mice than in the wild type, though it 

seems that the induction of IL-4 was less affected in the tolerant setting. On the contrary, the 

rED44-FrC conjugate was able to activate a broader CD4+ response specific for the foreign FrC 

carrier which presumably was able to drive the induction of a higher affinity antibody and of a 

wider antibody isotype profile. 
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a. 

 
b. 

 
Figure 4-6 Vaccine-induced CD4+ T cell responses in 10 week-old Balb/neuT mice 

Spleens were harvested from vaccinated mice 14 days after the vaccine injection with 

rED44-FrC (n=5) and rED44 (n=5). 12 week-old naïve Balb/neuT mice (n=5) were included in 

these experiments as controls. Splenocytes from each mouse were incubated with rED44, 

FrC or OVA for 40 hours in vitro. Associated T cell response cytokines, IL-2, IL-4 and IFN-γ, 

were detected using specific anti-cytokine antibodies in ELISpot. Spots were read and 

counted using an ELISpot microplate reader (a). Mean values with SD of the mean are 

displayed for each group in (b). The Mann-Whitney U test was used to determine statistical 

significance (*= p<0.05, **= p<0.01). A single representative figure from four independent 

carried out experiments is shown. 
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4.2.2.6 Follicular regulatory T cells evaluation 

Tregs play a crucial role in tumour immunity by inhibiting immune activation at secondary 

lymphoid organs and tumour beds; the Treg population was investigated in the Balb/neuT model. 

The Balb/neuT mice were vaccinated with rED44-FrC, rED44 and the negative control vaccine with 

alum. The comparable age Balb/neuT mice were used as a Treg population control. After priming 

and boosting (day 21) the spleens were harvested at day 28, counting from the day of priming. 

The splenocytes were stained with detecting antibody as described in materials and methods. The 

gating strategy is shown in Figure  4-7. The CD4+ T cells were gated on from the live splenocytes 

using a B cells marker (B220) and anti-CD4 antibody. CXCR5 and PD-1 markers were used to 

determine Tfh and anti-FoxP3 antibody was included to separate Tfr from the remaining Tfh 

population. Thus, the Tfr were detected using flow cytometry analysis as CD4+PD-

1HiCXCR5HiFoxP3+ population in keeping with the phenotype described for this population527. 

The Tfr cells were found in about 30-40% on average of the Tfh resident in all vaccinated 

Balb/neuT mouse groups. A trend of decreasing Tfr numbers was observed in the HER2-targeting 

vaccines but without statistical difference (Figure  4-7b). Moreover, a decreasing Tfr population 

was observed in the negative control vaccine group in comparison with naïve controls indicating 

there might be a role for alum. However, this is a preliminary study. More experiments are 

needed to make these data conclusive. 
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a. 

 
b. 

 

Figure 4-7 Regulatory follicular T cell populations 

Ten week-old female Balb/neuT mice were immunised with the rED44-FrC (n=5), rED44 

(n=3) or the negative control vaccine (n=4). The vaccinated mice were boosted at week 3 

after priming and their spleens were taken 1 week after the boost. Age-matched naïve 

Balb/neuT mice (n=2) were also included. For the gating strategy, (a) live splenocytes were 

gated on using Live/Dead staining kit first and CD4+ T cells were determined from the live 

cell population using B220- and CD4+ markers. Tfh were gated out using PD-1hi and CXCR5hi 

markers and Tfr were further defined by FoxP3 marker. Each bar represents mean with SD. 

Two independent experiments were combined to produce figure (b).  
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4.2.2.7 Tumour development in Balb/neuT mice after vaccinations 

From the wild type mouse model, it was clear rED44 and rED44-FrC vaccines could provide 

protection from the HER2/neu expressing cell lines (section  3.2.1.5 and  3.2.2.4). The mice injected 

with rED44, rED44-FrC with or without MPLA (combined with alum) or with the negative control 

vaccine with alum or with EC-TM DNA vaccine comparator. When the experiments began, the 

mice were 10-weeks old. All ten mammary glands were monitored every week after the mice 

were 15 weeks old. The mice were terminated if the combined tumours size dimension reached 

15 mm. 

rED44-FrC delayed tumour progression in Balb/neuT mice (Figure  4-8). The conjugated vaccine 

prolonged survival at least up to 20-30 weeks (p<0.001). Moreover, up to 50% of rED44-FrC 

vaccinated mice still survived after 35 weeks until the experiments were terminated. On the other 

hand, the rED44 and DNA vaccines were only able to extend survival by 2-3 weeks in comparison 

with the control vaccine and the naïve control mice which died at around 16 to 18 weeks when 

the tumour reached 15 mm. 

MPLA was able to improve rED44 vaccine efficacy in Balb/neuT mice, but this enhancement was 

not observed in the rED44-FrC group. Results from the Balb/neuT survival experiment (Figure  4-8) 

revealed that the rED44 vaccine in combination with alum plus MPLA was able to delay the 

HER2/neu positive tumour development in comparison with the rED44 with alum alone 

(p=0.0413). However, this extension was not as good as that seen in the rED44-FrC vaccine group 

(p=0.0358). In addition, MPLA had no effect on protection in Balb/neuT mice when co-injected 

with rED44-FrC above that already seen with rED44-FrCvaccine. 
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4.3 Discussion 

The plant-derived HER2-specfic vaccines were tested in the Balb/neuT mouse model, which is one 

of the best models for breast cancer investigation available today514 517. These rat neu transgenic 

mice are tolerant to the rat HER2/neu molecule. The ED44-based vaccines were able to induce 

antibody, and antibody levels in the rED44-FrC vaccine group were higher than in the rED44 

group. These data are the opposite of those in the wild type and demonstrate that the conjugate 

vaccine was able to overcome HER2 self-tolerance in this demanding setting. Although the non-

conjugate vaccine could induce anti-HER2 antibody, it was not as effective as the conjugate 

vaccine. The conjugate vaccine was also more potent in protecting the Balb/neuT mice against the 

spontaneous cancer development than the unconjugated vaccine or DNA vaccine. In the case of 

the DNA vaccine, antibody responses were also poor, in correlation with the data obtained with 

this vaccine by Rovero et al.386. This DNA vaccine, although encoding the full length EC domain 

 

Figure 4-8 Survival curves of Balb/neuT mice 

Female spontaneous mammary carcinoma mice Balb/neuT of 10 week-old were injected 

with rED44 with alum (n=6) and alum plus MPLA (n=9) or rED44-FrC with alum (n=10) and 

alum plus MPLA (n=7), EC-TM DNA vaccine (n=3) and a negative control vaccine (n=5). 

Naïve Blab/neuT mice (n=5) were also included. Tumour development in these mice was 

followed. An orange arrow indicates each vaccination time. The mice were culled when the 

tumour reached 15 mm in combined diameter. The log-rank test was used for statistical 

analysis (*=p<0.05, **=p<0.01, ***=p<0.001). The data were combined from two 

independent experiments with similar results. 
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(plus TM) without a carrier, did not perform better than unconjugated EC fragment ED44. 

Previously better protection in the Balb/neuT model was seen when this vaccine was combined 

with electroporation389. However in that study multiple injections (up to 4 courses, 2 injections 

per course with 14 days interval) each accompanied by electroporation were required. 

Another important finding in the Balb/neuT model is that the conjugate vaccine induced a better 

quality antibody e.g. antibody of higher affinity than the unconjugated vaccine. Presumably this 

fact explains the better protection seen in case of the conjugate vaccine. The reason for induction 

of higher affinity antibody is likely to be conjugation to FrC. The conjugate vaccine has a tendency 

to induce higher levels of T cell help. These T cells were largely FrC specific and were able to 

produce both Th1 and Th2 cytokines. On the contrary the unconjugated vaccine was poor in 

inducing Th1 cells and less poor in inducing Th2 cells which secrete IL-4. So this vaccine-activated 

Th cell evaluation confirmed the concept to include a foreign antigen as a carrier to enhance the 

immune system against cancers. 

The benefit of foreign T cell help from FrC for generation of antibody responses to Id antigen has 

been demonstrated using DNA-FrC fusion vaccines in a non-tolerant mouse model196. Since 

induction and maintenance of antibody responses requires help from cognate CD4+ T cells, linking 

powerful immunogens with self-antigen is one strategy to induce and maintain potent antibody 

against cancer self-targets. This study indicated that the self-antigen (ED44) specific Th cells were 

not adequate to promote the strong immune responses to eradicate cancer. But when the foreign 

molecule was added to promote Th cell responses, the conjugate vaccine induced such immune 

responses that were able to delay the tumour development. Also, the levels of the ED44-specific 

Th cells in the ED44 group were not different from the conjugate vaccine group and hence their 

role in protection is unlikely to be important. This implies that the role for the vaccine-induced 

HER2-specific antibody in tumour protection is critical in the tolerant setting. Here conjugation to 

FrC resulted in induction not only higher levels of anti HER2 antibody but also led to higher affinity 

antibody. To the best of my knowledge this is the first demonstration of the impact of conjugation 

on antibody affinity for cancer vaccines. 

In a clinical study that used a protein vaccine which included the full-length HER2-ECD as the 

vaccine with adjuvant but not conjugated to a carrier, antibody was induced but was not able to 

sufficiently inhibit HER2 in vitro528. Low affinity of the anti-HER2 antibody generated by this 

vaccine could account for the lack of functionality, although affinity results have not been 

reported.  

It also appears that inclusion of large protein carriers is superior to individual helper epitopes. For 

example, inclusion of the p30 universal helper epitope from FrC into a HER2-ECD protein vaccine 
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did not result in significant protection in the FVB/Nneu spontaneous breast cancer model529. This is 

more likely because of wider CD4+ T cells repertoire engaged by a large protein resulting in larger 

quantities of T cell help. In the clinic a single epitope, even a promiscuous one, is unlikely to work 

in every patient. 

These data should be applicable not only to FrC conjugates but to vaccines which use different 

carriers. For example, for the Id-KLH vaccine which has been in trials in patients with lymphoma 

for over two decades, anti-Id antibody affinity has never been reported. Another vaccine with 

comparable characteristics is the EGF conjugate vaccine for lung cancer which is licensed in Cuba 

and Peru, and is about to enter a phase III clinical trial in Scotland297 530. In this case antibody 

affinity could be an early biomarker of patients’ responses to the vaccine. 

It is clear that alum-based adjuvants can induce strong antibody responses. In the HPV specific 

vaccine Cervarix®, combination of alum and MPLA as an adjuvant system stimulated stronger 

antibody responses against HPV in the clinical setting than alum alone425. Bearing this in mind the 

MPLA/alum combination was used in this study to further improve the antibody response. A 

further question has been whether a powerful adjuvant combination could bypass the 

requirement for T cell help. As for the ability to substitute T cell help, an increase of total IgG was 

seen but the affinity which did not match the levels achieved by the conjugate vaccine.  

In the tolerant mouse model, the plant-derived protein vaccines induced a different IgG isotype 

profile to the one demonstrated by others for EC-TM DNA vaccine389 531. Here although the DNA 

vaccine induced low levels of the anti-rED44 antibody, IgG isotype analysis could not be measured 

from those antibody levels. The authors used flow cytometry assay to determine the anti-rat 

HER2/neu IgG isotypes389 531. They found that the main isotype from the DNA vaccinated mice 

with electroporation was IgG2a. And IgG2b and IgG3 could be detected, but IgG1 could not. These 

results were different to the plant-expressed protein vaccine, because the main IgG isotype from 

rED44-FrC and rED44 vaccines was IgG1. IgG2a and IgG2b also were observed in rED44-FrC 

vaccinated mouse sera, but IgG2a was not in the unconjugated vaccine group (Figure  4-5). Even if 

MPLA was added to alum adjuvant, the IgG profile did not change much in either the rED44-FrC or 

rED44 vaccinated mice. These data suggest that the vaccine’s formulation can affect the outcome 

of the immune response and therefore alter cancer eradication mechanisms. 

In this study the role of Tfr populations in spleen has been investigated. This cell population has 

been described relatively recently by the group of Vinuesa527. It has been accepted that Tfrs play 

an inhibition role in B cell response in mouse secondary lymphoid organs532. In aging mice, Tfh 

population was seen defective in their functions and a number of Tfrs was increased. This caused 

TD antibody responses to decline533. However, the role of these cells in the immune response, in 
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particular in antibody responses to cancer antigens, has not been studied. In this initial data 

indicated a possible role of alum in reducing the number of Tfrs in the spleen (Figure  4-7). It is 

possible that this phenomenon contributes to breaking tolerance to HER2 in a non-specific 

manner. In fact HER2 specific antibody was induced in the non-conjugated vaccine Balb/neuT 

group (Figure  4-2) possibly accounting for the non-specific role of alum. At present these data are 

preliminary and further investigation is required. 

Antibody directed against a surface target which is able to direct cytotoxicity can be a powerful 

anticancer treatment as demonstrated by the clinical success of mAb therapeutics including anti-

HER2 trastuzumab and pertuzumab506 534 535. In fact induction of a powerful polyclonal antibody 

without the cytotoxic arm of the immune response could be potentially sufficient for the clinical 

success of the ED44-FrC conjugate. However one can assume that multiple immune mechanisms 

will work synergistically and benefit the patient although whether this is the case remains to be 

seen.  

Several studies in mouse models demonstrated that vaccine-induced antibody, CD4+ T cell help 

and CTL responses can mediate HER2 positive breast cancer eradication391 536 537. Co-induction of 

these responses would be an ultimate goal for vaccination against HER2 as multiple mechanisms 

could collaborate against this surface target. So far in this study the induction of CD4+ T cells as 

well as high affinity antibody has been demonstrated. 
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Chapter 5: Induction of CTL responses using ED44-PVP 

conjugate vaccine  

5.1 Introduction 

Cytotoxic T lymphocytes (CTLs) are another arm of adaptive immunity which can operate against 

cancer targets. This arm of immunity has been able to target cancer in patients following 

stimulation with checkpoint antibody538 539. Hence induction of CTL against HER2 alongside of 

antibody is highly desirable. In this chapter, the ability of ED44-FRC vaccine to induce CTLs is 

investigated followed by development of a novel PVP design to explore induction of CTL 

immunity. 

5.2 CD8+ T cell response after ED44-FrC vaccination  

ED44-FrC vaccine was further investigated for the ability to stimulate CD8+ T cell sub-population. 

Since the ED44-based vaccines were used in combination with alum adjuvant system, which is 

Th2-biased401 403, the vaccines were not expected to induce a strong CTL response. However, IFN-γ 

was detected in wild type and Balb/neuT mice vaccinated with rED44-FrC in ELISpot indicating 

that Th1 response was induced. Following the negative ELISpot data where the induction of CTL 

response to an individual epitope (E75, data not shown) was evaluated, flow cytometry was 

employed to determine whether CTLs to other parts of the vaccine were induced. 

Ten-week old Balb/neuT female mice were vaccinated with either rED44-FrC or a control vaccine, 

as explained in section  2.9.1. Spleens were taken from the mice 14 days after vaccination. Splenic 

cells were isolated and re-stimulated with either rED44 or FrC antigens for approximately 24 

hours. The cells were processed for FACS staining using surface markers (CD3, CD4 and CD8) and 

intracellular cytokines (IL-2, IL-4, IFN-γ and TNF-α). The splenocytes were acquired with a FACS 

machine and both CD4+ and CD8+ T cell population was determined (Figure  5-1 and Figure  5-2).  

From the FACS-based study (Figure  5-1), all cytokines (IL-2, IFN-γ and TNF-α) were detected at 

similar levels in both rED44-FrC and the control groups. CD8+IL-2+ and CD8+TNF-α+ T cells were 

marginally higher, while there was no difference between the two groups in CD8+ T cell producing 

IFN-γ+. The T cells secreting both IFN-γ+ and TNF-α+ cytokines were seen in very small numbers. 

This experiment was done twice and the same results were obtained, which indicated that rED44-

FrC was not able to induce CD8 related cytokines. Moreover, a similar trend was observed in the 

cytokine-producing CD4+ T cell population specific for HER2 with ED44 used for re-stimulation 
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(Figure 5-2a). Most of CD4 cells responded to FrC re-stimulation and not ED44 (Figure  5-2b) 

similarly as was seen in the ELISpot assay (Figure  4-6). 

The induction of CTLs was not found due to several possible reasons including the method of the 

conjugate preparation using glutaraldehyde known to damage epitopes as well as the adjuvant 

choice540. Hence a different vaccine design has been developed to overcome these limitations. In 

our laboratory the PVP design has been shown not only to induce potent antibodies but also CTL 

responses to conjugated peptides, as well as to whole proteins541 542. A one-step conjugation 

approach has been developed using chemical linker that alter epitopes less than glutaraldehyde. 

Hence, the PVP approach will also allow incorporation of a TLR7/8 targeting adjuvant, by taking 

the advantage of ssRNA naturally present in PVP543.  
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a. 

 
b. 

 

Figure 5-1 Assessment of CD8+ T cell population secreting indicated cytokines in rED44-FrC 

vaccinated Balb/neuT mice 

The figure (a) shows gating strategy and quantification for IL-2, IFN-γ and TNF-α cytokine 

secreting CD8+ T cell populations. Spleens were taken from rED44-FrC (n=5) or a negative 

control vaccine (n=2) groups after 14 days of the prime vaccination. Splenocytes were re-

stimulated with either FrC or rED44 in vitro. Numbers of splenocytes secreting one or two 

cytokines are plotted in (b). Each bar represents mean value and SD. A representative graph 

of two independent experiments is demonstrated. 
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a. 

 
b. 

 
Figure 5-2 Specific CD4+ T cells in rED44-FrC vaccinated Balb/neuT mice 

After 14 days, spleens of rED44-FrC (n=5) or a negative control (n=2) vaccinated mice were 

harvested. Splenocytes were re-stimulated with either FrC or rED44 in vitro. Numbers of 

CD4+ T cells secreting each cytokine were demonstrated in (b). Mean with SD values are 

plotted. A representative graph of two independent experiments is demonstrated. 
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5.3 Plant viral particles as a new carrier for ED44 

5.3.1 Plan viral particles as carriers for cancer vaccines 

PVPs are similar to VLP (described in section  1.4.3.4) in some of their immunological properties 

e.g. particulate nature and highly repetitive molecular structure both highly desirable for effective 

immune induction. They are either icosahedral or rod-shaped with multiple coat protein (CP) 

subunits encapsulating genomic ssRNA. For safety reasons, including viral genomic materials (DNA 

or RNA) in human VLP vaccines is not possible, as most of the viruses are human pathogens. The 

viral genome of PVP is non-pathogenic in humans and can be retained to enhance the immune 

responses to antigens with poor immunogenicity. The genomic viral DNA and RNA in PVPs can 

stimulate the innate immunity via TLR9, TLR3 and TLR7/8, respectively544. PVPs can be 

manufactured at low-cost using multiple plant expression systems including magnICON® where 

the particles can be generated as the designed products or as by-products in the process of 

manufacturing other proteins545. Therefore, as a vaccine delivery system, PVPs are very promising 

as they can deliver weak immunogens in highly immunogenic context of the without a possibility 

of pathogenic infection.  

Several PVPs have been tried in vaccines but four cowpea mosaic virus (CPMV), TMV, papaya 

mosaic virus (PapMV) and PVX have received more attention that the others. Our group focused 

on developing PVP as a platform for delivery TAA in an immunogenic context.  

 Two directions have been taken to explore PVP as planforms for delivery of antigens. Initially 

research focused on developing chimeric virus particles (CVPs) which are made by assembly of CP 

with genetically fused peptide antigens of interest546. This results in having the peptide on PVP 

surface which is advantageous for induction of antibody responses as the CVP are effective in BCR 

crosslinking similarly to VLPs. From manufacturing point of view the CVP approach can allow one 

step vaccine production in plants546. However, there are some limitations for using CVPs. In some 

cases high number of cysteine and tryptophan residues can interfere with structural assembly of 

the PVPs547 548. Another restriction is the size of the peptide antigens because large peptides can 

destabilise the viral particle or even prevent it from assembly549. These problems make 

impracticable the use of genetically engineered CVP for some peptide and protein vaccines. 

Hence biotin-streptavidin and chemical conjugation are becoming more popular as an alternative 

option for linking antigens to PVP.  
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Since 1993 when CVP expressing a peptide from foot-and-mouth disease virus (FMDV) on CPMV 

surface was made by Usha and co-workers550, several plant viruses have been used as vaccine 

carriers to deliver peptides and proteins with induction of antibody and CTL responses against 

attached epitopes549 551. Most of PVP based vaccines have been used for infectious diseases with 

the first PapMV based vaccines for flu now being in phase I clinical study552. TMV is the one largely 

used with TAAs. McCormick and colleagues used TMV conjugated to a model epitope SIINFEKL to 

induce CTL responses and protection in the preclinical melanoma model B16 553. However, these 

carriers have been used only to limited degree for cancers. 

5.3.2 Potato virus X 

5.3.2.1 Biology and usages in vaccines for infection diseases 

Filamentous PVX is one of the RNA plant viruses that have been used to express heterogeneous 

antigens as CVP549. It belongs to the family Alphaflexiviridae, genus Potexvirus. In nature, the 

Solanaceae species such as potatoes and tomatoes are the major PVX hosts and mild mosaic 

symptoms can be found in the infected plant. Five open reading frames (ORFs) have been 

identified in the PVX ssRNA sequence554. These ORFs encode CP (237 aa), three viral-movement 

proteins (Triple gene block protein 1 (TGBp1), TGBp2 and TGBp3) and viral replicase555. PVX 

structure is flexuous helical-structure, which coat protein subunits encapsulate ssRNA 

(Figure  5-3)556.  
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PVX-based CVP expressing HIV type 1 epitope was tested by Marusic and colleagues557. The CVP 

vaccine was tested in wild type and severe combined immunodeficiency (SCID) mice. The SCID 

mice were reconstituted with monocyte-depleted human peripheral blood, which was the source 

of B cells for immune activation. Human DCs pulsed with the vaccine were injected into the mice 

10 days after and the immune response against HIV was tested. The study demonstrated that the 

HIV-targeting PVX-based CVP was able to activate HIV-specific antibody in both animal models 

and the antibody could neutralise HIV activity557. Moreover, the PVX-based CVP was used to 

express other epitopes, such as influenza A virus nucleoprotein (NP, ASNENMETM) and HPV16 E7 

peptides. Peptide-specific antibody and CD8+ T cell responses were observed, even without 

adjuvant558 559.  

5.3.2.2 PVX as a platform for delivery cancer antigens 

The interest in using PVX as a platform for delivery of cancer antigen came after its coat protein 

was used to improve immunogenicity of weak tumour antigens through linked T cell help in DNA 

vaccines546. This vaccine design was effective in promoting of antigen-specific immune responses 

and generated protection against lymphoma and myeloma. However when the whole virus was 

 

Figure 5-3 Diagram of PVX structure and strategy of PVX conjugation 

PVX is filamentous helical structure with encapsulated ssRNA. Linker molecules are 

attached to the PVX structure and then antigens of interest can be bound to the PVX with 

the linkers. 
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linked this vaccine design was significantly better in induction of antibody then the DNA 

vaccine560. 

The ability of PVP to activate the immune system is largely owed to its U-rich ssRNA which is 

recognised by TLR7/8 in mammalian immune cells542 560. TLR7 can be found in the endosomes of 

pDCs561 and B cells562. Activation of TLR7 in pDCs by PVX leads to type I interferon secretion563, 

IFN-α similarly to human pathogenic viruses79 560. Up-regulation of activation markers such as 

CD40, CD80, CD86 and CCR7 by conventional DCs was observed following the injection of PVX 

based vaccines in vivo560. 

One recent preclinical study demonstrated the ability of a vaccine with a single B cell epitope of 

HER2 (378-394) conjugated to PVX to induce HER2-specific antibody. The vaccine was able the 

HER2 overexpressing human cell line SKBR3564. No protection data were reported. 

In our lab, PVX-based PVP was also used to induce a potent CTL response against a model peptide 

SIINFEKL derived from ovalbumin (OVA, 257-264)541. The C-terminus of SIINFEKL was chemically 

linked with PVX using sulfo-LC-SPDP linker. The SIINFEKL-PVX vaccine was demonstrated to induce 

a powerful CTL response with more than 80% killing of peptide-loaded or peptide expressing 

target cells, whilst less than 60% of the target cells were killed with CTLs induced by DNA vaccine 

encoding the SIINFEKL peptide (pDOM-SIINFEKL). Additionally the induction CTL by SIINFEKL-PVX 

was much faster than by the DNA vaccine. SIINFEKL-PVX induced CTLs by day 5 while the DNA 

vaccine induced CTLs were only detected 2 weeks after vaccination. Moreover induction of CTL 

responses to clinically relevant epitopes from cancer testis antigens, MAGEC1 and Per ARNT SIM 

domain containing 1 (PASD1) expressed in myeloma has also been demonstrated. In humanised 

HHD (HLA-A2) transgenic mice the preclinical model used for the PVP design induced significantly 

higher numbers of CD8 T cells than pDOM-epitope vaccines. 

The PVX-based design has also been used out for whole antigens rather than peptides. OVA was 

conjugated with PVX and tested as a vaccine against an established B16 melanoma542. The OVA-

PVX vaccine was delivered using three different routes: subcutaneous, intraperitoneal and 

intravenous injections. The intravenous injection was the best route for vaccination and 

completely cured mice. When the OVA-PVX vaccine was given together with anti-CD8 blocking 

mAb, the vaccine-induced immune response was not able to eliminate the tumour. Consequently, 

this concept developed with the model antigen could be applied to ED44. 

5.3.3 Specific objectives 

The aims of this study part are following: 
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• To construct ED44-based PVX-conjugated vaccine. 

• To test the ability of ED44-PVX conjugate vaccine to induce CTLs in HLA-A2 transgenic 

(HHD) mice. 

5.4 PVX-conjugated ED44 vaccine 

5.4.1  ED44-PVX vaccine construction 

PVX was purified from frozen infected N. benthamiana plant leaves. The plants were infected with 

the PVX virus when they had four true-leaves, the optimal stage for viral infection. The infection 

was performed by agroinfiltration using agrobacteria containing PVX genome-encoding vector 

(pGR107)565. To generate rod-shaped PVX, genomic viral RNA is captured inside of assembled CP 

subunits. It is easy to purify PVX from the plant leaves by a double PEG extraction method 

(section  2.8.1.3). Endotoxin contamination was minimised by using aseptic technique in all stages.  

As explained in section  2.8.2.1, hED44-PVX vaccine was constructed linking PVX and hED44 using 

sulfo-LC-SPDP (referred to as SPDP) linker (Figure  5-4). Disulphide bond in the SPDP linker in the 

hED44-SPDP was broken using a reducing agent, DTT, before joining hED44 and PVX together. 

 

 

 

Figure 5-4 Strategy for hED44 and PVX conjugation using sulfo-LC-SPDP 

Antigen molecules were incubated with SPDP linker to produce pyridyldithiol-activated 

molecule (reaction a). DTT was used to break disulphide bond in the pyridyldithiol-activated 

molecules becoming sulfhydryl-activated substrate (reaction b). Then products from both 

reactions were incubated together to complete the conjugation process (reaction c). 

 

Protein of interest Sulfo-LC-SPDP

NH2 NH

NH
DTT

NH SH

a.

b.

NH SH NH

NH

NH

Conjugated protien

C.

153 



Chapter 5 

5.4.1.1 Evaluation of ED44-PVX conjugation by SDS-PAGE 

To determine the level of conjugation, the hED4-PVX protein was run on SDS- Polyacrylamide gel 

electrophoresis (PAGE) followed by Coomassie Blue staining. Unconjugated hED44, PVX and 

disintegrated DTT-treated hED44-PVX were also in the gel in addition to the conjugated hED44-

PVX for references. The Coomassie blue staining (Figure  5-5, lane 8) revealed that the conjugated 

protein did not move out from the well indicating a very high molecular weight, presumably 

because conjugation was effective. Very small amounts of unconjugated hED44 and PVX were also 

seen in the lane. Disulphide bonds in the hED44-PVX were broken by treating the conjugate with 

DTT and resulted in hED44-PVX conjugate disruption and running as separate vaccine subunits 

(lanes 9-11). The outcome confirmed that there are two main components in the conjugated 

protein. This approach was then used to determine the molar ratio of hED44 and PVX in the 

conjugate. Density analysis from the gel picture using ImageJ software was performed. Density for 

each band was measured and the density value was plotted against the actual concentration to 

make a standard curve. The density of the unlinked hED44-PVX band was calculated compared to 

the standard curve to provide the estimated concentration for each protein. From the density 

analysis, the molar ratio of hED44 to PVX was 1:10. This gel analysis result looked promising; 

however, further evaluations were carried out to prove the success of conjugation. 
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a. 

 
b. 

 
Figure 5-5 hED44-PVX in Coomassie Blue stained gel to evaluate conjugation 

hED44 was treated with DTT and loaded in lane 2, 3 and 4 (0.5, 1 and 1.5 µg). Lane 4, 5 and 

6 were loaded with purified PVX. Conjugated hED44-PVX protein was treated with DTT (2.5, 

5 and 7.5 µg in lane 9, 10 and 11) and without DTT (2 µg in lane 8). A molecular weight 

marker standard is showed in lane 1 (a). Each area was measured using densitometry (b). 

The area units were used to determine concentration of the dis-conjugated proteins and 

then the molar ratio for the conjugate protein was calculated. In this experiment, the molar 

ratio for hED44 and PVX was 1 to 10. 
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5.4.1.2 hED44-PVX conjugation assessment by ELISA 

Beyond that, hED44-PVX was evaluated in a capture ELISA assay (section  2.8.2.3). A 96-well plate 

was coated with trastuzumab mAb. The HER2 specific mAb can bind to the N-terminal portion of 

HER2 extracellular domain335 and the binding site also presents in the ED44 fragment. Hence ED44 

HER2 molecule should be captured by the mAb. The hED44-PVX conjugated protein was added to 

the trastuzumab-coated wells allowing mAb-protein binding. Afterward, either hED44- or PVX-

specific mouse polyclonal antibody was used to detect either the hED44 portion or the PVX 

portion of the conjugated molecule, respectively. The hED44- and PVX-specific mouse IgG was 

detected with HRP conjugated anti-mouse IgG antibody and then the reaction was developed to 

represent the level of the hED44-PVX conjugation (Figure  5-6). Anti-hED44 antibody was able to 

bind the hED44 and hED44-PVX protein but not PVX, whereas the reaction with anti-PVX serum 

was observed only with hED44-PVX. This indicated that hED44-PVX was linked together. 

Biotinylation can be used to measure conjugation efficiency by estimating a number of remaining 

unconjugated lysines or NH2 groups in the molecule. The number of attached biotins is estimated 

by using 4'-hydroxyazobenzene-2-carboxylic acid (HABA) which undergoes spectral changes when 

it is replaced by biotin from the low affinity complex with avidin (commercially available). This 

method can also be tried for estimation of conjugation efficiency for PVX-based vaccines.  
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a. 

 
b. 

 
Figure 5-6 Determination of hED44-PVX conjugation using ELISA 

A capture ELISA was performed to assess hED44-PVX conjugation. Each sample was 

performed in quadruplicate (n=4). (a) ELISA scheme to demonstrate conjugation evaluation 

is shown. (b) 490 nm light absorbance is plotted in the diagram. Each bar represents mean 

value of the light absorbance with SD. 
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5.4.1.3 hED44-PVX conjugate under TEM 

The hED44-PVX conjugate protein was assessed using TEM. The conjugate protein was applied to 

a carbon grid. A traditional negative staining for TEM was able to detect large filamentous 

structures of PVX, but not for hED44 because it is a much smaller molecule (Figure  5-7). An 

immune labelling was employed to detect hED44-PVX structures. A gold-labelled anti-mouse IgG 

antibody was applied after mouse anti-hED44 to detect hED44. Figure  5-7 suggested that some 

hED44 molecules attached to the PVX filaments but some were present independently indicating 

that the sample contained the mixture of hED44-PVX and hED44. 

 

 

5.4.2 CD8+ T cells CTLs by hED44-conjugate vaccine 

HHD mice transgenic for the human HLA-A2 allele were vaccinated with the hED44-PVX conjugate 

vaccine or HER2-specific peptide E75 mixed with FrC-derived helper epitope p30 emulsified in 

montanide; the latter served as a positive control. Furthermore, splenic cells were harvested from 

the same vaccinated mice. The CD8+ T cells were re-stimulated with E75, p30, PVX CP or an 

 

Figure 5-7 Evaluation of hED4-PVX-conjugated vaccine using TEM 

TEM was employed to observe micro-structure of the hED44-PVX conjugate protein. Rod-

shaped PVX-like filamentous structures are indicated with black arrow, while black dots 

determine the hED44 fragment using gold-labelled anti-mouse antibody. The left picture 

shows the unconjugated PVX and there is no gold-labelled black dot binding, suggesting the 

structure was not bound to hED44. In the right hand picture, the conjugated protein was 

seen as the PVX-like filamentous shape in places coated with gold-labelled hED44.  
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irrelevant peptide (HLA-A2 binding peptide derived from SPAG9 cancer testis antigen) for 24 

hours. ELISpot assay was developed to identify IFN-γ producing CD8+ T cells or CD4+ T cells in the 

presence of CP or p30 (Figure  5-8). In this experiment hED44-PVX vaccine did not induce any CD8+ 

T cells producing IFN-γ (the response was counted positive if it was twice as high as the 

background); on the contrary PVX CP induced strong CD4+ T cells response. In E75 and p30 

combination vaccine, induced IFN-γ producing CD8+ T cells at low but significant levels, CD4 

responses were also induced to p30 peptide. However, this is only one preliminary experiment. 

Consequently, additional experiments will need to be carried out to evaluate the ability of the 

conjugate vaccine to induce CTL responses. 

 

 

Figure 5-8 Induction of IFN-γ secreting CD8+ T cells after hED44-PVX vaccination 

14 days after vaccination with hED44-PVX, HHD mice (n=3 for each group) were sacrificed 

and spleens were taken. Splenocytes, 2.5x105 cells per well, were plated to anti-mouse IFN-

γ capturing antibody-coated wells. IFN-γ producing CD8+ and CD4+ T cells were detected 

after 24 hour-incubation with peptides and PVX CP. Numbers of the responding T cells were 

counted and plotted in the diagram. Bars are spots per million cells mean values with SD. 
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5.5 Discussion 

Initially the ability of ED44-FrC conjugate vaccine to induce CTL responses was evaluated. hED44 

protein was linked to self-assembled PVX by SPDP chemical linkage. From SDS-PAGE gel analysis 

and ELISA, the results suggested that the two components were well conjugated. On the other 

hand, some hED44 molecules were attached to the PVX filaments and some were not when the 

conjugated vaccine was studied under TEM indicating that conjugation was not very efficient. The 

method used for conjugation was developed in our laboratory for ovalbumin542 and further 

optimisation for ED44 is required to achieve more efficient conjugation. The vaccine was tested in 

HHD mice to evaluate IFN-γ secreting CD8+ induction. In this preliminary study, hED44-PVX was 

not able to induce significant CD8+ T cell response against E75, the HER2-derived peptide. 

However, PVX CP specific Th1 cells were induced to very high levels as judged by numbers of IFN-γ 

producing cells. It is also possible that CTL were induced but not to E75 but to other epitopes 

which might be present in hED44, such as P435 (HER2 435-443, ILHNGAYSL)373 566. 

Poor conjugation efficacy is probably responsible for the lack of E75 specific CTL induced in the 

ELISpot following vaccination with ED44-PVP. The method which was used here had been 

previously used in a study where epitopes were conjugated to TMV553 and in our lab for 

conjugating of a range of epitopes and whole protein ovalbumin. In all these cases the 

conjugation worked well but required optimisation including varying the ratio of the linker to the 

protein. Hence further similar optimisation for ED44 will be also required. Another possible 

reason for lack of CTL induction would be that E75 was not process from ED44. Similar situation 

was seen when a well-defined peptide presented from a DNA vaccines was unable to induce CTLs 

when delivered as protein vaccine542 567. Nonetheless, additional investigations are necessary to 

confirm the finding. In the future overlapping peptides will be used in ELISpot to assess the 

induction of CTLs more comprehensively. If CTLs are induced, this will allow the specific epitope 

characterisation.  

In addition to IFN-γ detecting ELISpot assay, it is possible to measure cytotoxic activity against 

tumour cells using Chromium-51 (51Cr) releasing assay. Since HHD transgenic mice (HLA-A2 +) were 

chosen for hED44-PVX testing, the HER2-positive human cell lines, BT474 and SKBR3 will be used. 

They have been transduced with the HHD molecule to use as target cells for CTL killing assays. 
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Chapter 6: Concluding remarks 

6.1 General conclusions 

Breast cancer accounts for about 25% of all cancers diagnosed worldwide in women, making it the 

most common cancer in both developed and developing countries5. Breast cancer mortality is 

ranked fifth of all cancer deaths in both sexes and takes the first place in women (over 500,000 

per year)5. Although 5-year survival rate of breast cancer in the UK was 84%, mortality rates are 

still high; 17 per 100,000 people and over 11,000 cases per year5 568. One fourth of all breast 

cancers are HER2 positive cancers with a bad prognosis. Clinical data indicate outcome 

improvement after treatment with HER2-specific mAbs in HER2-positive breast cancer patients17 

362. However, as the mAbs cannot induce long-term immune response, the patients need to be 

infused with the mAbs many times. HER2-specific cancer vaccine is an option that could induce a 

potent long-term immune response. The vaccine would dramatically reduce suffering from the 

treatment and improve cost-effectiveness at the same time. Hence, this study has focused on a 

novel HER2 targeting vaccine which was expressed in a plant-based system, a cheap and easy 

method with an established platform for a large scale production. 

In line with the worldwide statistics in Thailand, breast cancer is the most common cancer in 

women with up to 30% of these patients having HER2 positive breast cancer569-571. HER2-targeting 

mAbs are available in Thailand, but the cost is extremely high compared to an average income of 

Thai population (279,600 Thai Baht per annum per household, which is around £5,100)572. Most of 

patients have to pay for the treatment themselves. Hence, the novel ED44-FrC vaccine could offer 

a cheaper treatment option and increase treatment accessibility for Thai breast cancer patients. 

Also, since the vaccine process does not require advanced technologies, manufacturing could be 

established relatively easy. The vaccine could be made in the country with further cost reduction 

in comparison with an imported version. Of note, green house facilities will still need to be in 

place because of environmental safety and uncontrolled outside temperatures.  

In last few decades, many plant-expressed proteins have been widely used in modern 

pharmaceutical products demonstrating their safety in humans 573. Mammalian proteins such as 

human somatotropin, IL-2, IL-4 and GM-CSF derived from plant expression systems are known to 

retain their functions574. Some protein modifications are required to reduce immune reactions to 

plant-made proteins due to the difference in glycosylation pattern between mammals and 

plants575-577. 
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A number of the plant recombinant immunotherapeutic antibodies and vaccines have been tested 

in clinical studies578. For example, mixture of three humanised mAbs against Ebola virus, as 

ZMapp, which were expressed in N. benthamiana with the magnifection system (magnICON®) 

demonstrated efficacy against Ebola infection in non-human primates579 and have been 

successfully used to treat patients in the 2014 West Africa Ebola outbreak before phase I clinical 

trials580. The outbreak data also demonstrated safety of these antibodies for human use. Id Ig of 

lymphoma has been manufactured in plants (also using magnICON®) for a phase I clinical trial. The 

vaccines were well tolerated and induced both cellular and humoral response581. 

Collectively plant expression systems are becoming a preferred choice for manufacturing of both 

conventional and cancer vaccines582 583. Excitingly our collaborator ICON Genetics has been 

purchased by Denki group (Japan)584 with the aim to further develop the vaccine production side 

of their business. Luckily through our collaboration we had an opportunity to join this area of 

research, with ED44-based vaccines being one of the first examples of cancer vaccines expressed 

in plants. Of note the others are Id scFv, the above mentioned Id Ig of lymphoma, HPV-derived E7 

and recently rat HER2-ECD383 581 585 586. For our vaccine the manufacturing protocol is already 

established (although not fully optimal) paving the way for translation to the clinic. Additionally 

ICON Genetics has a fully certified in good manufacturing practice (GMP) facility allowing 

manufacture for clinical trials581. Furthermore, ICON Genetics has also recently demonstrated the 

deliverability of Id Ig cancer vaccines for clinical trial581. Recombinant proteins made from the 

magnifection system are considerably cheaper than those produced in Chinese Hamster Ovary 

(CHO) cells. This is important to have in place early as the inability to deliver large scale 

manufacturing can prevent translation of good ideas into clinical practice. 

6.1.1 Role of FrC-derived T cell help in enhancing protective humoral responses against 

HER2 

Two HER2 derived vaccine prototypes have been used in this study: the rat HER2/neu and the 

human HER2. Both were remarkably good in guiding the antibody specificity against the 

corresponding specific HER2. Interestingly rED44 was very poor in induction antibody against the 

human HER2.  

When similar region of rat HER2/neu was targeted by DNA vaccine encoding the truncated 

version of the molecule the vaccine induced good antibody responses390. However before our 

study there were no data on the behaviour of the human versions in terms of induction of 

antibody to native human HER2. Interestingly this region appears to be similarly immunogenic in 

both rat and human. In terms of further improvement of ED44 ability to induce antibody it would 
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be useful to obtain 3D structure of the fragment then site directed mutagenesis could be used to 

make a more HER2-like structure if needed. Remarkably, both conjugates also retained the ability 

of ED44 to guide the antibody responses indicating lack of damage of essential epitopes. 

Here the concept that linked foreign T cell help can rescue HER2-specific antibody responses in a 

tolerant setting. Testing of the ED44 vaccine in the Balb/neuT mice revealed that the ED44-

specific Th cell response was poor in comparison with the wild type. The induction IL-2 and IFN-γ 

producing Th1 cells was most affected. It is lack of this Th cell support was the main reason for 

poor antibody response. Hence HER2/neu tolerant mice did not benefit from immunisation with 

rED44 vaccine. The response was rescued by conjugation to FrC; however rED44-FrC did not 

improve rED44 specific T cell help but instead was able to engage FrC specific help resulting in 

powerful antibody response. Therefore, tumour development interruption was observed in the 

rED444-FrC vaccinated mice. 

Although HER2 has been targeted by many vaccines370 587, two most recent vaccines that aimed at 

antibody induction are HER2-specific B cell epitopes fused promiscuous CD4 T cell epitope derived 

from MVF294 and whole ECD plus ICD fragment of HER2 protein vaccine (dHER2)385. In a phase I 

trial of MVF, 10 out of 24 patients induced anti-HER2 antibody and six patients benefited from the 

vaccination with stable disease or partial response. Although dHER2 induced in most of the 

patients, the stimulated antibody had limited ability to inhibit HER2 transduced signalling via 

PI3K/Akt pathway385. No updates on the state of this vaccine have been reported since 2012. 

Moreover, ED44-FrC is likely to be superior in terms of clinical performance because in contrast to 

MVF it is likely to induce T cell help irrespective of patients’ haplotypes as FrC contains many MHC 

class II restricted epitopes (P2 and P30 are two examples of known promiscuous epitopes). A 

single epitope even of promiscuous nature is unlikely to perform across different patient’s 

haplotypes. Quantity of T cell help is also important as it is a limiting factor for induction of high 

affinity antibody. In the dHER vaccine, foreign T cell help was not included and hence that was 

likely to impact the vaccine’s performance. 
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Figure 6-1 Foreign T cell help enhancing HER2-specific antibody response 
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hose function w
as not 
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ere able to encourage HER2-specific antibody production to m
uch higher levels, high affinity and 

broaden the isotypes. The rED44-FrC vaccine induced effective im
m

une responses against HER2-positive breast cancer.  
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6.2 Future work 

In our lab, PVP was demonstrated the ability to stimulate CTL immune responses to conjugated 

TAAs. Future work will focus on further development of PVP vaccine design with the aim to induce 

CTLs against HER2. Data from our lab indicate that PVP carrier alone demonstrated a substantial 

curative anti-tumour effect542. The potential impact might come from altering the tumour 

microenvironment through TLR7. This is interesting and worth investigating. 

Given that the conjugated ED44-FrC vaccine was able to induce HER2-specific antibody response 

together with CD4+ Th cell encouragement that interrupt breast cancer progression, with little 

CD8+ T cell response, it is interesting to investigate further in details how these tumour 

interference mechanisms work. Some potential mechanisms were hypothesised in HER2 mAb 

therapies such as ADCC and HER2 internalisation248. The HER2 internalisation after binding by the 

HER2-specific vaccine-induce antibody528, causes cancer cells to undergo apoptosis. These 

experiments would give us further knowledge of the ED44-FrC mechanism mode of action. 

Cancer treatment with a combination of mAb and cancer vaccine is another interesting approach. 

For example, using anti-CTLA-4 together with GWEDPPNDI survivin peptide vaccine was able to 

stimulate strong immune responses against neuroblastoma in a mouse model588. In the Balb/neuT 

model, others demonstrated that depletion of Tregs can improve DNA vaccine efficacy526 589. Anti-

CTLA-4 mAb (tremelimumab) has been already tested in advanced breast cancer patients in a 

phase I clinical trial resulting in stable disease for at least 4 months from the treatment in about 

40% of the patients590. Hence, one direction could be combining anti-CTLA-4 antibody with ED44-

based vaccines. In general, the knowledge of cancer vaccines and immunotherapy that was 

established here in Southampton would be transferred to Thailand. This will help the country 

develop its own treatments for Thai cancer patients, with effective therapy at affordable prices 

for them. 
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