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ABSTRACT

Human immunodeficiency virus (HIV) causes acquired immunodeficiency syndrome by
targetng and destroying CD4T cells via its Envelope prote{fEnv), whileEbola virus (EBOV)
causes &ethal hemorrhagic fever and targets antigen presenting(&&lISs)via its glycoprotein
(GP). There are no licensed vaccines for either virus, posing aepnopérticularly in Africa,
where succumbing to EBOV or HIV is a grim reality. We hypothesitmt a replication
competent HIV expressin@P as a replacement for Env will redirect the virus from CD4ells
toward antigen presenting cells and act &g bivalent vaccingo inducecellular and humoral
immune responseagainst bothpathogens and confer protection against a lethal EBOV
challenge in mice. Recombinant HiVmolecular clones containing different truncationshef
GP geneo replace HIV gp20 were generated and used to rescue threexpressingaccines,
HIV-EBOV, HIV-EB OV pl, & mBd Vigihasedemonstrated tropism for the monocyte
cell line, THR1, and decreased tropism for the CD#cell line, SupT1While all vaccines
induced HIV p24 and GPspecific IFNo-secreting T cell responses, HE/B OV ¢pd HI¥-n
EBOV®2 induced the mogdys posvdccination dpve seppectivelg s a't
While all vaccines inducetbtal antip24 andant-GP IgG responses, HREB OV pl1 i nduced
most robust responses at 42 dpfWV-EB OV ol d e mo n st r prdateetde effidceey hi g h
against lethal EBOV challenge, followed by HEVB OV 2  a-&EBOV,Hitovding 83%,
67%, and 50%survival in mice respectivelyHIV-EB OV 1 shows promise as
vaccine against EBOV, but may require further optimization andacteization regarding its

mechanism of action arability to protectagainst HIV.
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CHAPTER 1: INTRODUCTION

1.1 VACCINE S AND IMMUNITY
1.11. History of vaccination

Vaccines are one ofhé most coseffective and efficient protective measures against
infectious disease The intentional manipulation of the immune response to generate protective
immunity against pathogens dates back to the Middle Ages, with the act of variolaAifrita,
India, and China. Variolation exposed healthy individuals tedia@d 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) 1796, Edward Jenner
observed that milkmids 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, 2006) He subsequently ter medvacchthe proce
Latin term for cow(Riedel, 2005) Later in the 19 century, Robert Koch determined that
microorganisms were the etiological agents of infectious diseases, introducing the role of viruses,
bacteria, fungi, and parasites in human illn@gsirphy, 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 providegbiragt immunity.
Pasteur forged vaccine development by using dead or attenuated pathogens that mimicked the
infectious agent to provide immunity to naive individuals without causing dig&asm &
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

poliomyditis, measles, mumps, and rubella, which affected millions of lives in the@ttury



(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 advenbofihieant DNA technologies

in the 1970¢Rappuoli et al., 2014)

1.12. Basic immunology: Innate immunity

The humanmmune system is comprised of the innate and adaptive arms of immunity,
which constantly 1interact with one another
infections and malignancig€lem, 2011) Both arms of the immune system are reliant on the
activities of lekocytes, also known as white blood cells. The innate arm of the immune system
acts as the hostodos first ' ine of def ense,
resistance. Anatomic barriers, such as mucous membranes and intact skin, act as physica
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 fOlyn, 2011; Sperandio, Fischer, &
Sansonetti, 2015)

Physiologic barriers are another component of innate immunity. For example, thal nor
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 peptdofilyer of the
bacterial cell wall. Interferons, produced by virally infected cells can induce avirahstate by

binding to nonrinfected cells in proximity. Collectin, a surfactant protein found on mucosal



surfaces, can disrupt lipid membranes tediy kill microbes or aggregating pathogens in order
to promote their clearance by phagocy@ekem, 2011)

The complement cascade is another component of the innate immune system, which can
utilize three different pathways for activation of complement proteins. Tdssichl 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 surfécaicrobes, while the lectin complement
pathway is initiated by the binding of plasma manruaseing lectin onto microbial surfaces.

All three pathways lead to common events that trigger the formation of the membrane attack
complex, which induces lysis tdrget 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 resp{®aema & Ward,

2011) Complement aids inpimizing adaptive immunity by inducing cells that have engulfed
microbes to provide signals for the activation of lymphocytes with ansgenific 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 specificigen, but recognize pathogassociated molecular
patterns (PAMPs) and dangassociated molecular patterns. These includelikell receptors
(TLRs) and nucleotidéinding oligomerization domain (NOBike receptors, which recognize
components such asicieic 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 delés suc



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 leadhrice of parasites.
Basophils, found in blood, and mast cells, found in tissues, secrete histamine and other
substances, which mediate allergic reacti@lisem, 2011) Natural killer (NK) cells directly lyse

target cells by secreting perforin and granzyme, regulateumenresponses by releasing
cytokines, and induce apoptosis of target cells by coupling -gleddicing receptorgMa, Li, &

Kuang, 2016) DCs, and mononuclear phagocytes, such as monocytes and macrophages, are
involved in linking innate immunity to adaptive immunity. These cells are invoived
antimicrobal 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 tbeir cognateeceptors optimizeadaptive immauity by
promoting the differentiation of naive cells to effector cells of the tadagmmune system.
Chemokinesalso promote recruitment of adaptive immune cells. Inflammatory responses
generated by the innate immune system increase the flow of lymphadic which carries
antigen and antigebearing cells to lymphoid tissueganeway Jr, Travers, Walport, &

Shlomchik, 2001)

1.13. Basic immunology: Adaptive immunity

In contrast to innate immunity, adaptive immunitpnfers antigerspecific 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



benefit of adaptive immunity is the ability to generate memory, allowing for the induction of a

more rapd and effective control of a pathogen upon subsequent enc¢Giear, 2011)

Cell-mediated immunity

Cell-mediated immunity is théirst arm of the adaptive immune system, which mainly
functions against intracellular pathogens. T lymphocytes (T cells), the primarytonsdificelt
mediated immunity, possess unique T cell receptors (TCRs) on their swrfack specifically
recognizecognate antigens presented by either major histocompatibility complex @VBIC)
MHC-II. In contrast to B lymphocytes, T lymphocytes camnyobind 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 ctlslepicted ifFigure 1.1 Naive
CD8" T cells differentiate rito cytotoxic T lymphocytes (CTLs)while naive CDA T cells
differentiate intoT helper cells, or regulatory T cells. CTLs, which express CDg&ceptor on
their surface, recognize antigenic peptides presented by-MEXpressed 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 «dimulation, CTLs release caspases into the targhf which induces
apoptosis and activates nucleases that degrade host and foreigiMdiphy, 2012)

T helper cells, which express CD4 on their aoef recognize antigenic peptides presented
by MHC-1I, 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 sigls that influence the activity and behaviour of different cell types. For

example, Tyl cells produce IFM, which promotes the activation of infected macrophages to



destroy engulfed intracellular pathogeng,2 cells produce IE4, IL-5, and IL-:13, which
promotes the ability of antigestimulated B cells to secrete antibodies and undergo isotype class
switching. In additionTH2 cells promote switching to IgE antibodies to mediate the clearance of
extracellular multicellular parasite$417 cells secretell-17 and 116, which cause fibroblasts

and epithelial cells to produce chemokines that recruit neutrophils to sites of infection to mediate
the destruction of extracellular pathogeRsllicular T helper Try) cells also contribute to the
antibodymediated response by producing cytokines, such as-®#Nvhich induces class
switching in B cells. Regulatory T cel($g produce TGHtransforming growth factotp and

IL-10 to suppress the action of lymphocytes and prevent autoimnfihitphy, 2012)



Figure 1.1. Effector mechanisms of celimediated immunity. CD8" cytotoxic T cells directly

kill infected or malignant cells expressing theagoate antigen by secreting caspases that induce
apoptosis. CD4Ty1 cells activate infected macrophages to induce their destruction of engulfed
intracellular pathogens. CD4 42 cells provide signals to antigestimulated B cells to promote
their ability secrete antibodies and undergo isotype class switching. In addiii@ncells
promote switching to IgE antibodies to mediate the clearance of extracellular multicellular
parasites.CD4Ty17 cells recruit neutrophils to sites of infection to mediate thstrdction of
extracellular pathogens. CDZ gy cells also contribute to the antibedyediated response by
inducing class switching in B cells. Ch4egulatory T cells work to suppress the action of
lymphocytes in order to prevent autoimmun{#dapted fom Murphy, 2012



Humoral immunity

Humoral immunity, also known as antibethediated immunity, is theecondarm 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 imghaimdins with specificity for a
cognate antigen. Naive 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 cdlleT-independent antigens, which include
lipopolysaccaharide and bacterial polymeric flagellinindependent antigens generate weaker
immune responses and poor memory formation in comparison to antigens provided with T cell
help (Clem, 2011) Upon receptor engagement with 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 poduce antibodiesharingthe same antigen specificity as the membiamend
BCR. Antibodies are ¥haped molecules with two identical variable regions for unique antigen
binding and a constant region, which determines the function of the antibody, etediepi
Figure 1.2 (Murphy, 2012) In a process called neutralization, antibodies mediate protection by
binding antigens on pathogens or toxins, préwgntheir entry into target cells. During
opsonisation, antibodies mediate the engulfment and phagocytosis of pathogens to which they
are bound. Antibodies can also mediate complerdependent cell cytotoxicity by inducing the
classical complement pathwao induce the membrane attack compheediated lysis of
bacterial pathogens or infected cells. Lastly, antibodies mediate antiepayndent cell

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



recruitsnatula ki |l Il er cel |l s, which bind the antibody
infected cell by secreting perforin and granzymeégyre 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 1gG
antibodies.In addition, affinity maturation antributes to the production ¢§G antibodieshat

are better at mediating neutralization, antigen binding, and mediating opsonisation. IgG
antibodies are the key antibodiesviaccination. Other antibodylas®sinclude IgA, which are

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

mature B cells; and IgE, which are involved in mediating allergic readi@es, 2011)
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Constant region

Antibody

Membrane
attack
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\\f

Neutralization Opsonization Complement activation Antibody-dependent
cell cytotoxicity

Figure 1.2 Effector mechanisms of humoral immunity. Antibodies are composed at
constant regiofnvolved 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 ansbadiating 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 cdhaei 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
killer cells promotes iKing of the infected cell via perforin and granzyme secret{@alapted

from Murphy, 2012
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Immunologicaimemory

Immunologicalmemory, the ability of the immune system to mount a faster and more
effective antigerspecific response upon subsequent expossirthe most significant concept
unique to the adaptive immune system. Since humans have a wide yigérginphocytes
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 recogforangn
antigens undergalonal expansion, during which, ta@ation and proliferation occurs, yielding
antigenspecific 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, knowas 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 comparedheighrimary

antibody respons@iurphy, 2012)

1.14. Vaccine immumwlogy

Successful vaccination is dependent on the development of immunological memory, which
prevents infection with pathogens bearing the antigen introduced by a vldcirghy, 2012)
Immunological memorgan be conferred by passive or active means. Passive immunization can
be achieved by transferring pi@med antibodies to a naive individual, providing temporary
protection to a particular pathogen 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
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immunization occurs upon exposure of a naive individual to antigens of a pathogenic agent,
which initiates innate and adaptive immunity. Unlike passive immunization, active immunization
can generate lonlgsting immunity. Active immunization can occur naturallyough exposure

and infection by a particular pathogen. For example, natural exposure to influenza virus induces
the development of lorterm antiinfluenza immunity. Active immunization can also be induced
artificially by vaccination. In contrast to na&i infection, vaccination aims to generate immunity

against a pathogen without inducing disease symp(Gtesn, 2011)

Role of atigen presenting celigs driving adaptive immune responses to vaccines

The main goal of vaccination is to stimulate an antig@ecific inmune response and
induce longlasting immunological memory in order to provide protection upon encounter with
the diseaseausing pathogen. In order to achieve this, vaccine antigens need to be presented by
antigen presenting cells (APCs). Antigen pres@maupon infection or vaccination can occur
via two pathways. Antigens that are generated endogenously are presented on MHC class |
molecules by APCs to CDST cells. Antigens that are generated exogenously are presented on
MHC class Il molecules by pragsional APCs, includin@Cs, monocytes, macrophages, and B
cells. Activation of naive T cellsy APCs requires at least two signals as depictddgare 1.3.
The first signal involves the presentation of MHC:antigen complexes on the surface of APCs to
anantigenspecific TCR of the T cell, as well as-oeceptor binding to MHC. For CDY cells,
TCRs binds MHC class l:antigen complexes on the target cell, while CD8 acts ag¢icemtor
that binds MHC. For CDA4T cells, TCRs bind MHC class ll:antigen cplexes on the target
cell, while CD4 acts as the geceptor that binds MHC. Together, these interactions mediate

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

of the T cell. Since noprofessional APCs lack CD80/86, they are unable to induee co
stimulation and are therefore unable to sufficiently stimulate T cell responses. In the presence of
TCR engagement and the absemf cestimulatory 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 examplel2Land IFNo drive the
differentiation of naive T cells intdy1 cells; IL-4 drives the development &f2 cells; TGFb

and IL-6 drive the development &f417 cells; IL-6 drives the development ofx] cells; and

TGF-b alore promotes the development ofglcells (Murphy, 2012) Recently, new vaccine
strategies aim to target selected antigens directly to APC subsets in order to promote the desired
immune responsesyuch asl'yl vs. Ty2, 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 naive T cells by delivering three distinct signalsThe first signal, antigen
recognition, involves the presentation of MHC:antigen complexes on the surface of APCs to an
antigenspecific TCR of the T cell. This signal also requires the bindih@D8 to MHGI or

CD4 to MHGII 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 thellT e third signal is cytokine
signalling, in which cytokines produced by the APC mediate differentiation of the T cell into
different effector subsetéAdapted fromMurphy, 2012
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1.1.5. Types of vaccines

Sincethe discovery of vaccinatioomany types of vaccines have been utilized to confer
protection against infectious disease. Typically, vaccines intenddiccéenboth 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 appbegiClem, 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 diseag€lem, 2011) One of the ifst killed vaccines to be
developed was for typhoid in the M entury. Currently, polio, hepatitis A, and pertussis
inactivated vaccines continue to be widely used. Upon administration, the whole killed organism
is phagocytosed by immatui2Cs and digeson with the phagolysosome generates different
antigenic fragments from the vaccine. The peptides on the activated m&twan be presented
on the surface of the cell by MHIT, which allow antigen recognition and activation of primarily
Tw2 cells. Antgens that drain along lymph channels are bound by arsigetific B cells, which
can also internalize the antigens and present them as-IMp&ptide complexes, leading to
linked recognition withTy2 cells sharing the same antigen recognitibg2 cells poduce -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 I1gG and
memory cell formation occurs. While primary immeaiion takes a minimum of 114 days, the

secondary response to antigenic exposure occurs wHBidays(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, humlidity, a
light, and do not require refrigeration. They can also be frdaed for transport. In addition,

killed vaccines are unable to multiply, preventing spread to unimmunized and potentially
immunocompromised individuals. Limitations of killed vaccineslude their inability to
generate robust immune responses since they are unable to replicate in cells. Thus, many
inactivated vaccines require multiple booster immunizations to maintairtéomgimmunity.

Lack of replication also prevents endogenous antfgecessing 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 aret involved in viruleace. These antibodies may agttagonistically

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

downr egul ate the host 0 s(Baater,2@07; Cleng 20lInmune r es pons

Subunit vaccines

Subunit vaccines are an evolution of the killed vaccine approach, using specific protein
antigens instead of vadte 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 pathog@&axter, 2007) Subunit vaccinesre produced using
DNA plasmids to induce recombinant protein expression in cell eutiuforeign hosts. Virus
like particles (VLPs), which exhibit similar surface proteins as the-type virus but lack
genetic material for replication, are an extension of subunit vaccine technology that have been

used for protection against hepatitis/iBus and human papilloma virusg@sllis, 1996) Subunit
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vaccines comprising -independent antigens, such as the Pneumovax vaccine against
pneumococcal disease, are phagocytosed and presented by DCs and macrophages, which
encounteiy2 cells in the lymph node. Howeneghe MHC:polysaccharide complexes are unable

to induce the activation diy2 cells. Some noiphagocytosed polysaccharide molecules of these
vaccines may encounter antiggpecific B cells in the draining lymph nodes, which can become
activated without tb help ofTy2 cells due to the high avidity dfinding 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 cempht,

but limited in its ability to neutralize and opsonize. In addition, minimal memory cell formation
is induced. In contrast, subunit vaccines comprisisdefendent antigens, such as the vaccines
for hepatitis B and influenza, the presence of both Mif&ein and MHC:polysaccharide
complexes on the cell surface promotegnmation to T celrich areas of the lymph node for
activation of T2 cells upon phagocytosis by DC3 42 cells can provide estimulation and
cytokine release necessary for the producof IgG by antigerspecific plasma cells, and the
promotion of memory B cell formatiofBaxter, 2007) Subunit vaccines havéslar advantages
inactivated vaccines, in addition to the ability to induce responses specifically required for
protection. The disadvantages of subunit vaccines are also similar to thosectofaiad
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 antigegsireel for protection are

unknown(Baxter, 2007)
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Live, attenuatedaccines

Live, attenuated vaccines have demonstrated success against a multitude of human
pathogens, such as smallpox, polio, and yellow fever vir(igasor, 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 thgpwildrus in chick eg
fibroblasts. Another method fgenerating live, attenuated vaccinesoictltivate the wiletype
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 thehmagen before it is able to cause infection and this
method has been used to develop the-ediabted live, attenuated influenza virus vaccine. Live,
attenuated vaccines are typically administered by subcutaneous or intramuscular routes, where
the vaccine an enter various cell types via receptoediated 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 appropriateeaspgcificity
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 asliadkvaccination, in which plasma cells
producing IgG and memory B cells are fornm{8&xter, 2007)Live, attenuated vaccines offer a
multitude of advantages including the ability to induce strong-noelliated response
addition to robust antibody responsasd the potential to confer losigrm immunity without

numerais booster vaccinationBisadvantages 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 aldade thisease symptoms
in people with weakened immune systems. In addition, live, attenuated vaccines require

refrigeration to maintain stability and poten@axter, 2007; Clem, 2011)

Recombinant vector vaccines

Recombinant viral and bacterial vectors have been evaluated for vaccine development,
including the vaccinia virusectored hepatitis B vaccing€hoi & Chang, 203; 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, lentisgy vaccinia virus, adenovirus, cytomegalovirus
(CMV), and Sendai virus vector@ra, Okuda, & Shimada, 2014Yiral-vectored vaccines
mimic a natural infection, inducing aptive immune responses similar to live, attenuated
vaccinesand natural infectionsAttenuated recombinant bacterial vectors can also be used to
expresdoreignantigengClem, 2011) Advantages of recombinant vectored vaccines are similar
to those of live, attenuated a@nes 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 -adsociated virus
vectors can induce lonterm gene expression of antigens; vaccinia virusadenovirus vectors
are highlyimmunogenic and have demonstrated safety in clinical trials; and-@gt6rs induce
unigue CTL responses. Disadvantages with recombinant vector v@cuoene also be vector
specific. For example, with vaccinia virus and adenovirus vectorexggng 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 widlials is a disadvantage of CMxéctored
vaccines(Ura et al., 2014)Similar to live, attenuated vaccines, recombinant vector vaccines

require refrigeration in order to maintain vaccine stability andrpytéBaxter, 2007.)

DNA vaccines

DNA vaccines utilize plasmids eoding 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 displagembrane proteinsn their cell surfacevhich can
stimulate the immus system DNA vaccination mimics natural infection due to endogenous
antigen processing and presentation of peptides by MiGlecules. Thus, DNA vaccines may
have potential for inducing robust CTL responses in addition to strong antibody responses
agains 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. Gamerhimmunity
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 limiation to protein antigens (ieaenot beused for polysaccharide antigens), potential
for inducing the development of afdNA antibodies, poor immunogenicity, and typical
processing of bacterial and parasite proteins. Another disadvantage of DNA vaccines is the
integration of foreign DNA into # 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)s the etiological agent that causes acquired
immunodeficiencysyndrome(AIDS), which was first documented as a fatal wasting disease
associated with homosexual men and intravenous drug users in the early(l¥a80sgu,
2011) The viruses believed to be responsible for AIDS were lymphadeneassogiated virus
(LAV) and human Tlymphotropic viruslll (HTLV -lll), which were isolated from AIDS
patients in France anché United States, respectively. However, these two agents were
discovered to be the same virus and were renamed HIV in &%, 1985; Sharp & Hahn,
2011) Since then, HIV/AIDS has remmed 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 yedqtJNAIDS, 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 wimlected blood, which canccurvia infected
blood transfusionsyr contaminated needles, througkedle stick injury in the hospital settiog
sharing ofneedles by intravenous drug us@viartens, Celum, & Lewin, 2014)

The acute phase d¢flV infection occurs 2 weeks after inoculation, during which the
virus widdy disseminates to lymphoid organs.-40% of infected individuals experience
symptomatic infection, presenting as a +spacific viral syndrome involvingfever, fatigue
lymphadenopathy, muscle and joint pain, and weight loss. Other symptoms include
macul@apular rash, oropharyngeal ulceration, and some gastrointestinal manifestations,

including abdominal pain, vomiting, and diarrhea, which usually lasts-foweeks but may
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persist in some cases. Patients may remain asymptomatic during primary HI\bmfedtich
may prevent early diagnosiShe acute phase of HIwifection is followed bythe chronicphase
of HI'V infection, i n which the hostodés i mmune r
manageable level, known as the viral set pdidwever, duing the chronic phase of HIV
infection,CD4" T cell countssteadily decline. This phase ch@ asymptomatior be punctuated
byii ndi cator di seases o Tdelldunctios, sucto asporopharyngeald C D 4
candidiasis, pelvic inflammatory diseaseal 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 patiedt€D4" T cell count falls below 200 cells/mimputting them at
increased rislof acquiring opportunistic infections and malignancies. This phase manifests as
HIV wasting syndrome (>10% weight loss) and encephalopathy, and many-d&idfhg
conditions may arise, such as recurrent bacterial pneumonia, tuberculosis, cervical @rcinom
cryptosporidiosi s, hi stopl asmosi s, -Heoydtgokmengbasl o
lymphoma, among many othgifidahungu, 2011)However, approximately-15% of those who
become infected with HIV do not progress into AIDS and maintain high' G4l counts (500

cell s/ el) for over 1O0-termnampragressarsdLTiRs)eWithirethee r r e d
LTNP population are viremic controllers (VCsyhich 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 thergd@kulicz et al., 2009)In addition, there is a
subset of highhexposed, HIVseronegative (HESN) individualeho remain HI\Vfnegative
despite constant ewsure to HIVpositive sexual partners. These include HiMnfected
commercial sex workers in st#aharan Africa, who after over five years of active prostitution,

fail to become HIVpositive (Alimonti et al., 2005; Luo et al2012) These individualsepresent
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a model of natur al HI'V I mmunity, believed t
systemic integrity by controlling inflammatory conditions at mucosal points of entry, while

constraining immune activitfPoudrier, Thibodeau, & Roger, 2012)

1.2.2. Human immunodeficiency virus virology

HIV belongs to thd_entivirusgenus within théretroviridaefamily, distinguished by their
ability to transcribe their RNA genome into DNA using a viral enzyme called reverse
transcriptase (RT(Levy, 2007b) HIV-1 and HI\\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, whileo@s N, O, and P are mainly
confined to West Africa. Meanwhile, H¥ is less transmissibleauses slower progression into
immunodeficiency, and is restricted mainlysiameareas of West Afric@Maartens et al., 2014)
The 9.8 kb singlstranded RNA (ssRNA) genome of HIV contains three structural ggags,
pol, andeny; six accessory and regtday genestat, rev, nef vif, vpr, andvpu (vpxin HIV-2);
and long terminal repeat (LTR) sequences, flanking each RNA qfaadh, C., Geretti, 2011)

The primary transcript generated is a complete viral mMRNA, which is translated intoRoGag

o

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

yields the RNAdependent 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, pl, and p2. Using atdiffene

reading frame of the fulength viral mMRNA, the Env precursor, gp160, is produced and cleaved

by host cellular proteases into the surface glycoprotein (gpl20) and the transmembrane
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glycoprotein (gp41). In addition, the genome also encodes vigallatery and accessory
proteins, transactivating protein (Tat), regulator of viral protein expression (Rev), negative factor
(Nef), viral infectivity factor (Vif), viral protein R (Vpr), andral protein U (Vpu), whictdo not
require processing by protess(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 enclose®pies ©f

the NGencased RNA genome as depictedrigure 1.4 Also within the core, are the RT and

IN, which associate with the genomic complex, and accessory protefnd/pvj Nef, and p7.

Env is expressed on the plasma membrane of the virus, while dgéciates with the plasma
membrane in the intracellular spa@ngelman & Cherepanov, 2012)he fast and errgorone
replication by HV RT can introduce a new mutation every 3.4 X b@se pairs, causing
substantial diversity in the geographic distribution of HIV strains in circulafiansky &
Temin, 1995) Within the pandem HIV-1 Group M, there are 11 different subtypes including
AiD, FH, J, and K. At the individual level, a vast population of viruses, known as a

guasispecies, arises in a single infected paigdtd ungou & .Wei ss, 2012)
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Figure 14. 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 poss#trese RNA genome encased in
nucleocasid proteins and interacts with HIV integrase and reverse transcriptase. Also within the
core are the accessory proteins, Vif, Vpr, Nef, andpdapted fromEngelman & Cherepanov,
2012
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1.2.3. Human immunodeficiency virus tropism and life cycle

Activated CD4 T cells are the main targets of HIVhe tropism of HIV for CD4T cells
is directed by the HIV Env on the surface of the virus, which are trimeric structures comprising
three heterodimers of gpl120 and gp41 that specifically bind to chistiiferentiation (CD)4
molecules on CD4T cells as depicted iRigure 1.5 (Permanyer, Ballana, & Esté, 2010he
gp120 receptebinding surface unit of Env binds CD4 molecules, which results in
conformational changes that exposereceptor binding sites on gp120, allowiriga interact
with and either CXCR4 or CCR5 chemokinerezeptors on target cells, for Xdnd R5tropic
HIV strains respectively. Goeceptor binding leads to additional conformational changes that
expose hydrophobidN-terminal heptad repeat (HR) regionwithin the gp4l 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 cel{Arts & Hazuda, 2012; Garg, Mohl, & Joshi, 2012)
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Figure 15. 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 coreceptors CXCR4 or CCRS5, for X&nd R5tropic viruses, respectively. @eceptor
binding results in conformational changes that expose fusogenic regions of the gp41 subunit of
Env, mediating entry of the virus into the host g@ildapted fromPermanyer 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 deoxynwedside triphosphates required for reverse transcription and proviral DNA
synthesis. Reverse transcription of the viral genome occurs, forming the vhiakggetion
complex (PIC), comprising viral and cellular components. The PIC is transported tactbasn
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 proteinghiM 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
membane of the host cell and is mediated by Gag polyprotein and th®&d&go polyprotein.

The polyproteins bind and interact with the plasma membrane to form spherical particles,
concentrate Env deposition at the membrane, and package the genomic RNAgBwtidith is

the release of the virion from the plasma membrane, is mediated by the host endosomal sorting
complexes required for transpoECRT) machinery. Upon release, viral maturation occurs in
which HIV protease cleaves the Gag and BagPol polypoteins, 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 (Bwadquist & Krausslich, 2012)

1.2.4. Human immunodeficiency virus pathogenesis
The morbidity of HIV infections is primarily caused by the infection and progressive
depletion ofactivatedCD4" T cells, which express high legedf CD4 ancco-receptorsCXCR4

or CCR5(Berkowitz et al., 1998)Thus, the presence of activated COi4cells is crucial to HIV
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pathogenesis, providing the virus with more susceptible cell ta(@&sye & Picker, 2013)

Upon recognition of cognate antigens and appropriaticwlation in the presence of particular
cytokines in the microenvironment, naive CDRB 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 thetitmof other immune cells. For
example, in the presence of interleukin (I, naive CD4 T cells are polarized towards
differentiation intoTx1 cells, which primarily produce interferon (IFd) and enhance ¢
immunity against intracellular pathogens. The presence-dfdan drive differentiation of naive

CD4' T cells toTy2 cells, which produce H4, IL-5, and I1-:13 and enhance humoral imnity

to control extracellular pathogens, such as helminthes. These are only two examples out of many
roles T helper subsets play in adaptive immu@dyou, Chong, & Littman, 2009During HIV
infection, cytopathic effects and release of viral progeny due to direct infection ultimately leads
to the destruction of CD4T 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, gp4inediated hemifusion, and autophagy, indua@ely death in uninfected
neighbouring CD4 T cells (Garg et al., 2012)The subsequent decline in CD# cells and
defects in thei responsiveness results in extreme immunosuppression and enhanced
susceptibility to lifethreatening infections and malignancigseating, 2012) HIV also infects
monocytes and macrophages, which can express low levels of Cibdludes secretion of
growth factors, initiating a process of cell division that yields around t@0&lones. These
clones are programmed to induce maturation of B lymphocytes and Cf8toxic T
lymphocytes upon exposure to the specific HIV antigenaddition, these macrophages can

interact with CDZ4 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 ifection, massive depletion of activated CD® cells within the
gastrointestinal tract (GT) occurs, failing to recover even after antiretroviral therapy. T helper 17
cells and mucosaissociated 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 CD7 cells in the systemic cintation, optimal for targeting by

HIV (Maartens et al., 2014)

1.2.5. Current treatments fohuman 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 AlB8lated diseasdg#rts & Hazuda, 2012)Theimprovement
of antiretroviral therapies (ARTS) since the Ai@90s transformed what was once a fatal iliness
into a manageable chronic disease, with dlddBS-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 (MART) 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 (NRTISs), such as lamivudine or emitricitabine combined with abacavir,
zidovudine, or tenofovifLevy, 2007a; Maartens et al., 2018)RTIs are analogs of nucleoside

substrates, which are utilized by the HIV polymerase to inhibit its fun¢fots & Hazuda,
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2012) The second component of HAART is a numucleoside reverse transcriptase inhibitor
(NNRTI), such asdelavirdine, 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., 2018NRTIs inhibit the polymerase of HIV by bindirsgnon
catalytic allosteric site on the protein, while protease itirb prevent the cleavage of the HIV
gag and gagol 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 inhibitorswhich are peptides that mimic domains of gp41 to prevent virus entry,
and cereceptor antagonists, which bind-xeptors on target cells needed for entry. These
regimenscandramatically inhibit viral replication, reducing plasma viral loads to conagotrs
below limits of detection (<50 RNA copies/mL) and promoting reconstitution of the immune
system (Arts & Hazuda, 2012) Sideeffects and toxicities are common with HAART,
contributing to the risk of neadherence to therag regimen. The most commaide 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 efauiz renal toxicity caused by tenofovir; mitochondrial dysfunction
caused by NRTIs; and peripheral ngpathy caused by didanosine and stavudine. Other
common sideeffects include allergic reactions, metabolic abnormalities, hepatotoxicity, and
oseteopaenigRodger, A.J., Marshall, N., Geretti, A.M., Booth, 201Ajthough HAART has
dramatically improved the prognosis for Hikfected patients, lack of availability in developing
countries, inability to target latent HIV reservoirs in the hodll, @mgresistance due to the high
mutation rate of the virus remain obstacles for future drug developthewy, 2007a) In

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

crucial.

1.2.6. Vaccine development and correlates of protection for HIV

Despite the ongoing efforts investedantleveloping a vaccine to protect against HIV
infection a safe and effective vaccine still does not ex@he major hurdle in vaccine
development idH | V\@ast diversity and ability to escape a myriad of host immune responses
(Excler, Tomaras, & Russell, 2013)accination mg also activateCD4" T cells, potentially
increasing the number of cell targets for the vifBakh et al., 2014a)While consideration of
viral proteins associated with control wfus 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 promisingesults from early prelinical and clinical data
allowed for their advancement to largeale efficacy trials, most Phase Il/lll trials for HIV
vaccines have failed to demonstrate vaccine efficacy, such as the VAX004 study, in which the
bivalent clade Bgp120 subunit vaccine demonstrated a meager vaccine efficacy (VE) of 6%
(65% CI: 1424%, p=0.59). The VAXO003 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: 3033.8, p=0.99)Sheets, Zhou, & Knezevic, 2016)h one
case, a trial was halted early due to the apparent increase in HIV transmission risk in vaccinees
as seen in the Phase llb STEP trial, which evaluated an Adenovirus serotype vd&d&d
vaccine expressg HIV-1 Gag, Pol, and Ne&fSekaly, 2008)The higher HIV acquisition rates
observed in those vaccinated in the STEP trial was likely due texpiing immunity to the

Ad5 vector, which caused vaccinatiolducedmucasal memoryT cell activation This mucosal
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T cell activation can potentially increase susceptibility to HIV by increasing the number of
activated CD2 T cell targets(Bukh et al., 2@4b). To date, the only vaccine regimen to
demonstrate modest efficacy comprised a replicadefiective canarypox vector (ALVAC) in
combination with a recombinant gp120 protein (AIDSVAX), evaluated in 16,402 heterosexual
men and women at risk of H¥¥ infection in the RV144 clinical trial in ThailandVithin the

first year of vaccinationVE approached 60% in subjectsut waned to 31.2% over 3.5 years

(RerksNgarm 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 gplRiast broadlynAbs inhibit entry of
HIV into host cells bytargeting the receptor binding site, therefpreventing engagement of
gp120 with CD4, blocking the interaction of gp120 withreoeptors, or preventing the exposure
of the fusogenic region withigp41 (Montefiori, 2009) HIV-specific neutralizing antibodies,
including those targetingegions in gp41, have been shown to protect against HIV infection
upon passive transfer in macaques and humanized (Mabec et al., 2013)Although these
nAbs,which block HIV from entering target cells, were previously considered a crucial element
in conferring antHIV protection, an analysis of the RV144 trial showed that none of the sera
from vaccinated recipients were able to neutralize a panel of 20LH8Wlates 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 alstemonstrated a higher level of gamma

immunoglobulin (IgG)3 isotype antibodies involved in mediating antibdelyendent cell
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cytotoxicity (ADCC). These responses deteriorated rapidly from 79% prevalence at peak
immunity (week 26) to 0% at year 1, which e@ated with the rapid decline in VE observed
after 1 year. Thus, high levels of nrarutralizing gp12®binding antibodies that mediate ADCC
may be a better correlate of protection than nfBarey et al., 2015)Still, many hurdles exist
regarding the induction of protective ahtiV antibody responses by vaccination. An ideal
vaccine would induce amidies 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

envelopgKlein et al., 2013)

Cell-mediated correlates of proteéan against HIV

Over the past 20 years, CD8 cell-mediated immunity has become recognized as a key
driver in limiting HIV infection and slowing the onset of dise@&stDermott & 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, CR@ll
memory may be less susceptible to viral genetic instability by additioradbgnizing epitopes
from internal viral proteins that are indispensable for replicgtiteisopust, 2009)in both acute
and chronic stages of SIV infection in rhesus macaques, Stlfcagon was controlled
predominantly by the presence of CD8cells, while depletion of COST cells led to increased
viral replication and accelerated disease progres§lonet al., 1999; Matano et al., 1998;
Schnitz et al., 1999) The CD8 cytotoxic T cell response is considered significant in conferring
long-term control of HIV in humans(Fonteneau etla 2003; Sekaly, 2008; Streeck, Frahm, &
Walker, 2009) In particular, Gagspecific CD8 T cell responses are critical in the maintenance

of low viral loads during primary HAM infection and are associated with delayed AIDS
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progression in LTNPgRadebe et al., 2015)n large cohorts of HIMnfected adults and
neonates, Gagpecific CD8 T cell responses correlate with improved clinical outcome and
control of virus replication regardless of major histocompatibility demn@VHC). Control was
shown to be directly related to the number of Spgcific T-cell epitopes targeted in the protein
(Masemola et al., 2004; McDermott & Koup, 2012; Nqoko et al., 20Although the Ad5
vectored cytotoxic T lymphocyte (CTdipducing vaccine in the STEP trial failed to demonstrate
VE, the CD8 T cells induced by vaccination targeted epitopes wi@ag, Pol, and Nef that are
subject to variation, which may have allowed HIV to escape control. In addition, vaccine
induced CD8 T cells in vacciees had reduced quality and limited effector functions, secreting
mainly IFNO  and t umor n e)c bubligle 1&-2 (Baurdérs Rudi¢ell, & MNabel,

2012)

1.3. EBOLA VIRUS
1.3.1. Ebola virus hemorrhagic fever

Ebola virus (EBOV) is the etiotpcal 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 appximately 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 Yambuk@Johnson, Lange, Webb, & Murphy, 19777dditional EBOV outbreaks
have occurred since then, primarily in the tropical regions ofSaltaran 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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(MuyembeTamfum, Kipasa, Kiyungu, & Colebunders, 1999; Okware et al., 200&) most
recent outbreak in 2012015 was the largest of all, killing over 11,3ib@lividuals out of the
28,639 infectedalthough thesaumbers aralmost certainly underestimated due to the difficulties in
reporting the epidemiological dafd/HO, 2016)

EBOQV s transmitted primarily by direct contact with blood and other bofliids of
infected patients or animals, such as vomit, useejenand 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 tor@e can increase the risk of
transmission(Meyers, Frawley, Goss, & Kang, 2013euse 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 transmissiangdan outbreak,
such as the 1995 EBOV outbreak in Kikwit, Democratic Republic of the C@gionard et al.,

1999) Although aerosol transission can occur experimentally in nRbaman primates (NHPSs),

this mode of transmission has not been documented in hy@énger et al., 2005)Recently,
molecular evidence demonstrated sexual transmission via infective EBOV in semen, which can
persist over 179 days aftére onset of diseagMate et al., 2015)

After 2-21 days of incubationEHF usually begins as a naspecific flulike illness
including fever, fatigue, progressive sore throat, and muscle sor@vlegsers et al., 2015)
Within two days of disease onset, the virus may reach concentrations S\epls/mLin the
blood, contributing to the aggressive nature of EBQ@Wwner et al., 2004) Severe
manifestations of EHF comprise symptoms such ldominal pain, maculopapular rash,
vomiting and diarrhea, which may contain blood from hemorlaag coagulation abnormalities

(Heymann et al., 1980)n addition, mental confusion and encalgipathy can also occur. EBOV
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has a high mortality rate of 3% , with deathresulting from multi-organ failure and
hypovolemic shock usually occurringl® days after initial symptom detectighMleyers et al.,
2015) Those who survive EHF may shed virus in bodily fluids for up to 3 months, while
experiencing fatigue, joint pain, anar@, and memory losgNkoghe, Leroy, Tound/ive, &
Gonzalez, 2012; Rowe et al.,, 199%®atents may experience lofigrm effects, such as
psychosis and inflammation of the spinal cord, liver, testicles, and(Ee&dmann, Sanchez, &

Gesibert, 2013)

1.3.2. Ebola virus virology

Ebola virus (EBOV) belongs to thebolavirusgenus within thd=iloviridae family (Kuhn
et al., 2010) The 19 kb norsegnented negativeense ssRNA genome of EBOV contains short
extragenic regions containing signals required for replication, transcription initiation, and
genome packaging at the 36 and 506 ends. Each
is flanked byhighly conserved transcription start and stop signals and separated by intergenic
regionsconsistingo##di7nonc onserved nucl eotides in | ength.
encodes the nucleoprotein (NP), polymeraséctor viral protein (VP)35, mak protein VP40,
glycoprotein (GP), replicatictranscription protein VP30, minor matrix protein VP24, and
RNA-dependent RNA polymerase ({Muhlberger, 2007) In addition, EBOV expresses a
secreted nosstructural 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 c@ls Sullivan, Yang, &
Nabel, 2003) Like other filoviruses, EBOV is an enveloped pleom@rphlnd filamentous virus

approximately 80 nm in diameter and varying in length up to 14,000 nm. EBOV may also appear
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a s -sh&péd and circular particléGeisbert & Jahrling, 1995Within the EBOV filament is

the NRenased RNA genome as depictedFigure 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, Rnd G
spikes, which are expressed on the viral membfidgayen, Binder, Boianelli, Meyadermann,

& HernandezVargas, 2015)
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Figure 1.6. Ebola virus structure. EBOV is a filamentous enveloped virus with glycoproteins
embedded around its plasma membraiighin the virion, the negativeense RNA genome is
encased in nucleocapsid proteins and interacts with the polymerdaetmoVP35 and the
RNA-dependent RNAolymerase (L). Also within the particle are matrix proteins VP40 and
transcription factors VP3@Adapted fromNguyen et al., 2015
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