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ABSTRACT 

 Human immunodeficiency virus (HIV) causes acquired immunodeficiency syndrome by 

targeting and destroying CD4
+
 T cells via its Envelope protein (Env), while Ebola virus (EBOV) 

causes a lethal hemorrhagic fever and targets antigen presenting cells (APCs) via its glycoprotein 

(GP). There are no licensed vaccines for either virus, posing a problem particularly in Africa, 

where succumbing to EBOV or HIV is a grim reality. We hypothesized that a replication-

competent HIV expressing GP as a replacement for Env will redirect the virus from CD4
+
 T cells 

toward antigen presenting cells and act as a live, bivalent vaccine to induce cellular and humoral 

immune responses against both pathogens, and confer protection against a lethal EBOV 

challenge in mice. Recombinant HIV-1 molecular clones containing different truncations of the 

GP gene to replace HIV gp120 were generated and used to rescue three GP-expressing vaccines, 

HIV-EBOV, HIV-EBOVȹ1, and HIV-EBOVȹ2. These demonstrated tropism for the monocyte 

cell line, THP-1, and decreased tropism for the CD4
+
 T cell line, SupT1. While all vaccines 

induced HIV p24- and GP-specific IFN-ɔ-secreting T cell responses, HIV-EBOVȹ1 and HIV-

EBOVȹ2 induced the most robust responses at 21 days post-vaccination (dpv), respectively. 

While all vaccines induced total anti-p24 and anti-GP IgG responses, HIV-EBOVȹ1 induced the 

most robust responses at 42 dpv. HIV-EBOVȹ1 demonstrated the highest protective efficacy 

against lethal EBOV challenge, followed by HIV-EBOVȹ2 and HIV-EBOV, providing 83%, 

67%, and 50% survival in mice, respectively. HIV-EBOVȹ1 shows promise as a protective 

vaccine against EBOV, but may require further optimization and characterization regarding its 

mechanism of action and ability to protect against HIV. 
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CHAPTER 1: INTRODUCTION  

1.1. VACCINE S AND IMMUNITY  

1.1.1. History of vaccination 

 Vaccines are one of the most cost-effective and efficient protective measures against 

infectious diseases. The intentional manipulation of the immune response to generate protective 

immunity against pathogens dates back to the Middle Ages, with the act of variolation in Africa, 

India, and China. Variolation exposed healthy individuals to air-dried smallpox pustules by 

inhalation or by scratching the material into the skin in order to provide immunity against 

smallpox (Rappuoli, Pizza, Del Giudice, & De Gregorio, 2014). In 1796, Edward Jenner 

observed that milkmaids who acquired lesions from cowpox infection were subsequently 

immune to smallpox outbreaks. Based on this observation, he administered pus from lesions 

obtained from a milkmaid infected with the bovine disease to confer immunity to smallpox 

(Stern & Markel, 2005). He subsequently termed the process ñvaccinationò after, vacca, the 

Latin term for cow (Riedel, 2005). Later in the 19
th
 century, Robert Koch determined that 

microorganisms were the etiological agents of infectious diseases, introducing the role of viruses, 

bacteria, fungi, and parasites in human illness (Murphy, 2012). Subsequently, Louis Pasteur 

developed a rabies virus vaccine in 1885, which further expanded the application of vaccination 

from its association with cowpox to include other inoculations that provide protective immunity. 

Pasteur forged vaccine development by using dead or attenuated pathogens that mimicked the 

infectious agent to provide immunity to naïve individuals without causing disease (Stern & 

Markel, 2005). Since these early discoveries, a multitude of vaccines have been developed and 

contributed to the eradication of smallpox and other previously morbid diseases, such as 

poliomyelitis, measles, mumps, and rubella, which affected millions of lives in the 20
th
 century 
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(Nabel, 2013). Recently, more advanced technologies have been developed that optimize the 

mimicry of microorganisms to induce immunity. The generation of vaccines lacking virulence 

factors of pathogenic agents was made possible by the advent of recombinant DNA technologies 

in the 1970s (Rappuoli et al., 2014).  

 

1.1.2. Basic immunology: Innate immunity 

 The human immune system is comprised of the innate and adaptive arms of immunity, 

which constantly interact with one another to optimize the hostôs ability to fend against 

infections and malignancies (Clem, 2011). Both arms of the immune system are reliant on the 

activities of leukocytes, also known as white blood cells. The innate arm of the immune system 

acts as the hostôs first line of defense, using general, rapid, and constant mechanisms of 

resistance. Anatomic barriers, such as mucous membranes and intact skin, act as physical 

barriers, which prevent the entry of pathogens into the host. In addition, the acidic nature of the 

skin barrier inhibits the growth of many microbes, while mucous and cilia on mucous 

membranes trap and propel microorganisms from the body (Clem, 2011; Sperandio, Fischer, & 

Sansonetti, 2015). 

 Physiologic barriers are another component of innate immunity. For example, the normal 

body temperature range inhibits the growth of pathogens, while increased temperature that 

occurs during a fever can further inhibit pathogen growth. Lysozyme, an enzyme found in 

mucous secretions and tears, can lyse bacteria by cleaving the peptidoglycan layer of the 

bacterial cell wall. Interferons, produced by virally infected cells can induce an anti-viral state by 

binding to non-infected cells in proximity. Collectin, a surfactant protein found on mucosal 
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surfaces, can disrupt lipid membranes to directly kill microbes or aggregating pathogens in order 

to promote their clearance by phagocytes (Clem, 2011).  

 The complement cascade is another component of the innate immune system, which can 

utilize three different pathways for activation of complement proteins. The classical pathway 

initiates complement upon the binding of IgM antibodies or specific IgG antibody subclasses to 

surface antigens on microorganisms. The alternate complement pathway is initiated when the 

C3b complement protein is deposited into the surface of microbes, while the lectin complement 

pathway is initiated by the binding of plasma mannose-binding lectin onto microbial surfaces. 

All three pathways lead to common events that trigger the formation of the membrane attack 

complex, which induces lysis of target cells by forming pores on the cell membrane. In addition, 

complement promotes opsonisation, which optimizes phagocytosis of particulate antigens. 

Complement is also involved in initiating a localized inflammatory response (Sarma & Ward, 

2011). Complement aids in optimizing adaptive immunity by inducing cells that have engulfed 

microbes to provide signals for the activation of lymphocytes with antigen-specific receptors 

(Murphy, 2012).  

Cells of the innate immune system lack antigen specificity but instead recognize molecular 

patterns conserved in a wide range of pathogens. Pattern recognition receptors (PRRs) found on 

innate cells are not specific to a specific antigen, but recognize pathogen-associated molecular 

patterns (PAMPs) and danger-associated molecular patterns. These include toll-like receptors 

(TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors, which recognize 

components such as nucleic acids, peptidoglycan, flagellin, and lipopolysaccharide common to 

many pathogens. Upon recognition of PAMPs, PRRs initiate a cascade that leads to cytokine 

release, complement activation, opsonization, and phagocyte activation. Granulytic cells, such as 
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neutrophils, eosinophils, basophils, and mast cells, play key roles in innate immunity. 

Neutrophils are generally the first to arrive to a site of inflammation and are highly active 

phagocytes, while eosinophils are important in the phagocytosis and clearance of parasites. 

Basophils, found in blood, and mast cells, found in tissues, secrete histamine and other 

substances, which mediate allergic reactions (Clem, 2011). Natural killer (NK) cells directly lyse 

target cells by secreting perforin and granzyme, regulate immune responses by releasing 

cytokines, and induce apoptosis of target cells by coupling death-inducing receptors (Ma, Li, & 

Kuang, 2016). DCs, and mononuclear phagocytes, such as monocytes and macrophages, are 

involved in linking innate immunity to adaptive immunity. These cells are involved in 

antimicrobial and cytotoxic effects, phagocytosis, cytokine production, and antigen presentation 

(Clem, 2011). Cytokines are proteins that bind receptors on the same cell releasing the cytokine 

or distant cells. Binding of cytokines to their cognate receptors optimizes adaptive immunity by 

promoting the differentiation of naïve cells to effector cells of the adaptive immune system. 

Chemokines also promote recruitment of adaptive immune cells. Inflammatory responses 

generated by the innate immune system increase the flow of lymphatic fluid, which carries 

antigen and antigen-bearing cells to lymphoid tissues (Janeway Jr, Travers, Walport, & 

Shlomchik, 2001). 

 

1.1.3. Basic immunology: Adaptive immunity 

 In contrast to innate immunity, adaptive immunity confers antigen-specific effector 

functions to mediate protection. Lymphocytes play the most significant role in adaptive 

immunity (Murphy, 2012). The main drawback with the adaptive arm of immunity is that 

responses take longer to generate in comparison with the innate immune responses. The greatest 
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benefit of adaptive immunity is the ability to generate memory, allowing for the induction of a 

more rapid and effective control of a pathogen upon subsequent encounter (Clem, 2011). 

 

Cell-mediated immunity 

 Cell-mediated immunity is the first arm of the adaptive immune system, which mainly 

functions against intracellular pathogens. T lymphocytes (T cells), the primary mediators of cell-

mediated immunity, possess unique T cell receptors (TCRs) on their surface, which specifically 

recognize cognate antigens presented by either major histocompatibility complex (MHC)-I or 

MHC-II. In contrast to B lymphocytes, T lymphocytes can only bind antigens that have been 

processed and presented by antigen presenting cells. Upon receptor engagement with its cognate 

antigen, T cells proliferate and differentiate into effector cells as depicted in Figure 1.1. Naïve 

CD8
+
 T cells differentiate into cytotoxic T lymphocytes (CTLs), while naïve CD4

+
 T cells 

differentiate into T helper cells, or regulatory T cells. CTLs, which express CD8 co-receptor on 

their surface, recognize antigenic peptides presented by MHC-I, expressed on all nucleated cell 

types, excluding mature erythrocytes. CTLs directly kill cells infected with intracellular 

pathogens, such as viruses, or malignant cells that express their cognate antigen. Upon receptor 

engagement and co-stimulation, CTLs release caspases into the target cell, which induces 

apoptosis and activates nucleases that degrade host and foreign DNA (Murphy, 2012).  

T helper cells, which express CD4 on their surface, recognize antigenic peptides presented 

by MHC-II, primarily expressed on professional antigen presenting cells, such as macrophages, 

DCs, and B cells. Upon recognition of their cognate antigens on target cells, helper T cells 

provide the essential signals that influence the activity and behaviour of different cell types. For 

example, TH1 cells produce IFN-ɔ, which promotes the activation of infected macrophages to 
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destroy engulfed intracellular pathogens. TH2 cells produce IL-4, IL-5, and IL-13, which 

promotes the ability of antigen-stimulated B cells to secrete antibodies and undergo isotype class 

switching. In addition, TH2 cells promote switching to IgE antibodies to mediate the clearance of 

extracellular multicellular parasites. TH17 cells secrete IL-17 and IL-6, which cause fibroblasts 

and epithelial cells to produce chemokines that recruit neutrophils to sites of infection to mediate 

the destruction of extracellular pathogens. Follicular T helper (TFH) cells also contribute to the 

antibody-mediated response by producing cytokines, such as IFN-ɔ, which induces class 

switching in B cells. Regulatory T cells (Treg) produce TGF (transforming growth factor)-ɓ and 

IL-10 to suppress the action of lymphocytes and prevent autoimmunity (Murphy, 2012).  
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Figure 1.1. Effector mechanisms of cell-mediated immunity. CD8
+
 cytotoxic T cells directly 

kill infected or malignant cells expressing their cognate antigen by secreting caspases that induce 

apoptosis.  CD4
+
 TH1 cells activate infected macrophages to induce their destruction of engulfed 

intracellular pathogens. CD4
+
 TH2 cells provide signals to antigen-stimulated B cells to promote 

their ability secrete antibodies and undergo isotype class switching. In addition, TH2 cells 

promote switching to IgE antibodies to mediate the clearance of extracellular multicellular 

parasites.CD4
+
 TH17 cells recruit neutrophils to sites of infection to mediate the destruction of 

extracellular pathogens. CD4
+
 TFH cells also contribute to the antibody-mediated response by 

inducing class switching in B cells. CD4
+
 regulatory T cells work to suppress the action of 

lymphocytes in order to prevent autoimmunity. (Adapted from Murphy, 2012) 
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Humoral immunity 

 Humoral immunity, also known as antibody-mediated immunity, is the second arm of the 

adaptive immune system, functioning primarily against extracellular pathogens and toxins. B 

lymphocytes (B cells), the primary mediators of humoral immunity, possess unique B cell 

antigen receptors (BCRs), which are membrane bound immunoglobulins with specificity for a 

cognate antigen. Naïve B cells develop in the bone marrow and migrate to the lymph nodes, 

where they encounter antigens in native, unprocessed form. Antigens capable of activating B 

cells in absence of T cell help are called T-independent antigens, which include 

lipopolysaccaharide and bacterial polymeric flagellin. T-independent antigens generate weaker 

immune responses and poor memory formation in comparison to antigens provided with T cell 

help (Clem, 2011). Upon receptor engagement with its cognate antigen and secondary signalling 

by cytokines, B cells begin somatic hypermutation in which BCRs become optimized for antigen 

binding. These B cells proliferate and differentiate into plasma cells, which are the effector form 

of B cells that produce antibodies sharing the same antigen specificity as the membrane-bound 

BCR. Antibodies are Y-shaped molecules with two identical variable regions for unique antigen 

binding and a constant region, which determines the function of the antibody, as depicted in 

Figure 1.2 (Murphy, 2012). In a process called neutralization, antibodies mediate protection by 

binding antigens on pathogens or toxins, preventing their entry into target cells. During 

opsonisation, antibodies mediate the engulfment and phagocytosis of pathogens to which they 

are bound. Antibodies can also mediate complement-dependent cell cytotoxicity by inducing the 

classical complement pathway to induce the membrane attack complex-mediated lysis of 

bacterial pathogens or infected cells. Lastly, antibodies mediate antibody-dependent cell 

cytotoxicity by binding infected cells expressing pathogenic antigens on their surface. This 



9 

 

recruits natural killer cells, which bind the antibodyôs constant region and mediate killing of the 

infected cell by secreting perforin and granzymes (Figure 1.2)(Murphy, 2012). Early in the 

primary antibody response, IgM antibodies are primarily produced and class switching occurs in 

which the constant region of the antibodies are exchanged, allowing for production of IgG 

antibodies. In addition, affinity maturation contributes to the production of IgG antibodies that 

are better at mediating neutralization, antigen binding, and mediating opsonisation. IgG 

antibodies are the key antibodies in vaccination. Other antibody classes include IgA, which are 

found in mucous, tears, saliva, and breast milk; IgD, which are primarily bound to the surface of 

mature B cells; and IgE, which are involved in mediating allergic reactions (Clem, 2011). 
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Figure 1.2. Effector mechanisms of humoral immunity. Antibodies are composed of a 

constant region involved in antibody function and a variable region involved binding to specific 

antigens. Antibodies can mediate neutralization, preventing pathogens or toxins from interacting 

with host cells. Antibodies can also mediate opsonisation, in which antibodies coating a 

pathogen promote recognition, engulfment, and digestion by phagocytes. Antibodies are also 

involved complement activation through the classical complement pathway, a cascade leading to 

the formation of the membrane attack complex on the cell surface causing lysis of a bacterium. 

Antibody-dependent cell cytotoxicity involves binding of antibodies to antigens expressed on the 

surface of an infected cell. Recognition of the antibodyôs constant regions by receptors on natural 

killer cells promotes killing of the infected cell via perforin and granzyme secretion. (Adapted 

from Murphy, 2012) 
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Immunological memory 

 Immunological memory, the ability of the immune system to mount a faster and more 

effective antigen-specific response upon subsequent exposure, is the most significant concept 

unique to the adaptive immune system.  Since humans have a wide diversity of lymphocytes 

bearing unique antigen receptors, a foreign antigen may only be bound by very few lymphocytes 

with the appropriate receptor specificity. The few lymphocytes capable of recognizing foreign 

antigens undergo clonal expansion, during which, activation and proliferation occurs, yielding 

antigen-specific progeny that can differentiate into a sufficient amount of effector cells for 

pathogen clearance. Upon clearance of the invader, most effector cells undergo apoptosis. 

However, some cells, known as memory cells, persist after antigen elimination and are primed to 

provide a more rapid and effective effector response upon secondary encounter with the antigen. 

For example, the secondary antibody response occurs after a shorter lag period at a greater 

magnitude, producing antibodies with higher affinity for the antigen compared with the primary 

antibody response (Murphy, 2012). 

 

1.1.4. Vaccine immunology 

 Successful vaccination is dependent on the development of immunological memory, which 

prevents infection with pathogens bearing the antigen introduced by a vaccine (Murphy, 2012). 

Immunological memory can be conferred by passive or active means. Passive immunization can 

be achieved by transferring pre-formed antibodies to a naïve individual, providing temporary 

protection to a particular pathogen or toxin until the antibodies are eliminated. This can occur 

naturally by the transfer of maternal antibodies to an infant via breast milk or artificially through 

the administration of convalescent plasma containing antibodies from survivors. Active 



12 

 

immunization occurs upon exposure of a naïve individual to antigens of a pathogenic agent, 

which initiates innate and adaptive immunity. Unlike passive immunization, active immunization 

can generate long-lasting immunity. Active immunization can occur naturally through exposure 

and infection by a particular pathogen. For example, natural exposure to influenza virus induces 

the development of long-term anti-influenza immunity. Active immunization can also be induced 

artificially by vaccination. In contrast to natural infection, vaccination aims to generate immunity 

against a pathogen without inducing disease symptoms (Clem, 2011).  

 

Role of antigen presenting cells in driving adaptive immune responses to vaccines 

 The main goal of vaccination is to stimulate an antigen-specific immune response and 

induce long-lasting immunological memory in order to provide protection upon encounter with 

the disease-causing pathogen. In order to achieve this, vaccine antigens need to be presented by 

antigen presenting cells (APCs). Antigen presentation upon infection or vaccination can occur 

via two pathways. Antigens that are generated endogenously are presented on MHC class I 

molecules by APCs to CD8
+
 T cells. Antigens that are generated exogenously are presented on 

MHC class II molecules by professional APCs, including DCs, monocytes, macrophages, and B 

cells. Activation of naïve T cells by APCs requires at least two signals as depicted in Figure 1.3. 

The first signal involves the presentation of MHC:antigen complexes on the surface of APCs to 

an antigen-specific TCR of the T cell, as well as co-receptor binding to MHC. For CD8
+
 T cells, 

TCRs binds MHC class I:antigen complexes on the target cell, while CD8 acts as the co-receptor 

that binds MHC. For CD4
+
 T cells, TCRs bind MHC class II:antigen complexes on the target 

cell, while CD4 acts as the co-receptor that binds MHC. Together, these interactions mediate 

activation of the T cell. The second signal is the co-stimulation provided by APCs when its 
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CD80 or CD86 molecules bind CD28 receptors on the T cell, which leads to prolonged survival 

of the T cell. Since non-professional APCs lack CD80/86, they are unable to induce co-

stimulation and are therefore unable to sufficiently stimulate T cell responses. In the presence of 

TCR engagement and the absence of co-stimulatory signals, anergy can occur, a form of T cell 

tolerance to the antigen. The third signal is cytokine signalling, in which cytokines produced by 

the APC mediate differentiation of the T cell. Thus, the cytokine environment produced by the 

APC influences the effector function of a T cell. For example, IL-12 and IFN-ɔ drive the 

differentiation of naïve T cells into TH1 cells; IL-4 drives the development of TH2 cells; TGF-ɓ 

and IL-6 drive the development of TH17 cells; IL-6 drives the development of TFH cells; and 

TGF-ɓ alone promotes the development of Treg cells (Murphy, 2012). Recently, new vaccine 

strategies aim to target selected antigens directly to APC subsets in order to promote the desired 

immune responses, such as TH1 vs. TH2, necessary for protection against the particular pathogen 

(Gamvrellis et al., 2004). 
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Figure 1.3. Professional antigen presenting cells promote clonal expansion and 

differentiation of naïve T cells by delivering three distinct signals. The first signal, antigen 

recognition, involves the presentation of MHC:antigen complexes on the surface of APCs to an 

antigen-specific TCR of the T cell. This signal also requires the binding of CD8 to MHC-I or 

CD4 to MHC-II for CD8
+
 T cells and CD4

+
 T cells, respectively. The second signal, co-

stimulation, occurs by the interaction with CD80 or CD86 molecules on APCs with CD28 

receptors on the T cell, leading to prolonged survival of the T cell. The third signal is cytokine 

signalling, in which cytokines produced by the APC mediate differentiation of the T cell into 

different effector subsets. (Adapted from Murphy, 2012) 
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1.1.5. Types of vaccines 

 Since the discovery of vaccination, many types of vaccines have been utilized to confer 

protection against infectious disease. Typically, vaccines intend to induce both arms of the 

adaptive immune system, as well as innate immunity. Each type of vaccine has both advantages 

and limitations regarding immune stimulation and safety, and thus, different vaccine types 

should be considered for each particular application (Clem, 2011). 

 

Inactivated vaccines 

 Inactivated vaccines, also known as killed vaccines, utilize pathogenic agents that have 

been treated by heat, chemical, or radiation methods in order to inactivate the pathogen and 

eliminate its ability to cause disease (Clem, 2011).  One of the first killed vaccines to be 

developed was for typhoid in the 19
th
 century. Currently, polio, hepatitis A, and pertussis 

inactivated vaccines continue to be widely used. Upon administration, the whole killed organism 

is phagocytosed by immature DCs and digestion with the phagolysosome generates different 

antigenic fragments from the vaccine. The peptides on the activated mature DC can be presented 

on the surface of the cell by MHC-II, which allow antigen recognition and activation of primarily 

TH2 cells. Antigens that drain along lymph channels are bound by antigen-specific B cells, which 

can also internalize the antigens and present them as MHC-II:peptide complexes, leading to 

linked recognition with TH2 cells sharing the same antigen recognition. TH2 cells produce IL-2, 

IL-4, IL-5, and IL-6, which induces activation, differentiation, and proliferation of the antigen-

specific B cell. Subsequently, activated B cells undergo isotype switching from IgM to IgG and 

memory cell formation occurs. While primary immunization takes a minimum of 10-14 days, the 

secondary response to antigenic exposure occurs within 1-2 days (Baxter, 2007). An advantage 
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of killed vaccines is safety due to their inability to cause illness or revert back to virulence. 

Killed vaccines are also stable and less susceptible to changes in temperature, humidity, and 

light, and do not require refrigeration. They can also be freeze-dried for transport. In addition, 

killed vaccines are unable to multiply, preventing spread to unimmunized and potentially 

immunocompromised individuals. Limitations of killed vaccines include their inability to 

generate robust immune responses since they are unable to replicate in cells. Thus, many 

inactivated vaccines require multiple booster immunizations to maintain long-term immunity. 

Lack of replication also prevents endogenous antigen processing and subsequent presentation via 

MHC-I molecules, limiting the CTL response generated by inactivated vaccines. In addition, 

since whole inactivated pathogens are used, antibodies induced by vaccination may be targeted 

towards antigens that are not involved in virulence. These antibodies may act antagonistically 

with antibodies involved in protection. Some pathogens may use this as an advantage in order to 

down-regulate the hostôs adaptive immune response (Baxter, 2007; Clem, 2011). 

 

Subunit vaccines 

 Subunit vaccines are an evolution of the killed vaccine approach, using specific protein 

antigens instead of whole pathogen preparations. The development of an efficient subunit 

vaccine requires the identification of the specific antigen or antigen combination important in 

inducing protection against the pathogen (Baxter, 2007). Subunit vaccines are produced using 

DNA plasmids to induce recombinant protein expression in cell culture or foreign hosts. Virus-

like particles (VLPs), which exhibit similar surface proteins as the wild-type virus but lack 

genetic material for replication, are an extension of subunit vaccine technology that have been 

used for protection against hepatitis B virus and human papilloma viruses (Ellis, 1996). Subunit 
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vaccines comprising T-independent antigens, such as the Pneumovax vaccine against 

pneumococcal disease, are phagocytosed and presented by DCs and macrophages, which 

encounter TH2 cells in the lymph node. However, the MHC:polysaccharide complexes are unable 

to induce the activation of TH2 cells. Some non-phagocytosed polysaccharide molecules of these 

vaccines may encounter antigen-specific B cells in the draining lymph nodes, which can become 

activated without the help of TH2 cells due to the high avidity of binding between the BCRs and 

the multivalent polysaccharide vaccine. However, these activated B cells are limited to IgM 

production due to limited isotype switching; IgM is highly efficient in activating complement, 

but limited in its ability to neutralize and opsonize. In addition, minimal memory cell formation 

is induced. In contrast, subunit vaccines comprising T-dependent antigens, such as the vaccines 

for hepatitis B and influenza, the presence of both MHC:protein and MHC:polysaccharide 

complexes on the cell surface promote migration to T cell-rich areas of the lymph node for 

activation of TH2 cells upon phagocytosis by DCs. TH2 cells can provide co-stimulation and 

cytokine release necessary for the production of IgG by antigen-specific plasma cells, and the 

promotion of memory B cell formation (Baxter, 2007). Subunit vaccines have similar advantages 

inactivated vaccines, in addition to the ability to induce responses specifically required for 

protection. The disadvantages of subunit vaccines are also similar to those of inactivated 

vaccines, including their limited ability in generating CTL responses and their requirement for 

adjuvants and multiple vaccine doses. In addition, subunit vaccines may have limited 

applicability to protect against diseases in which the antigens required for protection are 

unknown (Baxter, 2007). 
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Live, attenuated vaccines 

 Live, attenuated vaccines have demonstrated success against a multitude of human 

pathogens, such as smallpox, polio, and yellow fever viruses (Minor, 2015). These vaccines 

utilize original pathogenic agents that have been weakened by laboratory methods, including 

passaging the pathogen in a foreign host, which generates mutations that adapt the pathogen for 

enhanced virulence in the foreign host and reduced virulence in humans. For example, live, 

attenuated measles virus vaccines are produced by passaging the wild-type virus in chick egg 

fibroblasts. Another method for generating live, attenuated vaccines is to cultivate the wild-type 

virus in artificial growth medium at temperatures lower than that of the human body, promoting 

the development of a pathogen less adapted to replicate under physiological conditions. This 

allows the human host to eliminate the pathogen before it is able to cause infection and this 

method has been used to develop the cold-adapted live, attenuated influenza virus vaccine. Live, 

attenuated vaccines are typically administered by subcutaneous or intramuscular routes, where 

the vaccine can enter various cell types via receptor-mediated endocytosis. Degradation of 

vaccine proteins occurs within the cytosol of the cell, generating peptides that can be loaded onto 

MHC-I molecules displayed on the cell surface. CTLs with the appropriate antigen-specificity 

recognize the MHC:antigen complex, releasing cytokines that direct the infected cell to undergo 

apoptosis. Memory CTLs may also be formed during this process. In addition, immature DCs 

engulf the vaccine, initiating the same process as in killed vaccination, in which plasma cells 

producing IgG and memory B cells are formed (Baxter, 2007). Live, attenuated vaccines offer a 

multitude of advantages including the ability to induce strong cell-mediated responses, in 

addition to robust antibody responses and the potential to confer long-term immunity without 

numerous booster vaccinations. Disadvantages include the reversion back to the virulent form of 
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the pathogen, which may limit their safety. Their use in immunocompromised individuals is also 

limited because even attenuated forms of the pathogen may be able to induce disease symptoms 

in people with weakened immune systems. In addition, live, attenuated vaccines require 

refrigeration to maintain stability and potency (Baxter, 2007; Clem, 2011). 

 

Recombinant vector vaccines 

Recombinant viral and bacterial vectors have been evaluated for vaccine development, 

including the vaccinia virus-vectored hepatitis B vaccine (Choi & Chang, 2013; Clem, 2011). 

Recombinant vector vaccines utilize attenuated pathogens or pathogens that do not cause severe 

illness in humans to express antigens that induce protection against an infectious agent. Viral 

vectors include recombinant retrovirus, lentivirus, vaccinia virus, adenovirus, cytomegalovirus 

(CMV), and Sendai virus vectors (Ura, Okuda, & Shimada, 2014). Viral-vectored vaccines 

mimic a natural infection, inducing adaptive immune responses similar to live, attenuated 

vaccines and natural infections. Attenuated recombinant bacterial vectors can also be used to 

express foreign antigens (Clem, 2011). Advantages of recombinant vectored vaccines are similar 

to those of live, attenuated vaccines such as the ability to induce robust CTL responses and 

antibody responses due to their ability to mimic natural infection. Additional benefits are also 

conferred by specific vectors. For example, retrovirus, lentivirus, and adeno-associated virus 

vectors can induce long-term gene expression of antigens; vaccinia virus and adenovirus vectors 

are highly immunogenic and have demonstrated safety in clinical trials; and CMV-vectors induce 

unique CTL responses. Disadvantages with recombinant vector vaccines may also be vector-

specific. For example, with vaccinia virus and adenovirus vectors, pre-existing vector immunity 

may cause the vaccine to be cleared by the host before immunity to the antigen is generated. Risk 
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of pathogenesis in immunocompromised individuals is a disadvantage of CMV-vectored 

vaccines (Ura et al., 2014). Similar to live, attenuated vaccines, recombinant vector vaccines 

require refrigeration in order to maintain vaccine stability and potency (Baxter, 2007). 

 

DNA vaccines 

 DNA vaccines utilize plasmids encoding specific microbial antigens. Upon immunization, 

DNA is taken up by host cells, which utilize cellular machinery to express the antigen using a 

strong mammalian promoter and display membrane proteins on their cell surface which can 

stimulate the immune system. DNA vaccination mimics natural infection due to endogenous 

antigen processing and presentation of peptides by MHC-I molecules. Thus, DNA vaccines may 

have potential for inducing robust CTL responses in addition to strong antibody responses 

against the antigen. Additional advantages of DNA vaccines are their ease of production via 

recombinant DNA technology and their inability to cause infection and disease. DNA vaccines 

are also relatively inexpensive in comparison to other vaccine types. Generation of immunity 

against a specific antigen, enhanced stability at different temperatures, and potential for long-

term immunogenicity are other advantages of DNA vaccines. Disadvantages of DNA vaccines 

are their limitation to protein antigens (ie. cannot be used for polysaccharide antigens), potential 

for inducing the development of anti-DNA antibodies, poor immunogenicity, and typical 

processing of bacterial and parasite proteins. Another disadvantage of DNA vaccines is the 

integration of foreign DNA into the host genome may promote malignancy of the host cell 

(Clem, 2011; Khan, 2013).  
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1.2. HUMAN IMMUNODEFICIENCY VIRUS  

1.2.1. Acquired immunodeficiency syndrome 

Human immunodeficiency virus (HIV) is the etiological agent that causes acquired 

immunodeficiency syndrome (AIDS), which was first documented as a fatal wasting disease 

associated with homosexual men and intravenous drug users in the early 1980s (Mahungu, 

2011). The viruses believed to be responsible for AIDS were lymphadenopathy-associated virus 

(LAV) and human T-lymphotropic virus-III (HTLV -III), which were isolated from AIDS 

patients in France and the United States, respectively. However, these two agents were 

discovered to be the same virus and were renamed HIV in 1985 (Marx, 1985; Sharp & Hahn, 

2011). Since then, HIV/AIDS has remained a global pandemic, with an estimated 36.9 million 

people living with HIV in 2014. Two million new infections and 1.6 million deaths occurred 

within the same year (UNAIDS, 2015).  

HIV infection mainly occurs through unprotected sexual transmission involving the 

exchange of infectious semen or vaginal fluids. Transmission can also occur through 

mucocutaneous contact or direct inoculation with infected blood, which can occur via infected 

blood transfusions; or contaminated needles, through needle stick injury in the hospital setting or 

sharing of needles by intravenous drug users (Maartens, Celum, & Lewin, 2014).  

 The acute phase of HIV infection occurs 2-6 weeks after inoculation, during which the 

virus widely disseminates to lymphoid organs. 40-90% of infected individuals experience 

symptomatic infection, presenting as a non-specific viral syndrome involving fever, fatigue 

lymphadenopathy, muscle and joint pain, and weight loss. Other symptoms include 

maculopapular rash, oropharyngeal ulceration, and some gastrointestinal manifestations, 

including abdominal pain, vomiting, and diarrhea, which usually lasts for 1-2 weeks but may 
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persist in some cases. Patients may remain asymptomatic during primary HIV infection, which 

may prevent early diagnosis. The acute phase of HIV infection is followed by the chronic phase 

of HIV infection, in which the hostôs immune response is able to maintain virus titres at a 

manageable level, known as the viral set point. However, during the chronic phase of HIV 

infection, CD4
+
 T cell counts steadily decline. This phase can be asymptomatic or be punctuated 

by ñindicator diseasesò due to compromised CD4
+
 T cell functions, such as oropharyngeal 

candidiasis, pelvic inflammatory disease, oral hairy leukoplakia, or herpes zoster. Weight loss, 

chronic diarrhea, and unexplained fever lasting for over a month may also occur. Advanced HIV 

infection occurs once patientsô CD4
+
 T cell count falls below 200 cells/mm

3
, putting them at 

increased risk of acquiring opportunistic infections and malignancies. This phase manifests as 

HIV wasting syndrome (>10% weight loss) and encephalopathy, and many AIDS-defining 

conditions may arise, such as recurrent bacterial pneumonia, tuberculosis, cervical carcinoma, 

cryptosporidiosis, histoplasmosis, cytomegalovirus retinitis, Kaposiôs sarcoma, non-Hodgkinôs 

lymphoma, among many others (Mahungu, 2011). However, approximately 5-15% of those who 

become infected with HIV do not progress into AIDS and maintain high CD4
+
 T cell counts (500 

cells/ɛl) for over 10 years and are referred to as long-term nonprogressors (LTNPs). Within the 

LTNP population are viremic controllers (VCs), which maintain low but detectable HIV RNA 

loads (¢2000 copies/mL), and elite controllers (ECs), which maintain undetectable HIV RNA 

loads (<50 copies/mL) in the absence of therapy (Okulicz et al., 2009). In addition, there is a 

subset of highly-exposed, HIV-seronegative (HESN) individuals who remain HIV-negative 

despite constant exposure to HIV-positive sexual partners. These include HIV-uninfected 

commercial sex workers in sub-Saharan Africa, who after over five years of active prostitution, 

fail to become HIV-positive (Alimonti et al., 2005; Luo et al., 2012). These individuals represent 
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a model of natural HIV immunity, believed to be affected by an individualôs capacity to maintain 

systemic integrity by controlling inflammatory conditions at mucosal points of entry, while 

constraining immune activity (Poudrier, Thibodeau, & Roger, 2012).  

 

1.2.2. Human immunodeficiency virus virology 

HIV belongs to the Lentivirus genus within the Retroviridae family, distinguished by their 

ability to transcribe their RNA genome into DNA using a viral enzyme called reverse 

transcriptase (RT) (Levy, 2007b). HIV-1 and HIV-2 were introduced into the human population 

via zoonotic infections with simian immunodeficiency viruses from apes and sooty mangabeys, 

respectively (Sharp & Hahn, 2011). While both viruses are capable of causing AIDS, Group M 

of HIV-1 is responsible for the worldwide pandemic, while Groups N, O, and P are mainly 

confined to West Africa. Meanwhile, HIV-2 is less transmissible, causes slower progression into 

immunodeficiency, and is restricted mainly to some areas of West Africa (Maartens et al., 2014). 

The 9.8 kb single-stranded RNA (ssRNA) genome of HIV contains three structural genes, gag, 

pol, and env; six accessory and regulatory genes, tat, rev, nef, vif, vpr, and vpu (vpx in HIV-2); 

and long terminal repeat (LTR) sequences, flanking each RNA strand (Booth, C., Geretti, 2011). 

The primary transcript generated is a complete viral mRNA, which is translated into a Gag-Pol 

precursor. The polymerase (Pol) precursor is autocleaved by protease (PR), which subsequently 

yields the RNA-dependent DNA reverse transcriptase (RT) and integrase (IN) proteins. The Gag 

precursor is cleaved by PR into the matrix protein (MA; p17), capsid protein (CA; p24), 

nucleocapsid (NC; p6 and p7), as well as other viral proteins, p1, and p2. Using a different open 

reading frame of the full-length viral mRNA, the Env precursor, gp160, is produced and cleaved 

by host cellular proteases into the surface glycoprotein (gp120) and the transmembrane 
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glycoprotein (gp41). In addition, the genome also encodes viral regulatory and accessory 

proteins, transactivating protein (Tat), regulator of viral protein expression (Rev), negative factor 

(Nef), viral infectivity factor (Vif), viral protein R (Vpr), and viral protein U (Vpu), which do not 

require processing by proteases (Freed, 2001; Levy, 2007b). HIV shares morphological 

characteristics with other lentiviruses, forming a spherical particle approximately 120 nm in 

diameter. Within the HIV particle is a conical core formed by p24, which encloses two copies of 

the NC-encased RNA genome as depicted in Figure 1.4. Also within the core, are the RT and 

IN, which associate with the genomic complex, and accessory proteins, Vif, Vpr, Nef, and p7. 

Env is expressed on the plasma membrane of the virus, while MA associates with the plasma 

membrane in the intracellular space (Engelman & Cherepanov, 2012). The fast and error-prone 

replication by HIV RT can introduce a new mutation every 3.4 x 10
5
 base pairs, causing 

substantial diversity in the geographic distribution of HIV strains in circulation (Mansky & 

Temin, 1995). Within the pandemic HIV-1 Group M, there are 11 different subtypes including 

AïD, FïH, J, and K. At the individual level, a vast population of viruses, known as a 

quasispecies, arises in a single infected patient (Ndungôu & Weiss, 2012). 
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Figure 1.4. Human immunodeficiency virus structure. HIV is a spherical enveloped virus 

with Envelope glycoproteins embedded around its plasma membrane. Within its conical core 

formed by capsid proteins, are two copies of the positive-sense RNA genome encased in 

nucleocapsid proteins and interacts with HIV integrase and reverse transcriptase. Also within the 

core are the accessory proteins, Vif, Vpr, Nef, and p7. (Adapted from Engelman & Cherepanov, 

2012) 

 

 

 



26 

 

1.2.3. Human immunodeficiency virus tropism and life cycle 

Activated CD4
+
 T cells are the main targets of HIV. The tropism of HIV for CD4

+
 T cells 

is directed by the HIV Env on the surface of the virus, which are trimeric structures comprising 

three heterodimers of gp120 and gp41 that specifically bind to cluster-of-differentiation (CD)4 

molecules on CD4
+
 T cells as depicted in Figure 1.5 (Permanyer, Ballana, & Esté, 2010). The 

gp120 receptor-binding surface unit of Env binds CD4 molecules, which results in 

conformational changes that expose co-receptor binding sites on gp120, allowing it to interact 

with and either CXCR4 or CCR5 chemokine co-receptors on target cells, for X4- and R5-tropic 

HIV strains respectively. Co-receptor binding leads to additional conformational changes that 

expose hydrophobic N-terminal heptad repeat (HR) regions within the gp41 fusogenic 

transmembrane subunit of Env. Insertion of this region of gp41 into the target cell membrane 

brings the viral and cellular membranes into close proximity, allowing for fusion of the virus into 

the target cell (Arts & Hazuda, 2012; Garg, Mohl, & Joshi, 2012).  
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Figure 1.5. Tropism of human immunodeficiency virus. HIV tropism for CD4
+
 T cells occurs 

through the specific binding of the gp120 subunit of HIV Env with CD4 molecules present on 

target cells. CD4 binding results in a conformational change in gp120, which allows it to interact 

with co-receptors CXCR4 or CCR5, for X4- and R5-tropic viruses, respectively. Co-receptor 

binding results in conformational changes that expose fusogenic regions of the gp41 subunit of 

Env, mediating entry of the virus into the host cell. (Adapted from Permanyer et al., 2010) 
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 Upon viral entry and fusion, the viral core is delivered into the host cytoplasm, where a 

slow dissolution process of uncoating occurs to protect the viral RNA genome, while allowing 

access to deoxynucleoside triphosphates required for reverse transcription and proviral DNA 

synthesis. Reverse transcription of the viral genome occurs, forming the viral pre-integration 

complex (PIC), comprising viral and cellular components. The PIC is transported to the nucleus 

where integrase mediates the integration of viral DNA into the host genome. Integration of viral 

DNA is critical in sustaining viral DNA for subsequent expression of viral RNAs for future 

progeny and HIV mRNAs for the production of viral proteins. While cellular machinery initiates 

transcription of the proviral sequence, the HIV regulatory protein, Tat, is required for transcript 

elongation (Arts & Hazuda, 2012). Assembly of the HIV virion occurs on the inner plasma 

membrane of the host cell and is mediated by Gag polyprotein and the Gag-Pol-Pro polyprotein. 

The polyproteins bind and interact with the plasma membrane to form spherical particles, 

concentrate Env deposition at the membrane, and package the genomic RNA. Budding, which is 

the release of the virion from the plasma membrane, is mediated by the host endosomal sorting 

complexes required for transport (ESCRT) machinery. Upon release, viral maturation occurs in 

which HIV protease cleaves the Gag and Gag-Pro-Pol polyproteins, forming the MA, CA, NC, 

p6, PR, RT, and IN proteins, which rearrange to form mature and infectious particles. Mature 

HIV is distinguished by the presence of a distinct conical core (Sundquist & Kräusslich, 2012).  

 

1.2.4. Human immunodeficiency virus pathogenesis 

The morbidity of HIV infections is primarily caused by the infection and progressive 

depletion of activated CD4
+
 T cells, which express high levels of CD4 and co-receptors CXCR4 

or CCR5 (Berkowitz et al., 1998). Thus, the presence of activated CD4
+
 T cells is crucial to HIV 
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pathogenesis, providing the virus with more susceptible cell targets (Okoye & Picker, 2013). 

Upon recognition of cognate antigens and appropriate co-stimulation in the presence of particular 

cytokines in the microenvironment, naïve CD4
+
 T cells differentiate into a range of effector 

CD4
+
 T cells, also known as T helper cells. T helper cells play a crucial role in the adaptive arm 

of the immune system by producing cytokines that aid in the function of other immune cells. For 

example, in the presence of interleukin (IL)-12, naïve CD4
+
 T cells are polarized towards 

differentiation into TH1 cells, which primarily produce interferon (IFN)-ɔ and enhance cellular 

immunity against intracellular pathogens. The presence of IL-4 can drive differentiation of naïve 

CD4
+
 T cells to TH2 cells, which produce IL-4, IL-5, and IL-13 and enhance humoral immunity 

to control extracellular pathogens, such as helminthes. These are only two examples out of many 

roles T helper subsets play in adaptive immunity (Zhou, Chong, & Littman, 2009). During HIV 

infection, cytopathic effects and release of viral progeny due to direct infection ultimately leads 

to the destruction of CD4
+
 T cells (Bell, 2007). In addition, HIV Env also mediates bystander 

apoptosis, a phenomenon in which Env expression on the surface of infected cells mediates 

syncytia formation, gp41-mediated hemifusion, and autophagy, inducing cell death in uninfected 

neighbouring CD4
+
 T cells (Garg et al., 2012). The subsequent decline in CD4

+
 T cells and 

defects in their responsiveness results in extreme immunosuppression and enhanced 

susceptibility to life-threatening infections and malignancies (Keating, 2012). HIV also infects 

monocytes and macrophages, which can express low levels of CD4, it induces secretion of 

growth factors, initiating a process of cell division that yields around 1000 cell clones. These 

clones are programmed to induce maturation of B lymphocytes and CD8
+
 cytotoxic T 

lymphocytes upon exposure to the specific HIV antigen. In addition, these macrophages can 

interact with CD4
+
 T cells, leading to their activation and priming their responses to antigens 
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(Gallo, 2012). Increased innate and adaptive immune activation is another hallmark of HIV 

infection. Early in HIV infection, massive depletion of activated CD4
+
 T cells within the 

gastrointestinal tract (GT) occurs, failing to recover even after antiretroviral therapy. T helper 17 

cells and mucosal-associated invariant T cells within the GT, which are important in anti-

bacterial defence, are preferentially depleted. This, along with increased enterocyte apoptosis and 

enhanced GT permeability, results in increased plasma concentration of microbial products, 

which can lead to activation of CD4
+
 T cells in the systemic circulation, optimal for targeting by 

HIV (Maartens et al., 2014).  

 

1.2.5. Current treatments for human immunodeficiency virus and acquired immunodeficiency 

syndrome 

 Prior to 1996, limited therapeutic options were available for HIV infections and AIDS. 

Clinical management of HIV infection focused on treating common opportunistic infections with 

available drugs and managing AIDS-related diseases (Arts & Hazuda, 2012). The improvement 

of antiretroviral therapies (ARTs) since the mid-1990s transformed what was once a fatal illness 

into a manageable chronic disease, with global AIDS-related deaths decreasing from 2.3 million 

in 2005 to 1.6 million in 2012. As a result, however, HIV prevalence is increasing globally and 

HIV continues to infect about 2.3 million people annually. The current highly active 

antiretroviral therapy (HAART) regimen uses a combination of drugs with different mechanisms 

of action. The first component of a standard HAART regimen consists of two nucleoside reverse 

transcriptase inhibitors (NRTIs), such as lamivudine or emitricitabine combined with abacavir, 

zidovudine, or tenofovir (Levy, 2007a; Maartens et al., 2014). NRTIs are analogs of nucleoside 

substrates, which are utilized by the HIV polymerase to inhibit its function (Arts & Hazuda, 
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2012). The second component of HAART is a non-nucleoside reverse transcriptase inhibitor 

(NNRTI), such as delavirdine, efavirenz, or nevipiravine; a protease inhibitor, such as 

amprenavir, tipranavir, indinavir, or saquinavir; or an integrase inhibitor, such as raltegravir 

(Levy, 2007a; Maartens et al., 2014). NNRTIs inhibit the polymerase of HIV by binding a non-

catalytic allosteric site on the protein, while protease inhibitors prevent the cleavage of the HIV 

gag and gag-pol polyprotein precursors, inhibiting virion maturation. Integrase inhibitors block 

strand transfer, preventing the integration of the HIV provirus into host DNA. Other HIV drugs 

include fusion inhibitors, which are peptides that mimic domains of gp41 to prevent virus entry, 

and co-receptor antagonists, which bind co-receptors on target cells needed for entry. These 

regimens can dramatically inhibit viral replication, reducing plasma viral loads to concentrations 

below limits of detection (<50 RNA copies/mL) and promoting reconstitution of the immune 

system (Arts & Hazuda, 2012). Side-effects and toxicities are common with HAART, 

contributing to the risk of non-adherence to the drug regimen. The most common side effects 

include hematological toxicities, such as bone marrow suppression, anemia, and neutropenia 

caused by zidovudine; psychiatric effects, such as sleep disturbance, dizziness, depression, and 

paranoia caused by efavirenz; renal toxicity caused by tenofovir; mitochondrial dysfunction 

caused by NRTIs; and peripheral neuropathy caused by didanosine and stavudine. Other 

common side-effects include allergic reactions, metabolic abnormalities, hepatotoxicity, and 

oseteopaenia (Rodger, A.J., Marshall, N., Geretti, A.M., Booth, 2011). Although HAART has 

dramatically improved the prognosis for HIV-infected patients, lack of availability in developing 

countries, inability to target latent HIV reservoirs in the host, and drug-resistance due to the high 

mutation rate of the virus remain obstacles for future drug development (Levy, 2007a). In 

addition, HAART cannot independently eliminate HIV infection, which remains an incurable 
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illness (Arts & Hazuda, 2012). Thus, an efficacious vaccine to protect against HIV infection is 

crucial. 

 

1.2.6. Vaccine development and correlates of protection for HIV 

Despite the ongoing efforts invested into developing a vaccine to protect against HIV 

infection, a safe and effective vaccine still does not exist. One major hurdle in vaccine 

development is HIVôs vast diversity and ability to escape a myriad of host immune responses 

(Excler, Tomaras, & Russell, 2013). Vaccination may also activate CD4
+
 T cells, potentially 

increasing the number of cell targets for the virus (Bukh et al., 2014a). While consideration of 

viral proteins associated with control of virus replication is crucial to rational vaccine design, a 

consensus remains to be made about the ideal HIV protein for use as an HIV vaccine antigen 

(McDermott & Koup, 2012). Although promising results from early pre-clinical and clinical data 

allowed for their advancement to large-scale efficacy trials, most Phase II/III trials for HIV 

vaccines have failed to demonstrate vaccine efficacy, such as the VAX004 study, in which the 

bivalent clade B gp120 subunit vaccine demonstrated a meager vaccine efficacy (VE) of 6% 

(65% CI: 14-24%, p=0.59). The VAX003 study evaluated the efficacy of the subunit vaccine 

comprising clade B MN HIV gp120, as well as the recombinant clade A/E A244 strain gp120, 

which had a VE of 0.1% (95% CI: 30.8-23.8, p=0.99) (Sheets, Zhou, & Knezevic, 2016). In one 

case, a trial was halted early due to the apparent increase in HIV transmission risk in vaccinees 

as seen in the Phase IIb STEP trial, which evaluated an Adenovirus serotype 5 (Ad5)-vectored 

vaccine expressing HIV-1 Gag, Pol, and Nef (Sekaly, 2008). The higher HIV acquisition rates 

observed in those vaccinated in the STEP trial was likely due to pre-exisiting immunity to the 

Ad5 vector, which caused vaccination-induced mucosal memory T cell activation. This mucosal 
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T cell activation can potentially increase susceptibility to HIV by increasing the number of 

activated CD4
+
 T cell targets (Bukh et al., 2014b). To date, the only vaccine regimen to 

demonstrate modest efficacy comprised a replication-defective canarypox vector (ALVAC) in 

combination with a recombinant gp120 protein (AIDSVAX), evaluated in 16,402 heterosexual 

men and women at risk of HIV-1 infection in the RV144 clinical trial in Thailand. Within the 

first year of vaccination, VE approached 60% in subjects, but waned to 31.2% over 3.5 years 

(Rerks-Ngarm et al., 2009).  

 

Humoral correlates of protection against HIV 

Many vaccine design efforts have focused on attempting to induce broadly neutralizing 

antibodies (nAbs), primarily targeted against HIV gp120. Most broadly nAbs inhibit entry of 

HIV into host cells by targeting the receptor binding site, therefore preventing engagement of 

gp120 with CD4, blocking the interaction of gp120 with co-receptors, or preventing the exposure 

of the fusogenic region within gp41 (Montefiori, 2009). HIV-specific neutralizing antibodies, 

including those targeting regions in gp41, have been shown to protect against HIV infection 

upon passive transfer in macaques and humanized mice (Malbec et al., 2013). Although these 

nAbs, which block HIV from entering target cells, were previously considered a crucial element 

in conferring anti-HIV protection, an analysis of the RV144 trial showed that none of the sera 

from vaccinated recipients were able to neutralize a panel of 20 HIV-1 isolates in circulation in 

Thailand during the course of the trial. However, almost all vaccinated participants developed 

binding antibodies to gp120, particularly to the V1V2 and V3 regions, differing considerably 

from HIV-infected patients. Vaccinees also demonstrated a higher level of gamma-

immunoglobulin (IgG)3 isotype antibodies involved in mediating antibody-dependent cell 



34 

 

cytotoxicity (ADCC). These responses deteriorated rapidly from 79% prevalence at peak 

immunity (week 26) to 0% at year 1, which correlated with the rapid decline in VE observed 

after 1 year. Thus, high levels of non-neutralizing gp120-binding antibodies that mediate ADCC 

may be a better correlate of protection than nAbs (Corey et al., 2015). Still, many hurdles exist 

regarding the induction of protective anti-HIV antibody responses by vaccination. An ideal 

vaccine would induce antibodies that target a wide range of rapidly mutating HIV variants with 

up to 35% differences in amino acid sequence and overcome glycan shielding of the HIV 

envelope (Klein et al., 2013).  

 

Cell-mediated correlates of protection against HIV 

Over the past 20 years, CD8
+
 T cell-mediated immunity has become recognized as a key 

driver in limiting HIV infection and slowing the onset of disease (McDermott & Koup, 2012). 

Inducing CD8
+
 T cell memory may be advantageous in terms of HIV vaccine design because 

unlike humoral immunity, which relies on the constantly evolving HIV Env antigen, CD8
+
 T cell 

memory may be less susceptible to viral genetic instability by additionally recognizing epitopes 

from internal viral proteins that are indispensable for replication (Masopust, 2009). In both acute 

and chronic stages of SIV infection in rhesus macaques, SIV replication was controlled 

predominantly by the presence of CD8
+
 T cells, while depletion of CD8

+
 T cells led to increased 

viral replication and accelerated disease progression (Jin et al., 1999; Matano et al., 1998; 

Schmitz et al., 1999). The CD8
+
 cytotoxic T cell response is considered significant in conferring 

long-term control of HIV in humans (Fonteneau et al., 2003; Sekaly, 2008; Streeck, Frahm, & 

Walker, 2009). In particular, Gag-specific CD8
+
 T cell responses are critical in the maintenance 

of low viral loads during primary HIV-1 infection and are associated with delayed AIDS 
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progression in LTNPs (Radebe et al., 2015). In large cohorts of HIV-infected adults and 

neonates, Gag-specific CD8
+
 T cell responses correlate with improved clinical outcome and 

control of virus replication regardless of major histocompatibility complex (MHC). Control was 

shown to be directly related to the number of Gag-specific T-cell epitopes targeted in the protein 

(Masemola et al., 2004; McDermott & Koup, 2012; Nqoko et al., 2011). Although the Ad5-

vectored cytotoxic T lymphocyte (CTL)-inducing vaccine in the STEP trial failed to demonstrate 

VE, the CD8
+
 T cells induced by vaccination targeted epitopes within Gag, Pol, and Nef that are 

subject to variation, which may have allowed HIV to escape control. In addition, vaccine-

induced CD8
+
 T cells in vaccinees had reduced quality and limited effector functions, secreting 

mainly IFN-ɔ and tumor necrosis factor (TNF), but little IL-2 (Saunders, Rudicell, & Nabel, 

2012).  

 

1.3. EBOLA VIRUS 

1.3.1. Ebola virus hemorrhagic fever 

 Ebola virus (EBOV) is the etiological agent of Ebola virus hemorrhagic fever (EHF). 

EBOV was discovered in 1976 when an acute illness of high fatality rapidly spread among 

healthcare workers in northern Zaire (now the Democratic Republic of the Congo) and southern 

Sudan, resulting in approximately 430 deaths. Similar in morphology, but antigenically different 

to the Marburg virus, the previously unknown pathogen was named Ebola virus after the river 

closest to Yambuku (Johnson, Lange, Webb, & Murphy, 1977).  Additional EBOV outbreaks 

have occurred since then, primarily in the tropical regions of sub-Saharan Africa. This includes 

the 1995 outbreak in Kikwit, Democratic Republic of Congo that killed 245 of the 317 people 

infected, as well as the 2000 outbreak in Uganda that killed 224 of the 425 people infected 
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(Muyembe-Tamfum, Kipasa, Kiyungu, & Colebunders, 1999; Okware et al., 2002). The most 

recent outbreak in 2014-2015 was the largest of all, killing over 11,316 individuals out of the 

28,639 infected, although these numbers are almost certainly underestimated due to the difficulties in 

reporting the epidemiological data (WHO, 2016). 

 EBOV is transmitted primarily by direct contact with blood and other bodily fluids of 

infected patients or animals, such as vomit, urine, semen, and sweat, by which virus can enter the 

host through breaks of skin or mucosal surfaces. Thus, patient care, sexual practices, 

consumption of infected bushmeat, or traditional burial practices can increase the risk of 

transmission (Meyers, Frawley, Goss, & Kang, 2015). Reuse of medical equipment such as 

syringes and personal protective equipment in combination with poor prevention measures and 

improper healthcare facilities can contribute to amplification of transmission during an outbreak, 

such as the 1995 EBOV outbreak in Kikwit, Democratic Republic of the Congo (Guimard et al., 

1999). Although aerosol transmission can occur experimentally in non-human primates (NHPs), 

this mode of transmission has not been documented in humans (Olinger et al., 2005). Recently, 

molecular evidence demonstrated sexual transmission via infective EBOV in semen, which can 

persist over 179 days after the onset of disease (Mate et al., 2015).  

After 2-21 days of incubation, EHF usually begins as a non-specific flu-like illness 

including fever, fatigue, progressive sore throat, and muscle soreness (Meyers et al., 2015). 

Within two days of disease onset, the virus may reach concentrations over 10
8
 copies/mL in the 

blood, contributing to the aggressive nature of EBOV (Towner et al., 2004). Severe 

manifestations of EHF comprise symptoms such as abdominal pain, maculopapular rash, 

vomiting and diarrhea, which may contain blood from hemorrhagc and coagulation abnormalities 

(Heymann et al., 1980). In addition, mental confusion and encephalopathy can also occur. EBOV 
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has a high mortality rate of 30-90% , with death resulting from multi-organ failure and 

hypovolemic shock usually occurring 6-16 days after initial symptom detection (Meyers et al., 

2015). Those who survive EHF may shed virus in bodily fluids for up to 3 months, while 

experiencing fatigue, joint pain, anorexia, and memory loss (Nkoghe, Leroy, Toung-Mve, & 

Gonzalez, 2012; Rowe et al., 1999). Patients may experience long-term effects, such as 

psychosis and inflammation of the spinal cord, liver, testicles, and uvea (Feldmann, Sanchez, & 

Gesibert, 2013). 

 

1.3.2. Ebola virus virology 

Ebola virus (EBOV) belongs to the Ebolavirus genus within the Filoviridae family (Kuhn 

et al., 2010). The 19 kb non-segmented negative-sense ssRNA genome of EBOV contains short 

extragenic regions containing signals required for replication, transcription initiation, and 

genome packaging at the 3ô and 5ô ends. Each of the seven genes encoded by the EBOV genome 

is flanked by highly conserved transcription start and stop signals and separated by intergenic 

regions consisting of 4ï7 non-conserved nucleotides in length. From 3ô to 5ô, the EBOV genome 

encodes the nucleoprotein (NP), polymerase co-factor viral protein (VP)35, matrix protein VP40, 

glycoprotein (GP), replication-transcription protein VP30, minor matrix protein VP24, and 

RNA-dependent RNA polymerase (L) (Mühlberger, 2007). In addition, EBOV expresses a 

secreted non-structural version of EBOV GP, known as sGP. NP, VP30, and VP35 encapsidate 

the viral genome, forming the nucleocapsid, while VP40 acts as the major matrix protein to 

initiate the budding of filamentous viral particles from infected cells (N. Sullivan, Yang, & 

Nabel, 2003). Like other filoviruses, EBOV is an enveloped pleomorphic, and filamentous virus 

approximately 80 nm in diameter and varying in length up to 14,000 nm. EBOV may also appear 
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as ñ6ò-shaped and circular particles (Geisbert & Jahrling, 1995). Within the EBOV filament is 

the NP-encased RNA genome as depicted in Figure 1.6. L associates with the polymerase co-

factor, VP35, on the genomic complex, along with VP24, and the transcription factor, VP30. 

Surrounding the viral genomic complex is VP40, which maintains virus morphology, and GP 

spikes, which are expressed on the viral membrane (Nguyen, Binder, Boianelli, Meyer-Hermann, 

& Hernandez-Vargas, 2015). 
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Figure 1.6. Ebola virus structure. EBOV is a filamentous enveloped virus with glycoproteins 

embedded around its plasma membrane. Within the virion, the negative-sense RNA genome is 

encased in nucleocapsid proteins and interacts with the polymerase co-factor VP35 and the 

RNA-dependent RNA-polymerase (L). Also within the particle are matrix proteins VP40 and 

transcription factors VP30. (Adapted from Nguyen et al., 2015) 

 

 
















































































































































































































































