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The disease dengue is caused by four genetically and serologically related virus
termed dengue virus-1 to dengue virus-4 (DENV-1 to DENV-4) There are currently no
licensed therapeutics, but there is a recently licensed recombinant live attenuated
tetravalent vaccine, termed Dengvaxia™ by Sanofi Pasteur, available in some countries.
This vaccine was based on Chimerivax™ technology where recombinant DNA technology
was used to generate vaccine viruses based on a backbone of the yellow fever virus 17D
(YFV-17D) vaccine virus with the structural components premembrane and envelope
(prME) of a corresponding wild-type DENV. This thesis investigated the impact of viral
chimerization on a YFV-17D infectious clone where the 17D prME genes were replaced
with those of the sylvatic wild-type DEN-4 strain P75-215, hereafter termed YFV
17D/DENV-4 prME chimera. Viral RNA of 17D vaccine, wild-type DENV-4, and YFV
17D/DENV-4 prME chimera were compared by Next Generation Sequencing (NGS),
which indicated that the YFV-17D/DENV-4 prME chimera has a similar genetic diversity
profile to YFV-17D, exemplified by a low diversity profile across the genome. However,
the YFV 17D/DENV-4 prME chimera exhibited lower diversity indices than that of YFV-
17D in some gene regions, including C, prM, NS2B, and NS4B, 5’UTR. Compared to WT
DENV-4, the YFV- 17D/DENV-4 prME chimera was less diverse, suggesting that
chimerization lowers the genetic diversity of the virus. The phenotype of the YFV-
17D/DENV-4 prME chimera was investigated in cell culture and animals. Multiplication
kinetics indicate that the YFV-17D/DENV-4 chimera was functionally more like that of
YFV-17D than that of DENV-4, while in vivo in interferon af}y receptor deficient (AG129)
mice the chimeric YFV 17D/DENV-4 prME virus was more virulent than either YFV-17D
and DENV-4 parental viruses. It is hypothesized that the process of chimerization results
in reduced genetic diversity indices of viruses, which may be linked attenuation of the
virus, and may be important in development of chimeric flavivirus vaccine candidates.
However, the chimera was not attenuated in the mouse model used and this may be due to
the immunocompromised AG129 mouse model.
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Chapter 1: Introduction

Flaviviruses

Flaviviruses are members of the genus Flavivirus, family Flaviviridae, which are
small, icosahedral enveloped viruses that are approximately 50 nm in diameter (1).
Flaviviruses have a positive-sense, single-stranded ribonucleic acid (+ssSRNA) genome,
which is typically about 11 kilobases (kB) in length (1). Yellow fever virus (YFV) is the
prototypical member of the Flaviviridae, and the name Flaviviridae was derived from the
Latin term flavus, which means yellow; this refers to the characteristic jaundice that is
observed in patients that are infected with YFV. The Flaviviridae family includes major
human pathogens, such as YFV, Japanese encephalitis virus (JEV), dengue virus
(DENV), West Nile virus (WNV), tick borne encephalitis virus (TBEV), and Zika virus
(ZIKV). These viruses cause a variety of disease presentations, ranging from
hemorrhagic disease (e.g., YFV), to shock syndrome (e.g., DENV), febrile illnesses (e.g.,
DENV and ZIKV), encephalitic disease (e.g., WNV, TBE, and JEV), congenital/prenatal
disease manifestations (e.g., ZIKV), and asymptomatic infections. There are currently no
licensed antivirals available for any flavivirus, and there are only a few licensed vaccines
available (see below in section 1.7). Many of the members of the genus Flavivirus are
arthropod-borne viruses (or arboviruses). Arboviruses are transmitted by arthropods, such
as mosquitoes or ticks, to vertebrate hosts, such as mammals). Many of these viruses
infect and may cause pathology in the vertebrate host (1). As such, there are many natural

vectors and reservoirs for flaviviruses. Due to the lack of availability of antivirals, and the



limited availability of vaccines, flaviviruses constitute an important public health threat in

terms of both current and potential emerging infectious diseases.

CLASSIFICATION

The Flaviviridae family includes the genera Flavivirus, Pestivirus, Hepacivirus,
and Pegivirus (1). The Flavivirus genus consists of over seventy viruses, including the
prototypical YFV; more than 50 of the viruses in this genus have been demonstrated to
infect humans. There are also a variety of other virus species in this genus, including
insect-specific viruses and animal only viruses (2). Typically, these viruses are
categorized into four separate groups: viruses with no known vector, tick-borne viruses,
insect-specific viruses, and mosquito-borne viruses (2, 3). These can be further broken
down into categories based on species of vector and phylogenetic relationships. These
clusters are as follows: Culex species (ornithophilic, or bird loving) associated mosquito-
borne flaviviruses, Aedes species (mammalophilic, or mammal loving) associated
mosquito-borne flaviviruses, no known vector-like viruses, tick-borne flaviviruses, and
no known vector specific lineage viruses (2). These can be further subdivided. For
example, the pathogenic tick-borne viruses are typically associated with Ixodes species
ticks, and the nonpathogenic are typically associated with Ornithodorus species ticks.
The viruses that fall into the cluster of no known vector are usually those that infect
either rodents or bats, and are thought to have diverged alongside the mosquito-borne
flavivirus group, but have perhaps lost this relationship with the mosquito vector. These
relationships are demonstrated in Figure 1.1 (2). Additional studies have demonstrated
that some flaviviruses can be broken down into eight serogroups, which are based upon

cross-neutralization tests in cell culture with
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polyclonal sera (4). These complexes are: the tick-borne encephalitis, Rio Bravo, JE,
Tyuleniy, Ntaya, Uganda S, DEN, and Modoc complexes, plus 17 viruses that did not
serologically cross-reactive with any of the complexes, including YFV (4). It is
hypothesized that the genus Flavivirus has emerged from mammalian viruses which had

no arthropod vectors, and that the mosquito-borne viruses originate from Africa (5).

STRUCTURE & GENOME

The flavivirus virion consists of the RNA genome, surrounded by capsid (C)
protein and a lipid bilayer envelope that is obtained from the host cell (6). Located within
this membrane are the viral proteins envelope (E) and membrane (M). The E and M
proteins coat the surface of the virion, and both proteins contain portions that are
transmembrane and membrane adjacent (6). The M protein is the mature version of the
precursor viral protein, pre-membrane (prM), and is held in the membrane via two
transmembrane alpha helices (7). The E protein is arranged in 90 homodimers in the
mature form of the virion; that lie parallel to the surface of the virion in raft formations,
forming a herringbone pattern (7). In mature virions, there are no physical interaction
between either the E or M proteins with the C proteins (7). There are two dominant forms
of the virion, mature (containing M protein) and immature (containing prM protein), but
recent work has demonstrated the flaviviruses appear to have a range of conformational
variants between these two extremes, with variable amounts of prM and/or M protein in
various virions, and different presentations of the E protein (7, 8). The mature form of the
virion appears to have a ’golf ball’ like structure, and is smooth, while the immature or
intermediate forms of the virion exhibit a ’rough’ appearance (8). This change in

appearance is due to differences in the conformation of the E protein of the virus.
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At neutral pH, the E protein occurs in a dimeric form; these dimers lie parallel to the
virion’s surface, producing the smooth, ‘golf ball’ like structure (9). The rough
appearance that is observed in the intermediate, immature form of the virion is caused by
the formation of a trimer of E proteins, which are presented perpendicular to the virion’s
surface; this is induced by the low pH change that occurs upon viral entry, making the
environment more acidic (9).

The genome contains a 5° untranslated region (UTR) with a 5> m’G cap, and a 3
UTR with no polyA tail that flank a single, long open reading frame (ORF), which is
approximately 3,500 amino acids in length and encodes the virus-encoded genes in the
order 5’UTR -C-M(prM)-E-nonstructural protein 1(NS1)-NS2A-NS2B-NS3-NS4A-
NS4B-NS5-3’UTR (10). These untranslated regions are thought to form secondary
structures that are necessary for replication and translation of the viral genome (1). The 5°
m’G cap structure is required for the initiation of translation in the genus Flavivirus (1).
The ORF is translated as one large polyprotein, that is co-and post-translationally
processed to generate the three structural proteins and seven NS proteins (8). The NS
proteins form the replication complex that are responsible for replication of the viral
RNA genome and production of virions. In addition, the viral NS proteins contribute to
antagonism of the host innate immune response (8, 11). Each of these individual proteins
are cleaved via either host or viral proteases; the major host proteases are furin and
signal-peptidase (12, 13). The genome is shown in Figure 1.2. Each of the virus-encoded
proteins serves a variety of functions, some of which are poorly characterized. The C
protein is responsible for encapsulating the viral genome; the prM protein has a dual

function: it serves as a chaperone for the E protein and covers the fusion peptide to
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prevent premature fusion of the viral particle with the host endoplasmic reticulum (ER)
(12-14). 1t is also the precursor to the mature M protein found in virions, although prM is
found in immature virus particles. The E protein is responsible for entry of the virus into
cells and fusion with the membrane, and contains important epitopes that elicit
neutralizing antibodies (12, 13, 15). NS1 and NS2A have many putative functions, but
are mostly thought to be responsible for viral replication and assembly (12, 13).
However, NS1 is unusual in that it is glycosylated (at two sites for YFV and DENV) and
exist as dimers and hexamers inside the cell and secreted from cells, respectively.

NS1 is responsible for contributing to immune complex formation, immune
evasion (via inhibition of the classical/lectin pathway of complement activation, as well
as inhibition of toll-like receptor (TLR) signaling), and pathogenesis (via secretion of
NS1 in to the circulation) (16). NS2A is thought to play other roles besides participation
in the replication complex, such as virion assembly and contribution to the cytopathic
effect (CPE) of the virus (17-19). The central region of NS2B is an important cofactor
for the NS3 protease. The NS3 is a multifunctional enzyme and encodes a serine protease
and helicase domains (including nucleoside 5’ triphosphatase), and aids in RNA capping
(20). NS4A is thought to be important in remodeling of the endoplasmic reticulum’s (ER)
membrane for replication, NS4B for host immune evasion/inhibition, and NS5 encodes a
methyltransferase, which facilitates capping of the RNA, and the RNA dependent RNA
polymerase (RdRp) domains (12, 13, 20). A summary of the functions of each of the viral

proteins can be found in Table 1.1.

LiFe CYCLE
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Flaviviruses enter the cell via receptor-mediated endocytosis; however, while
putative receptor molecules have been proposed in many studies, none has yet to be
confirmed by multiple groups. Examples of these receptors include, phosphatidyl-serine
receptors for DENV, WNV, and YFV; heat-shock proteins for DENV and JEV; high-
density lipoprotein receptors for DENV; and natural killer cell activating receptor
proteins for DENV and WNV (14). In addition, co-receptor molecules have been
identified that mediate non-specific binding of virus to cells, which include heparan
sulfate (or other glycosaminoglycans) and C-type lectins (14). Once flaviviruses enter the
cell via this receptor-mediated endocytosis, the endosome undergoes a pH change to an
acidic pH that causes the trimerization of the E protein, which is irreversible (8). This, in
turn, leads to the fusion of the viral membrane and the host’s endosomal membrane (8).
This allows the nucleocapsid, which encapsulates the genome, to be released into the
cytoplasm of the host cell; the C and the RNA dissociate at this point, thus allowing the
RNA genome to begin the replication process (8). Once the viral RNA is in the
cytoplasm, it is co- and post-translationally processed by the viral and host proteases to
yield the viral proteins (8). This process occurs on intracellular membranes; the
polyprotein is then transitioned to the ER to undergo further processing, where the virus
particles are assembled in the ER as immature particles containing prM (8). Subviral
particles may also be produced in the ER; these are particles containing the E and prM
proteins, but they do not have C protein or genomic RNA, hence making them non-
infectious (8). The virus particle then moves to the trans-Golgi network, which allows the
cleavage of prM to M, and maturation of the virion, allowing the virus particle to become

infectious (8). The mature
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virions (as well as subviral particles) are released from the cell via exocytosis (8). A

depiction of the replication complex is shown in Figure 1.3.

DENGUE VIRUS

The disease dengue is caused by four serologically and genetically distinct viruses
termed dengue virus -1 to dengue virus-4 (DENV-1 to DENV-4). The transmission cycle
involves Aedes species and primates; typically, the cycle is Ae. aegypti and humans. The
disease has variable clinical manifestations, including dengue fever, dengue shock
syndrome, and dengue hemorrhagic fever (DHF). There are thought to be 100 million
clinical dengue (DEN) infections annually; of these, 2.1 million are thought to be severe
DEN infections with 500,000 exhibiting DHF; 90%, or 450,000, occur in children (21).
It is thought that infection elicits a life-time serologically specific immunity to the
infecting serotype, as well as short term heterotypic cross DENV-immunity; for example,
if someone is infected with DENV-1, they have life-time immunity to DENV-1, but only
short-term immunity (months) to DENV-2, DENV-3, and DENV-4 (22). DEN is one of
the fastest growing mosquito-borne diseases in the world today, with disease reported in
at least 128 countries worldwide, and about one half of the world’s inhabitants are now in
jeopardy of being infected with DEN (23).
These mosquito-borne viruses are typically transmitted in one or a combination of three
transmission cycles: sylvatic, human/endemic, and rural. The sylvatic cycle occurs in
jungle or very sparsely populated areas, and typically occurs between monkey and
various Aedes mosquito species, depending on the geographic region, with maintenance
involving vertical transmission between mosquitoes and offspring (24). The rural

transmission cycle occurs in a zone of emergence, in which there may be villages, or
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humans may be entering jungle areas to hunt or search for food (24). In this transmission
cycle, mosquito species that are typically found in the sylvatic transmission cycle may
also be found in this zone of emergence, and the ability to infect humans with spill over
into human populations in this manner (24). The final documented transmission cycle is
that of the human/endemic cycle. This cycle typically occurs in urban environments, and
viral maintenance occurs via cycling between humans and mosquito species, with

teratogenic maintenance occurring again between mosquitoes and offspring (24).
History

Early descriptions of symptoms corresponding to illness like DEN have been found in
early Chinese literature, dating back to approximately 265 before Christ (BC) (25). In
these historical texts, the disease was referred to as ‘water poison’, which was due to its
seeming relationship with insects that seemed to associate with water (26). Symptoms of
this illness included rash, arthralgia, myalgia, fever, and hemorrhagic manifestations (26).
From this time period and region, the next occurrence of a similar disease occurs almost
seven centuries later, in the French West Indies and Panama; this occurs in the 1600s and
is described as an acute illness that exhibits long convalescence (25). Nearly a century
later, in the late 1700s, there were reports of a putative DEN pandemic occurring in
Batavia (which is present day Jakarta) as well as Cairo, Philadelphia, and Spain (26).
This appears to be the first demonstration of a wide-spread, global DENV distribution, or
at least a similar illness (26).

There is much discussion on the geographical origin of DENV. Some argue for an
African origin, due to the fact that this is also the origin of the current mosquito vector,

Aedes aegypti (26, 27). Some work, however, disputes this claim. Serological and
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Protein
Capsid (C)

Premembrane/Membrane
(prM/M)

Envelope (E)
Nonstructural 1 (NS1)
NS2A

NS2B

NS3

NS4A

NS4B

NS5

Function
Encapsulates virion and RNA

E protein chaperone for folding, stabilization of virus during
maturation, covers fusion peptide (preventing premature fusion)

Receptor binding, membrane fusion, neutralizing antibody
induction

RNA replication complex, immune complex formation,
immune evasion, possible pathogenesis of virus

Replication complex, virion assembly, and contribution to the
cytopathic effect

Replication complex, NS3 cofactor

Replication complex, serine protease, helicase, nucleoside
triphosphatase, RNA capping

Replication complex, endoplasmic membrane protein, ER
remodeling

Replication complex, endoplasmic membrane protein, immune
evasion

Replication complex, RdRp, methyltransferase, RNA capping

Table 1.1. Each flavivirus protein and putative function.
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Cytoplasm

ER lumen NS2A

Figure 1.3 Flavivirus replication complex. Demonstrates the proposed alignment of NS proteins
in the ER vesicle with NS1 on the lumen side and the other NS proteins on the cytoplasmic side
of the ER. Note that NS4A and NS4B are transmembrane proteins
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ecological work have demonstrated that the ancestral mosquito to Aedes aegypti, Aedes
aegypti formosus, found in Africa, was comparatively insusceptible to infection with

DENYV (26, 28). This weakened the claim that DENV originated in Africa, alongside

phylogenetic analyses, which indicated that an Asian DENV origin is more likely (26,
29). While the issue of the geographical origin of DENV has yet to be elucidated, it is
widely accepted that the likely evolution pattern for DENV started with arboreal
mosquitoes (25, 26). It likely originated as a virus in these mosquitoes, then adapting to
primates in wooded environments (25). It is then hypothesized that DENV transitioned
out of the forest and into a more peridomestic environment alongside human
development (26).

Disease

DENYV infections occur via the bite of an infected mosquito, which delivers the
virus intradermally; it is thought that the virus will then infect dendritic cells (DCs) and
macrophages (30). Once an individual is bitten by a female mosquito and is infected with
DENV, there is an incubation period of 4-10 days where the virus multiplies before the
onset of clinical symptoms. These clinical symptoms will then last about 2-7 days. In
many cases, DENV infections cause a febrile, flu-like illness. However, in a minority of
cases, infection proceeds into more severe illness. Typical symptoms of dengue fever
include, but are not limited to, high fever (40°C/104°F), severe cephalgia, severe eye
pain, general arthralgia, vomiting, rash, or swollen glands (23). Severe DEN is a highly
dangerous and deadly complication of DENV infection, which is caused by plasma
leakage, edema, respiratory distress, severe bleeding, and/or organ injury. Signs of severe

DEN can begin to be observed approximately 3-7 days after the febrile-like symptoms,

25



alongside an overall decrease in temperature (below 38°C/100°F); these signs include
abdominal pain, continued and prolonged emesis/vomiting, hyperventilation, bleeding
gums, general fatigue, restlessness, and/or bloody emesis. After the appearance of these
symptoms, the next 24 to 48 hours are critical for medical care as disease may progress to
a fatal outcome without appropriate medical support. Other markers of severe DEN
include: thrombocytopenia (low platelet count), increased liver enzymes, plasma leaking,
and other signs of vascular dysfunction (30). There is currently no specific treatment for
DEN fever, except for supportive care by health care professionals.
Animal Models

Animal model development for DENV has proven to be challenging, due to low-
level or no detectable replication of clinical virus isolates in wild-type (WT)
immunocompetent mice, as well as the presence of no clinical signs of disease in non-
human primates (NHP) (30). Early models consisted of using intracranial (i.c.)
inoculation of very high doses of mouse brain adapted neurovirulent DENV strains into
suckling mice and/or adult mice that are immunocompetent (31-33). This method causes
neurological disease and paralysis, but is not representative of DEN disease
manifestations observed in humans. Prototypical WT mouse strains, such as BALB/c and
C57BL/6 mice, do appear to demonstrate some low level DENV replication; these
animals ultimately succumb to neurotropic associated outcomes, such as paralysis (34).
Disease outcomes in these WT mice that may also appear like that of humans, including
signs such as liver damage (exemplified by an increase in liver enzyme levels), rises in
white blood cell (WBC) count, thrombocytopenia, and hematocrit increases (consistent

with vascular dysfunction); however, this occurs once viral strains have been highly
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mouse-adapted or when extraordinarily high virus inocula (>108 FFU) are utilized (35,
36). Similarly, BALB/c mice appear to demonstrate DHF-like symptoms with very high
doses of DENV (10° FFU) (37-39).

Other models include the use of mice deficient in interferon (IFN) af}y receptors,
known as AG129 mice (30). The first observation of peripheral DENV replication
occurred in AG129 mice following intravenous (i.v.) or subcutaneous (s.c.) inoculation
(30, 40). This model was further developed for studies using non-mouse-adapted DENV
strains (30). DENV infection of these mice causes neurological disease when mice are
inoculated with a mouse brain-adapted DENV. More recent studies have demonstrated
that AG129 models, which utilize non-mouse adapted DENV strains and are
administered via intraperitoneal (i.p.) or i.v. inoculation, allows for an acute,
disseminated virus infection and disease, and that these animals develop many of the
clinical signs associated with human disease (41). Additionally, many studies have
demonstrated that the results obtained when utilizing these mice and DENV are uniform
and consistent (41-43). However, there is concern that the lack of all components of an
immune response, at least IFN, does not allow a true model of DENV infection and
disease progression. It is important to note that this AG129 model is meeting a need that
has been ongoing for decades, and will potentially lead to a more representative model of
human DENV disease.

Another common mouse model for DENV studies is that of severe combined
immunodeficiency, or SCID, mice (44). These mice lack humoral and cellular immune
cell responses, as they have B and T cell deficiencies, and are also used to generate

humanized mouse models. In the case of DENV infection of SCID mice, mice are often
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engrafted with tumor cells, and the virus in injected onto the engrafted cells; most of the
virus infects these cells, which then allows the virus to spread to the brain, causing
neurotropic disease and paralysis, as is seen in WT mice (44). SCID mouse models are
traditionally used due to their ability to sustain external cellular grafts, thus making them
ideal for studies with no appropriate animal model (30). This holds true for DENV,
especially in studies regarding tropism and pathogenesis of DENV. Regarding humanized
SCID DENV models, one method has been to engraft these mice with human progenitor
cells; this is not a highly efficient process. There is often a strong immune response that
prevents engraftment; thus, SCID mice were bred with nod-obese diabetic (NOD) mice,
then with IL2ZRyKO mice, which helps to alleviate the immune response that prevents
engraftment (30). By grafting these mice with CD34+ human cells, several human cell
types, such as DCs, can be generated in the mouse, allowing the study of DENV infection
(45, 46). Thus far, these mice have mimicked human infection, however, these models
may not always be consistent.

A129 (IFNAR-/-) mice, or those mice lacking IFN af receptors, are another
mouse model for DENV infection. These mice can exhibit a disease similar to that of
humans via using high virus inocula or mouse-adapted DENV strains, and exhibit clinical
signs that are similar to severe DEN disease (47). Other studies have shown that DENV-2
strains have been utilized at lower virus inocula to cause mortality in greater than 50% of
animals (48). However, this model is not typically able to be infected with non-mouse
adapted DENYV strains, and, similar to AG129 mouse models, have deficient immune
signaling. As such, there are concerns about its when mimicking human DEN disease and

pathogenesis.
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NHP models of DENV do not effectively recapitulate human disease either. When
NHPs are inoculated via the s.c. route, there is viral replication, but it is much lower than
that seen in humans, and is limited to tissues that are rich in lymphoid material, and
exhibits different symptomology (i.e., lymphadenopathy, lymphocytosis, leukopenia)
(49-51). Some NHPs, such as rhesus macaques (Macaca mulatta), occasionally display
low platelet counts, like human disease, but there were no other clinical signs of DEN
disease in these studies (49-51). When NHPs, rhesus macaques specifically, are
inoculated with higher dosage than 10° PFU, via the i.v. route, hemorrhage and
coagulopathies were observed, but not fever, malaise, or loss of appetite, which are

characteristic of DENV disease in human cases (49-51).
DEN Vaccine Development

Vaccination is thought to be the most efficacious form of DEN disease
prevention, due to the presence of many reservoirs and vectors in nature. This is
especially true since the transmission cycle occurs almost exclusively through the bites of
DENV-infected mosquitoes and humans. Most DENV infections are asymptomatic, and
it is thought that this aids in the ever-growing spread and threat of DENV (52). These
factors, along with the continuing geographic expansion of Aedes species mosquitoes that
transmit DENV, as well as increasing urban populations in endemic regions, increased
travel, and changing environmental conditions have intensified research into vaccination
options for DEN. Since infection with DENV elicits a life-long, serologically specific
immunity, there is a theoretical basis for successful vaccination strategies to lower DENV
infections. However, there are many factors of DEN infection and pathogenesis that

remain elusive, making it more challenging to discover an optimal vaccination strategy.
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Furthermore, it is hypothesized that the vaccine should be tetravalent, containing all four
DENYV serotypes, to ensure simultaneous immunity to all four DENVs and reduce risks
of adverse events.

There is evidence that secondary infections of DENV (i.e., primary infection by
one DENV serotype, followed by a secondary infection with a different serotype) may
cause more severe disease in some individuals than primary DENV infection. This is
hypothesized to be due to induction of DEN serotype cross-reactive, non- or weakly-
neutralizing antibodies that form virus-antibody complexes during secondary infections,
which are taken up in to cells of monocyte origin via Fc receptors on the surface of these
cell types. This has been termed Antibody Dependent Enhancement (ADE) (53). There
are a wide variety of DEN vaccine candidates that are in various stages of development,
ranging from early stages of investigation, to clinical trials, and even to licensing in one
instance. A table of these candidate vaccines can be found in Table 1.2. These vaccine
candidates are a mixture of empirically derived, live, attenuated vaccines (LAVS) to
recombinant, chimeric, LAVS, to inactivated vaccines, among others. The E protein is
thought to be an important component of induction of protective immunity; in particular,
induction of neutralizing antibodies. As such, most of the current vaccine candidates
contain at least some portion of the DENV E protein to stimulate the optimal immune and

antibody response to infection.

Dengvaxia

The most advanced candidate for DEN is Sanofi Pasteur’s recombinant live-
attenuated, tetravalent, chimeric vaccine (trade name Dengvaxia™). This vaccine was

first licensed in Mexico in December 2015 and has been licensed in a total of 19

30



Live attenuated (Dengvaxia ™) Recombinant live attenuated tetravalent
vaccine; YFV-17D backbone with
corresponding DENV serotype prM and

E
Live attenuated (PDK-53 Recombinant live attenuated vaccine,
Vaccine/DENVax) DENV-2 PDK-53 virus with
corresponding DENV serotype prM and
E
Live attenuated (DENV-4 strain A30 DENV-4 strain A30 (attenuated by 30 nt
Vaccine/TV003) deletion in 3’UTR); with corresponding

DENYV serotype prM and E

E Protein Ectodomain Vaccine Recombinant vaccine with N-terminal
400 amino acids of E protein

Purified Inactivated Vaccine Inactivated by formalin

DNA Vaccine DNA vaccine expressing prM and E of
DENV-1 in a plasmid construct

Table 1.2. Vaccine candidates for DENV.
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countries (Bolivia, Brazil, Cambodia, Costa Rica, El Salvador, Guatemala, Indonesia,
Mexico, Paraguay, Peru, the Philippines, Singapore, Thailand, Honduras, Australia,
Bangladesh, Argentina, and Venezuela) (54). It consists of a backbone consisting of YFV
17D, which is the vaccine strain of YFV, where the prM and E genes of 17D virus have
been replaced with those each of the corresponding DENV serotypes (55, 56). Leading
up to its licensure, extensive studies occurred to evaluate stability and safety of this
candidate. The viruses contained within the vaccine were sequenced throughout the
manufacturing and development process; this demonstrated stability of the genome, with
no change between the premaster seed lots of the virus to the bulk seed lots (57). It was
found that the chimeric vaccine viruses exhibited low level replication and viremia, and
non-mosquito-competent when evaluating virus replication in Aedes spp. mosquitoes
(58). Early in vitro characterizations demonstrated that immune cells and markers were
activated, and the viruses were immunogenic (59). Studies in NHPs demonstrated that
vaccine viruses exhibit low viremia but acceptable protectivity (60-62). Clinical trials of
this vaccine indicate that while this vaccine does indeed prevent virologically confirmed
dengue in DEN-immune individuals, there are concerns about the overall safety and
efficacy of this vaccine for young age groups (particularly ages 2-5), possibly due to an
ADE like phenomenon; additionally, the vaccine has limited use in dengue-naive
individuals and there seems to be inconsistent effectiveness of the vaccine among

different serotypes of DENV with poor immunogenicity against DENV-2 (63-66).

DENVax
There are two other recombinant chimeric LAV viruses under development. One is

by Takeda Pharmaceuticals, and this vaccine candidate consists of DENV-1, -3, and -4
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prM and E regions inserted into the cDNA backbone of attenuated DENV-2 strain 16681
Primary dog kidney (PDK) passage 53 (67). This virus, termed DENV-2 PDK-53, was
attenuated via extensive passing in PDK cell cultures at 32°C, and there appeared to be
temperature sensitivity, small plaque size (which is often correlated with flavivirus
attenuation), moderate monocyte infectivity and growth, loss of neurotropism and
virulence for suckling mice, and low viremia in monkeys when compared to non-PDK
passaged DENV-2 strain 16681 virus (68). DENV-2 16681 PDK53 virus was then
investigated as a LAV by studying its effects in ten volunteers; five of these volunteers
were flavivirus naive, and five were immune to JEV, but presumably to no other
flaviviruses (68). After receiving 1 mL of the candidate vaccine virus by the s.c. route, all
ten of the vaccine recipients demonstrated neutralizing antibody responses to DENV-2, and
exhibited no obvious signs of adverse reactions, hence making it interesting to investigate
farther (68). This vaccine virus was then used as material to generate infectious cDNA
clones for this strain and its parental strain, DENV-2 16681 (69). It was found that there
were no amino acid mutations in the C, prM, or E regions of the cDNA and resulting virus,
making this an ideal candidate for chimeric viruses that expressed the structural genes of
other flaviviruses (69). The next step was to generate these chimeric viruses, with a
backbone consisting of the attenuated DENV-2 16681 PDK-53 with the prM and E genes
of WT DENV-1, DENV-3, and DENV-4 (67). This resulted in viruses that had attenuation
markers similar to that of DENV-2 PDK-53 in vitro, as well as a lack of neurovirulence in
newborn mice (67). This tetravalent vaccine virus formulation is known as DENVax (70).
The four DENVax viruses were studied in cynomolgus macaques (Macaca fascicularis)

that were infected by the s.c, route; these vaccine viruses proved to be well-tolerated, with
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low viremia levels and protection demonstrated (70). These viruses were then studied in
AG129 mice, and it was found that they were safe, elicited neutralizing antibody responses,
and provided significant protection (71). DENVax is currently in phase Il clinical trials.
TV003

The other vaccine candidate consists of cDNA clones of DENV-4 strain A30 with
a 30-nucleotide deletion in the 3’UTR, and was developed by the U.S. National Institutes
of Health (72—74). This approach to attenuation is important because the 3’ UTR of the
flavivirus genome is thought to contain important sequences and secondary RNA
structures important for replication of the virus men (75). Nucleotide numbers 10,478-
10,507 were removed from the genome of DENV-4 (72, 75). When properties of DENV-
4 A30 were examined, it was found the virus was viable but had reduced multiplication in
both mammalian and mosquito cells, and plaque morphology was fainter than observed
with the WT parental DENV-4 (75). When examined further in monkeys, viremia was
noted less frequently in those infected with DENV-4 A30 when compared to parental
DENV-4, and a moderate antibody response was observed (75). Additional studies were
undertaken in humans and monkeys to assess safety. This virus has been shown to be
attenuated for rhesus monkeys and exhibited decreased replication and maintained
immunogenicity, suggesting its usefulness as a candidate for vaccine studies in humans
(72). In a phase | study 20 human volunteers were given 5 logio PFU of virus in the
deltoid region, and it was found that the virus could efficiently infect humans, but
produced few clinical symptoms (most common was an asymptomatic, transient rash in
those with detectable viremia); however, viremia levels were low, and a neutralizing

antibody response was noted, even in those with non-detectible viremia; (72). Following
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this, a phase 1l clinical trial was performed, in which three doses (10° PFU, 10% PFU, and
10! PFU) were inoculated into humans, with 20 recipients per dose and 4 placebo
recipients (74). This study discerned that the virus was tolerated by all recipients at all
doses, with the most common adverse event once again being the transient, asymptomatic
rash that was observed in the phase I study (74). There was a tentative relationship
observed between the highest dose here (10° PFU) and increased serum alanine
aminotransferase (ALT) levels in a few individuals (74). The viremia observed seemed to
indicate no significant clinical symptoms; a neutralizing antibody response was observed,
and the 3’UTR deletion was stable after replication in humans (74). This backbone of a 3’
UTR deletion mutant was utilized to develop a tetravalent formulation, with a
corresponding deletion in each of the other DENV serotypes, DENV-1, -2, and -3. This
combination was proven to be non-reactogenic, and to be immunogenic and stable (76).
As was observed with the two prior studies, the most common adverse event was the
transient, asymptomatic rash, although it occurred in more recipients (approximately
64%) (76). There was a potent neutralizing antibody response, as well as acceptable
viremia, and the virus seemed to be stable and safe after injection into humans, with the
caveat regarding the rash (76). Several combinations of these tetravalent formulations
were tested, and the one that was deemed the most promising option to move forwards
was termed TV003, which demonstrated the most promising results regarding
immunogenicity and safety (76). All prior studies have been performed in flavivirus
naive populations, and TV003 was recently tested in populations who were flavivirus
seropositive prior to receiving the vaccine. Once again, the most common adverse event

was rash, which was mostly mild (53). Following one dose (0.5 mL) of this tetravalent
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mixture, 87% of recipients had neutralizing antibodies to all four DENV serotypes and
76% were viremic (53). In summary, this tetravalent virus combination has proven to be
highly effective and shows great promise as a putative DEN vaccine in the future. TV003
is currently in phase 11 clinical trials. Alongside this tetravalent vaccine candidate that
has been constructed, this methodology and these viruses may represent candidates for
chimeric vaccines that may carry structural components of other flaviviruses.
Non-live dengue vaccine candidates

The Walter Reed Army Institute of Research (WRAIR) has developed a purified
inactivated virus candidate by formalin inactivating each of the four DENV serotypes;
this is currently being tested in phase /11 clinical trials, but shows promise due to lack of
reactivity and enhanced immunogenicity (77). This vaccine is a tetravalent formation,
and was inspired by successes with other inactivated flavivirus vaccines, such as the
inactivated JEV vaccine Ixiaro™ (77). Other DEN vaccine candidates being studied
include a recombinant, truncated E protein component (N-terminal 400 amino acids),
which is produced in Drosophila S2 cells, and is currently being evaluated by Merck &
Company (52, 78, 79). It has been shown to be effective at protection in mouse and NHP
studies (78, 79). There is also a monovalent DNA vaccine being studied by WRAIR and
the U.S. Naval Medical Research Center, which has the prM and E gene of DENV-1
(80). Initial testing suggests reactogenicity and safety (80).

These are only a handful of the DEN vaccine candidates under clinical
investigation. As can be seen, there are many options for vaccine development. However,
there are still many hurdles to overcome in the race for an optimal DENV vaccine. While

Dengvaxia™ has been licensed in 19 countries to date, the concerns about its safety and
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use in all age groups causes some concerns regarding its efficacy, and allows for a
continuation of the search for an ideal DENV vaccine. Safety, reactogenicity,
immunogenicity, cost-effectiveness, route of inoculation, ease of use, and durability of
the immune response to the vaccine are just a few factors that are important to be

elucidated and examined before moving forward (52).

Yellow Fever

YFV is found extensively throughout tropical regions in Africa and South
America. It is spread via sylvatic and urban transmission cycles (81). As is common with
many arboviruses, human events (travel, etc.) have allowed YFV to expand beyond these
traditional areas, and outbreaks have occurred in other non-traditionally infected YFV
areas, such as North America, Europe, and the Caribbean prior to introduction of the
vaccine in the late 1930s (82).

History

Yellow fever (YF) was a plague to many areas of the globe in the early nineteenth
century. Occasionally known as “yellow jack” due to the flags that would be flown on ships
where YF outbreaks occurred, it was a widely feared disease with great health and
economic impact (83). In the late 1800s, Patrick Manson hypothesized that the presence of
a “germ or virus”, but also suggested that it may require time outside of the human host to
be infectious (83). During and after the Spanish-American War, where YF was a notorious
problem, U.S. surgeon general George Sternberg arranged for a “Yellow Fever
Commission”, which was headed by Walter Reed (83). This commission famously
demonstrated that mosquitoes were responsible for the transmission of YF, and that the

responsible agent was filterable (83). Upon the opening of the Panama Canal in 1912,
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large world-wide populations were suddenly more susceptible to YF infection, resulting in
the Rockefeller Foundation’s International Health Commission goal to eradicate YF (83).
On this team was Dr. Hideyo Noguchi, a Japanese scientist whom had risen to fame by
discovering spirochetes in brains of patients; he suspected that spirochetes were responsible
for YF (83). The team from the Rockefeller foundation, including Dr. Noguchi, was sent
to Ecuador to combat YF; while there, Noguchi found spirochetes in the livers of ‘yellow
fever’ patients, passed these to guinea pigs, and published suggesting he had found the
cause of YF, calling it Leptospira icteroides (83). Some years later, in 1926, Max Theiler,
along with Andrew Watson Sellards, demonstrated the L. icteroides was serologically
identical to that of L. icterhemorrhagica, which was the cause of Weil’s disease; this
occurred after extensive production of a vaccine of Noguchi’s making, and during a time
of question regarding Noguchi’s yellow fever work (83).

Post-World War |, the Rockefeller Foundation continued its work for the
eradication of yellow fever, moving to Africa to investigate the differences between YF in
Africa and South America (83). In June 1927, a blood sample from a 28-year-old African
named Asibi, who was suffering a mild case of yellow fever, was taken and injected into a
rhesus macaque (83). This macaque had been imported from India, as the African green
monkeys that were in the region did not become ill (83). The monkey was susceptible, and
infection was established in a laboratory host for the first time; after more studies, it was
found that serum from humans with YF immunity could protect monkeys from infection,
and that immune sera from patients with the South American YF virus infection could
protect from the African YF (83). This suggested that one vaccine could confer global

protection, and that it was unlikely that inactivated virus would suffice for vaccination (83).
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An alternative strain of yellow fever, from Dakar, Senegal, was obtained from a patient
named Francoise Mayali; Mayali was found to have a fever, and his blood, when injected
into a rhesus monkey, produced severe YF, although Mayali’s case was mild (83). This
later became known as the ‘French strain’; the team working with the sample found that
the virus could be frozen without decaying, and was able to transport tissues and samples
for further examination (83). A few vaccine candidates were generated via formalin and
phenol-preserved livers, but they were inactivated, and it became clear that a live,
attenuated vaccine would be the best vaccine candidate (83). Max Theiler was aware of
studies with herpes virus and rabies virus that attenuated viruses could be generated via
passaging in non-native tissues; he inoculated mice i.c. with YFV strains and discovered
multiplication occurred, as well as that if passaging continued, viscerotropism decreased
when the mouse-passaged virus given to monkeys (83). The first attenuated strain was
generated, although it had increased neurotropism (83). In 1931, the French strain, which
had been attenuated via passage over 100 times in mouse brain, was administered in a
clinical trial as a vaccine, mixed with human serum and given in multiple doses; this was
the Rockefeller Foundations standard for a while, used in the Western Hemisphere and
England (83). The strain was further developed by coating the virus particle with oil or egg
yolk, freeze-drying, and vaccinating via scarification; this was used by France and its
African colonies, typically along with smallpox, during the 1940s-1950s (83). However,
both vaccines, based on the French strain, had demonstrated higher than average cases of
post-vaccinal neurologic effects in children. In 1932, Theiler and Eugen Haagen cultivated
YFV in mouse and chicken embryo tissues; however, extensive passaging of both Asibi

and French strains failed to alter the observed neurotropism (83). Consequently, nervous
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tissue was removed from the embryonic tissue, and at the 100" subculture of chicken
embryo with nervous tissue (176" in chicken embryo all together), the Asibi strain failed
to kill mice when injected by the i.p. route (83). Altogether, the Asibi strain was passed 18
times in mouse embryo, 58 times in minced whole chick embryo, and100 times in minced
whole chick embryo without nervous tissue; at this point, it acquired the optimal
characteristics of attenuation and immunogenicity after 176 passages (84). Thus, the live
attenuated 17D vaccine was generated empirically in the 1930s by Max Theiler. This virus
was found to be highly attenuated, with decreased viscerotropism, neurotropism, and a loss
of vector competence (84). This became the vaccine of choice in the early 1940s and has
remained so. There are two substrains of 17D vaccine used today; 17D-204, which was
derived at the 204" passage of Asibi and 17DD derived at passage 198 of 17D. The original
17D virus has been lost so it is difficult to directly identify those mutations responsible for
the attenuation of 17D. Thus, mutations found in 17D have been interpreted by comparison
of Asibi with 17D-204 and 17DD vaccine strains. There are a total of 20 amino acid
substitutions shared by 17D-204 and 17DD substrains that are not present in the Asibi
strain. Nine of these are in the structural genes, with eight out of nine in the E, and 1 in the
M. There are 11 amino acid substitutions in the non-structural genes, one in NS1, four
which are in NS2A, one in NS2B, one in NS3, one in NS4A, one in NS4B, and two in NS5,
as well as four silent mutations in the 3’UTR. These amino acid differences are shown in
Table 1.3. While the exact mechanism of attenuation of YFV 17D remains unknown,
recent studies have suggested that it is partially due to decreased viral diversity of the RNA

population in the 17D virus, and a high-fidelity RdRp (85, 86). Despite its empirical
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discovery, YFV 17D has proven to be a highly stable, high effective vaccine that has been

utilized for decades with over 700 million doses of vaccine distributed since 1938.
Animal Models

It was a struggle for many years to find a suitable laboratory model of YFV, and
thus YFV 17D vaccine. A variety of animal models are now available for YF disease
modeling, as well as for use in YFV 17D testing. NHPs are natural hosts and reservoirs for
YFV infection in areas where the WT YFV is endemic. NHP species from Africa exhibit
very little, if any, clinical disease, except for fever and viremia, while some NHP species
from South America have a lethal disease and show more promise for animal studies (81).
The initial work with YFV and safety testing of YFV 17D vaccine was performed in rhesus
macaques from Thailand (81). When infected with wild-type YFV, macaques often exhibit
severe disease, which greatly models human infection (81). NHP models are vital to the
evaluation of vaccine safety (e.g. safety, viscerotropism and neurotropism), neurotropism),
on both new vaccine candidates, as well as new batches of seed lots of the already establish
YFV 17D.

Another valuable model for YFV studies are mice. Although mice are not naturally
infected with YFV, as was observed with DENV mouse models, virus adaptation for mouse
infection, as well as direct i.c. inoculation into suckling mice were early small animal
models to study YFV (81). These i.c. studies often cause severe and fatal disease, and as
such, are often used to study attenuated viruses, vaccine candidates, or putative treatments
for disease (81, 87). The AG129 mouse model has been an important model to study YFV
infections, including live attenuated vaccine strains. These animals have increased

vulnerability to wild-type YFV, as observed with DENV, and serve as a model of
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viscerotropism (i.e., infection of the liver here) (88, 89). A129 mice also exhibit
viscerotropic and neurotropic disease manifestations, although this may be dependent on
viral strain, route of inoculation, and dosage (90). A129 and AG129 mouse strains are both
useful for studying safety and replication kinetics of YFV vaccines (81). Peripheral
inoculation of AG29 mice with YFV 17D results in a lethal infection, hence making them
useful for the study of potential antiviral therapies at biosafety level 2, as well as vaccine
challenge studies; WT YFV Asibi strains have been utilized previously, and cause a rapidly
disseminated, lethal infection (81, 88, 89).

Another model that has been used for studies of YFV is the Syrian golden hamster
(Mesocricetus auratus), which is susceptible to infection with YFV strains that have been
adapted to hamsters (91-93). The disease manifestations are like that of humans, and this
model may be used for countermeasure evaluations (81, 91). While this model does have
difficulty efficiently growing primary virus isolates, there are studies that have suggested
that hamsters may be used for comparative studies of naturally attenuated YFV strains and
more virulent strains (via high dosage), as well as utilizing the recently developed STAT2
knockout hamster (82, 94, 95).

Overall, there are several viable options for animal models for the study of not only
WT YFV, but YFV 17D and other putative vaccine candidates as well. The typically order
of evaluation includes study in mouse or hamster models to ensure that there is no

neurotropism via direct i.c inoculation, followed by NHP studies (81).
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Nucleotide 17D-204

and
17DD
854 M 36 Leu Phe
1127 E 52 Gly Arg
1482 170 Ala Val
1491 173 Thr lle
1572 200 Lys Thr
1870 299 Met lle
1887 305 Ser Phe
2112 380 Thr Arg
2193 407 Ala Val
3371 NS1 307 lle Val
3860 NS2A 118 Met Val
4007 167 Thr Ala
4022 172 Thr Ala
4056 183 Ser Phe
4505 NS2B 109 lle Leu
6023 NS3 485 Asp Asn
6876 NS4A 146 Val Ala
7171 NS4B 95 lle Met
10142 NS5 836 Glu Lys
10338 900 Pro Leu
10418 - Thr Cys
10800 - Gly Ala
10847 - Ala Cys

Table 1.3. Common amino acid coding changes and
nucleotide changes in 3’UTR of YFV-17D-204 and
17DD vaccine viruses compared to WT YFV-Asibi.
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Chimeric Flavivirus Vaccines

Chimeric flaviviruses have been investigated as candidate vaccines based on
swapping genes between viruses via reverse genetics. The focus has been on using
attenuated vaccine backbone, particularly that of the YF 17D vaccine virus, to swap the
prM and E genes of different flaviviruses for those of 17D virus. Such chimeric viruses
have shown great promise as vaccine candidates, and some have been licensed.
Specifically, chimeric 17D-DEN and 17D-JE viruses where the 17D prM and E genes
have been replaced with the corresponding genes of WT DENV-1 to DENV-4 (e.g.
Dengvaxia™; see section 1.7.1 above) and the live attenuated JE vaccine strain SA14-14-
2 (Imojev™).

1.10.1 Japanese Encephalitis Virus Vaccine (Imojev™)

One of the earliest flaviviral chimeric viruses developed is that of JEV (96). This
virus has the backbone of the C and NS proteins of YFV 17D and the prM and E genes of
the SA14-14-2 JEV virus and was subsequently termed ChimeriVax-JE™ (97). It was
found that this chimeric virus has the specificity (antigenically) of JEV, and was
attenuated in mice when inoculated via the i.c. route (97). Further studies demonstrated
that this virus was able to replicate efficiently in multiple mammalian cell types, the
nucleotide sequences were comparable to the parental vaccine strains, was found to be
genetically stable over passaging, and the virus was attenuated in multiple mouse models
(suckling ICR WT mice and C57/BL6 WT mice), and induced protective immunity
against JEV challenge (96). This virus was shown to be less neurovirulent than YFV 17D
in mouse and NHP models (96-99) and attenuation appeared to be due to the presence of

the SA14-14-2 JEV E protein (97, 100).
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This became known as ChimeriVax-JE™., After the pre-clinical studies were
performed, clinical studies were undertaken. An early, randomized, double blind study
compared the safety and immunogenicity of the chimeric virus to that of YFV 17D. A
single dosage of 510410 PFU and 410410 PFU were inoculated into healthy flavivirus naive
and YFV immune volunteers by the s.c. route (101). There were cases of mild, transient
reactions at the injection site and flu-like symptoms in each treatment group, but there
was no significant difference between each group (101). Nearly all recipients of either
virus dosage and flavivirus status developed a temporary, low level viremia, like that of
YFV 17D (101). There was 100% seroconversion to ChimeriVax™-JE neutralizing
antibody in both dosage groups and flavivirus exposure statuses; hence suggesting that
this virus was similar to that of YFV 17D (101). A double-blind, phase 1l clinical trial
was then performed in 99 adults; these vaccine recipients received two virus doses by the
s.c. route with varying dosages of the virus (from 1.8 logio PFU to 5.8 logio PFU) to
perform further efficacy and safety analyses (102). Overall, the vaccine was well received
and tolerated, with no significant differences in adverse events (flu-like illness and
injection site response) between the various treatment groups; viremias were short and
low-grade, and a neutralizing antibody response was generated in 94% of vaccine
recipients (102). The second dose, which was administered 30 days after the original
vaccination appeared to have no boosting effect (102). Another study examining immune
memory in those who had received the vaccine nine months prior, and which were
challenge with an inactivated mouse-brain JEV vaccine, demonstrated that an enhanced
immune response occurred, and that it had lost mosquito competence (102).

ChimeriVax™-JE appeared to be safe and effective, and was licensed under the name
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Imojev™ in 2012, and is currently licensed in Australia, the Philippines, Malaysia, and

Thailand.
West Nile Virus Chimeric Vaccine

WNV was first introduced to the United States in 1999, and then spready rapidly
across North America, causing disease in birds, horses, and humans, who are dead end
hosts (103). WNYV causes asymptomatic disease in 80% of cases; about 20% of cases are
West Nile fever, which is a flu-like illness, and less that 1% of cases are neurological
diseases. Since ChimeriVax™ technology had been utilized to successfully generate a
single dose, live attenuated vaccine again JEV (at least in clinical trials), and JEV is in
the same serocomplex as WNV, it was hypothesized that the same technology could be
utilized for a WNV chimeric vaccine virus candidate. In early studies, the prM and E
genes of YFV 17D were replaced with that of WNV strain NY99 (103). This work
demonstrated that this chimera did not have the neurotropic properties typically exhibited
with WNV infections and was less neurovirulent than YFV 17D in mouse (ICR WT
mice) and cynomolgus monkey models (103). Additional attenuating point mutations
were then inserted into the E gene (at positions 107, 138, 176, and 280) in order to reduce
virulence; this resulted in ChimeriVax-West Nile02, which had further reduction in
neurovirulence (103). Preclinical studies in mice doses ranging from 0.89 logio PFU to
6.51 logio PFU given by the i.p. route; rhesus monkey studies utilized virus given by the
I.c. route, with dosages from 4.99 to 5.07 logio PFU (103). The mice that were
vaccinated. were challenged with WT WNV and were protected in some instances;

similarly, macaques that were challenged by the i.c. route were also protected (103).
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Approximately half of the macaques exhibited subclinical disease after the challenge, but
this was thought to be due to the aggressive challenge (103).

A second set of studies were performed utilizing ChimeriVax-WNO02, which has
point mutations in the E gene (E107, E336, and E440), and rhesus macaques were used to
test the attenuated phenotype of the virus. It was found that skin and lymphoid tissues
(lymph nodes and spleen) were major replication sites (104). These macaques were
challenged with 5logi0 PFU by the s.c. route, and viremia was low-grade and short-lived
and neutralizing antibodies were detected in about 40% of animals (104). The virus was
found to be safe in animals ((104). A randomized, double-blind clinical trial study was
also performed at this time; healthy volunteers received 5.0logio PFU of ChimeriVax-
WNO02, and a second group received a lower dose of 3.0logio PFU (104). Viremia was
observed, but low-grade and short lived, although the higher dosage had significantly
higher viremia than the low dosage (104). Many of the vaccine recipients had at least one
adverse event, but this incidence seemed to be similar across active and placebo groups;
there was no relationship between viremia and severity of these events (104). This study
demonstrated that the vaccine virus induced high neutralizing antibody responses and
antigen specific CD8+ T cells, which produced IFN-y, as well as WNV specific CD4+ T
cells in greater than 80% of subjects (104). Follow up Phase 1l clinical trials indicated
that the vaccine was well-tolerated and immunogenic in multiple age groups (105, 106).
In the phase 11 study, recipients were immunized with approximately 3logio PFU to
5logio PFU, based upon their group; greater than 96% of vaccine recipients
seroconverted, viremia was low-grade and short-lived, and neutralizing antibody

responses were generated, hence proving the immunogenicity of ChimeriVax-WNO02
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(105). In 2006, an equine vaccine based on this ChimeriVax™ technology was licensed

and marketed under the name Prevenile (107).

Quasispecies Theory and Next Generation Sequencing

Unlike DNA polymerases that have proof reading functions, the RdRp is error
prone and so RNA viruses generate high rates of mutations within the genome during
replication (108). As such, RNA virus populations do not exhibit a single genotype; rather
they are a collection of sequences that have shared features with variable mutations
possible in each virus’ genome (109). This variability within the genome gives rise to
populations of viral RNAs that are sometimes termed quasispecies. Like other RNA
viruses, flaviviruses tend to generate viral RNA populations that have a wide amount of
diversity, or quasispecies populations. There are a wide variety of reasons for the
phenomenon. The RARp is the enzyme that is responsible for the replication of the RNA.
The fidelity, or the inherent error rate, of this enzyme determines that amount of errors, or
mutations, that occur during the replication process. Flaviviruses have RdRp’s with low-
fidelity (about 10 mutations per nucleotide), hence the RdRp lacks proofreading abilities
and generates high mutation rates (86). Flaviviruses also have rapid viral replication
kinetics, as well as the ability to quickly generate large viral populations, allowing further
errors to occur. In addition, viruses must respond to host selection pressures, such as tissue
and cellular tropisms and alterations in host. In particular, flaviviruses, such as YFV and
DENV must replicate in both mosquitoes and vertebrate hosts; thus, although mutations
are generated in the viral RNA population, the virus has constraints and only allows
mutations that able it to replicate in both mosquito and vertebrate hosts. Quasispecies

theory for viruses was generated from studies trying to explain how life evolved in the
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precellular RNA world (108, 110). It is based on classical theories of population genetics,
and examines the results of the error-prone replication and large population sizes, which is
often seen in viruses, making this a useful theory to study RNA viruses (108). Viral
quasispecies theory states that the error rates for RNA virus replication are high, which in
turn leads to a diverse mutant population that has variable fitness (or the ability to
reproduce and survive) within any given system (108, 111). If too many mutations that are
deleterious occur in this population, then the virus may lose fitness, as the virus replication
abilities may become decreased; this is called error catastrophe (109, 111). However, if the
population stabilizes then the viral population becomes more homogenous, has fewer
mutations, and undergoes a fitness decrease, as the viral population has now lost the
advantage of quick adaptation to host and environmental pressures (112). An example is
the process of plaque picking of viruses. Quasispecies diversity has been shown to have
implications on virulence and attenuation of viruses. For example, poliovirus has been
shown to have less quasispecies and be less virulent when a virus with a high fidelity RdRp
is selected (109, 112). The YFV 17D vaccine virus is thought to be attenuated in part due
to decreased viral diversity across the entire genome and hypothesized to be due to 17D
vaccine having a high fidelity RdRp that introduces few mutations (85, 113). Therefore,
quasispecies theory is important in the investigation of attenuation and virulence of viruses,
as well as pathogenesis. The role of mutational robustness and quasispecies diversity for
flaviviruses is in the early stages of investigation. Next generation sequencing (NGS)
allows an in-depth examination of viral RNA populations via insertion of fluorescently
labeled deoxyribonucleotide triphosphates (ANTPs) into the template strands during cycles

of DNA synthesis; as the fluorophores are excited, a signal is generated that can be read
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(114). NGS is different than other sequencing methods because it sequences millions of
fragments in a parallel fashion; this allows analysis of the population of RNAs that are
present in viral samples, as well as the small variants not detectable by previously used
methods, in addition to the consensus sequence that represents the dominant sequence in a
population. Variability can be measured using Shannon’s entropy, which is the
measurement of absolute variability that is found at each site in the full genome of the virus
in question, or the average unpredictability in a random variable (85). This ranges from
highest diversity (meaning that all four nucleotides are occurring at equal proportions in
the population), to 0 (meaning the entire viral RNA population is homogeneous and only
one of the four nucleotides is found at a specific position). RNA viral populations often
exhibit these differences via single nucleotide variants (SNVs), which are nucleotide
positions in the genome where the nucleotide is different to that of the consensus (or
predominant) sequence. As one might expect for RNA viruses, there are many SNVs and
their detection depends in part on the number of reads by NGS and the proportion of the
population at a particular nucleotide position that have nucleotide different to the consensus
nucleotide at that position. Consequently, the focus is on SNVs that represent >1% of the
nucleotides at a particular position. By utilizing NGS to investigate SNVs and Shannon
entropy calculations, the viral population can be examined to elucidate the roles that viral
diversity plays on infectivity and virulence. An excellent example of the role that viral
diversity plays on infectivity and virulence of RNA viruses is that of WT YFV Asibi versus
YFV 17D. Studies have demonstrated that YFV Asibi, which is the parental strain of YFV
17D, has high diversity indices across the entire genome, while YFV 17D lacks diversity

and exhibits a much more stable genotype across the genome, with much less viral diversity
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demonstrated (85). This is hypothesized to be one reason that YFV 17D is attenuated (85).
Other studies hypothesize that YFV 17D has a more stable RdRp than that of YFV Asibi,
hence allowing less errors to be inserted into the genome, hence stabilizing the quasispecies

via loss of introduction of single nucleotide variants (86).
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Chapter 2: Thesis Rationale

The global importance of DENV is clearly demonstrated in its global range,
economic burden, and occasional severe disease manifestations. The ChimeriVax™
technology has been used to successfully generate effective, licensed vaccines for
flaviviruses, including Dengvaxia™ that has varying effectiveness for each DENV
serotype, and effectiveness also varies based on previous flavivirus and DENV
seropositivity status upon vaccination.

While this vaccine has been successful, the contribution of chimerization to the
attenuated phenotype remains unknown. This is important as the other live attenuated
vaccine candidates, DENVax and TV003, are also chimeric flaviviruses. Recent studies
have suggested that the ability of RNA viruses to generate quasispecies populations are
important to virus attenuation; a study has suggested YFV 17D is at least in part
attenuated due to a lack of quasispecies diversity (85). The objective of the studies
undertaken was to investigate why ChimeriVax™ is attenuated, since the WT DENV
prM and E genes are present in the 17D backbone, and to investigate the contribution of
chimerization on virulence and infectivity. It is hypothesized that the process of flavivirus
chimerization results in decreased viral diversity and virulence. Two Specific Aims are
proposed. In Specific aim 1, the impact of viral chimerization on genetic diversity and
viral replication will be investigated. In Specific aim 2, the virulence phenotype of the
chimera YFV 17D/DENV-4 prME will be investigated in a mouse model. For this
project, a chimeric YF 17D virus with the DENV-4 prM and E genes from DENV-4 P75-

215, a sylvatic DENV-4 strain, developed in the Barrett lab (and not the Sanofi
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Dengvaxia™ DENV-4 component will be used to investigate the putative role of the E

protein in the genotype and phenotype of a chimera.
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Chapter 3: Materials and Methods

Cell Types

Cell types utilized in these studies were Vero, A549, and C6/36 cells. Vero cells
were derived from African green monkey (Cercopithecus aethiops) kidneys, in the 1960s
(115). Cells were maintained in Dulbecco’s modified Eagle medium (DMEM),
supplemented with 10% heat inactivated, filter sterilized fetal bovine serum (FBS), and
1% L-glutamine, non-essential amino acids (NEAA), and penicillin-streptomycin. Vero
cell stocks were maintained in liquid nitrogen, and when ready to use, thawed at 37°C,
and incubated in 10% DMEM at 37°C and 5% CO until confluent in a 25cm? vented
flask. Cells were passaged as the cells become approximately 80% confluent. Vero cells
double in number about every 24 hours, and have no effective IFN response. They have
been utilized for many years for virology studies, and are shown be effective at allowing
viral replication and maintenance, as well as being the cells utilized for plaque assay
titrations.

A549 cells were isolated from a human alveolar cell carcinoma, and are found to
have an efficient IFN response, making them useful for immunological and virologic
studies. These cells were maintained in DMEM supplemented with 8% FBS, and 1% L-
glutamine, NEAA, penicillin-streptomycin, and are maintained at 37°C in 5% CO.. Cells
were stored in liquid nitrogen, and when ready to use, thawed at 37°C and incubated in
5% DMEM at 37°C in 5% CO2 until confluent. A549 cells grow slowly, and were
monitored daily until 70% confluency, when subculture was performed. A549 cells were

utilized due to the presence of an intact interferon signaling system when compared to
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Vero cells. This was chosen because interferon signaling has been shown to play a vital
role in the host anti-viral response.

C6/36 cells were maintained at 28°C in DMEM supplemented with 10% or 2%
FBS, and 1% L-glutamine, NEAA, penicillin-streptomycin, sodium pyruvate, and 5%
tryptose phosphate broth. These cells were derived from Aedes albopictus whole larva.
Cells are stored at liquid nitrogen, and thawed at 37°C when ready to use. They are then
incubated in 10% or 2% FBS, and 1% L-glutamine, NEAA, penicillin-streptomycin,
sodium pyruvate, and 5% tryptose phosphate broth, at 28°C until 80% confluent, at
which time subculture is performed. These cells grow slowly, and were subcultured
approximately once per week. These cells have shown to be useful for multiplication of
flaviviruses, and can replicate these viruses to high titers.
Virus

Viruses were obtained from laboratory virus stocks. DENV-4 P75-215 was
originally obtained from the World Reference Center for Emerging Viruses and
Arboviruses at UTMB. The strain was isolated from Ae. niveus s. |. mosquitoes, which
were found in the Gunong Besut forest reserve of Malaysia in late 1974 (116). Virus was
passaged a total of 18 times, in a combination of baby hamster kidney (BHK-21), Vero,
and C6/36 cells prior to and during the studies in this thesis. During the studies, the virus
was passaged in either Vero or C6/36 cells at passages 16, 17, or 18. YFV 17D utilized in
the studies were generated from an infectious clone via in-vitro transcription and
electroporation from a cDNA backbone. YFV 17D infectious clone RNA was
electroporated into E. coli MC-1061 cells, then maintained in Vero cells. YFV 17D-204

(YF-Vax by Sanofi Pasteur) vaccine strain virus that was utilized in animal studies was
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obtained from a direct sample of YFV 17D-204 vaccine obtained from laboratory stocks
of vaccine and was not passage prior to use in animal studies.

The chimeric YFV 17D/DENV-4 prME was generated prior to the studies
undertaken in this thesis by other members of the Barrett lab. Briefly, RNA was extracted
from DENV-4, and RT-PCR was performed on prM and E genes, with a primer based at
the end of the C gene and a reverse primer based at the start at the NS1 gene. The PCR
product was cloned into a pPGEM-T vector, and junction regions were sequenced to
generate primers for cloning into YFV 17D. A YFV 17D infectious clone underwent site-
directed mutagenesis, and Sfol and BsiW|1 sites were inserted, and this was transformed
and grown in MC 1061 bacterial cells; colonies were screened by digestion with the Sfol
and BsiWI restriction sites. PCR of the prM and E genes in the pGEM-T Sfol site was in
the forward primer, and BsiW!| site in the reverse primer, and this was cloned into the
YFV 17D infectious clone. The resulting virus was sequenced to show restriction sites
and ensure the virus genomic sequence was accurate. DNA was then linearized, in-vitro
transcribed, and electroporated into BHK-21 cells. For viruses generated using in-vitro
transcription and electroporation, virus RNA was electroporated into 75cm? flasks of
Vero cells at approximately 80% confluency, and monitored for approximately five days,
or until CPE was observed. Virus was harvested from cell culture supernatant, spun at
1500 RPM for 5 minutes at 4°C, then aliquoted and stored at -80°C. Viruses used in
animal studies was concentrated using 50 kDa molecular weight cut-off Amicon filters
via collecting cell culture supernatant (50 mLs per filter), spinning at 1500 RPM at 4°C,
for approximately 30 minutes and resuspending in a volume of 1 ml. A schematic of the

cDNA of the YFV 17D/DENV-4 prME is shown in Figure 3.1.
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Plaque Assay Titration of Viruses

All virus titers were obtained via plague assay titration in Vero cells. Six-well
plates of Vero cells were grown to about 80% confluency in DMEM supplemented with
10% FBS. When cells were confluent, virus samples were thawed at 37°C, vortexed to
mix, and put on ice. Ten-fold virus dilutions were performed, ending at 10°. Virus
dilutions were mixed, placed on ice, and six-well plates were washed with phosphate
buffered saline (PBS). PBS was removed, and 200 microliters (uL) of virus was applied
to each well. Six-well plates were rocked to ensure virus was spread evenly across cell
monolayer and cells did not dry out. After 30 minutes incubation at room temperature,
four milliliters (mL) of agar overlay (a 1:1 mixture of 2% agar and 2X MEM) was added
to each well. Plates were incubated for four days at 37°C with 5% CO,. On day 5 post-
infection, a 1:1 solution of 2% agar and 2X MEM with 2% neutral red was added to
allow visualization of plaques, and plaques were counted. Only wells with 10-100
plaques were used to calculated virus titer, using the following equation: reciprocal of the
virus dilution x number of plaques x5.
Multiplication Kinetics

Multiplication kinetics of viruses were undertaken at a multiplicity of infection
(MOI) of 0.1. Vero or A549 cells were grown in 12-well plates to approximately 80%
confluency. Once cells were confluent, media was removed from cells and they were
washed with PBS to remove any cell culture media and FBS. Cells from three wells were
trypsinized and counted. The cell count of each well was averaged, and total cell count
was calculated in order to calculate quantity of virus needed for the MOI of 0.1. Cells

were infected, and virus was adsorbed while rocking for 30 minutes. PBS was used to
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wash wells three times to remove residual virus. Two mLs of DMEM supplemented with
2% FBS was added to each well. There were three wells with virus for each time point
taken: 0, 24, 36, 48, 60, and 72 hours post infection. Cells were checked for CPE at each
time point, harvested (four 500 pL aliquots), and stored at -80°C until plague assay
titration. Statistical analysis was performed on growth curves, which had an n=3 for each
time point per virus, via a two-way repeated measures ANOVA with a Tukey’s post-hoc
test. An alpha value of 0.05 was used.
In-Vitro Transcription and Electroporation

Virus was rescued from infectious clones by in-vitro transcription of an infectious
clone template via an exogenous SP6 promoter. The first step was to linearize the
template of the infectious clone by taking approximately 4 microgram (pg)/mL of starting
template and mixed with buffers and cut utilizing specific restriction enzymes that are
engineered into infectious clone models. Specifically, YFV 17D utilized in these studies
has an Xhol1 restriction site, and the YFV 17D/DENV-4 prME has BsiWI and Sfol
restriction sites. This digestion mixture was incubated at 37°C for two to three hours.
Subsequently, 5 pL of 20 mg/mL proteinase K was added and incubated at 37°C for one
hour. DNA was then extracted via two phenol-chloroform extractions followed by a
single chloroform extraction. The DNA was ethanol precipitated, and in-vitro
transcription performed, using linearized template, specific buffers for the promoter, and
a nucleotide triphosphate mix; and incubated for two and a half hours at 37°C. A small
sample of the reaction mix was run on a gel to ensure the presence of viral RNA. A
75cm? flask of Vero cells was trypsinized, washed once with PBS, and counted using a

standard hemocytometer and the cell count calculation described in section 3.4. Cells
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were washed twice more in PBS, then 6.8 x 108 cells put into electroporation cuvettes and
transcribed RNA is added. The cuvettes are put in a Bio-Rad gene pulser that was used at
1.5 kV, infinite ohms, and 25 pF to perform the electroporation, shocking twice.
Following electroporation, the solution was kept at room temperature forl0 minutes, and
the mixture transferred to a 75cm? filter top flask with DMEM supplemented with 10%
FBS. Cells were observed daily, and CPE was monitored. Virus was harvested when
approximately 80% CPE occurred, which typically occurred approximately 5 days post
infection.
NGS Analysis

Viral RNA was extracted from Vero cells using a Qiagen Viral RNA kit, and viral
RNA is then sent to the UTMB Next Generation Sequencing Core for NGS analysis.
Deep sequencing was performed on an Illumina HighSeq 1500 instrument by the UTMB
Next Generation Sequencing Core. Once data were received from the core, a large data
file containing the information for each of the RNA reads, called a bam file, was
processed further. This file was converted to a fastq file via Picard tools, and alignment
and processing undertaken. Files were then processed to remove PCR duplicates and
downsampled to the same number of reads per virus to ensure an accurate comparison of
viruses based on coverage. R studio was then used to analyze viral population diversity
and variability. Variability was measured via Shannon’s entropy, which is a probability
measurement of diversity. This ranges from highest diversity (meaning all four
nucleotides we are examining are occurring equally), to 0 (meaning only one of the four

nucleotides is occurring). Other programs were used to analyze the variant population
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present in each sample via Vphaser software, with a cutoff of 1% used, (i.e., only Single
Nucleotide Variants (SNVs) greater than 1% of the population at a particular nucleotide
position are analyzed. The pipeline analysis for NGS data is shown in Figure 3.2.
Statistical analysis comparing the diversity of the three viruses was performed via a one-
way ANOVA with Kruskal-Wallace post-test for non-parametric data. The alpha was
0.05.

Animal Studies

Animal studies utilized eight-week-old AG129 mice (provided by Nigel Bourne
from a colony maintained by Dr. Nigel Bourne), which are deficient in IFN a, 3, and y
receptors. Animals were monitored daily for signs of illness, and if observed, were
humanely euthanized. If no disease was observed, animals were humanely sacrificed at
day 28 post infection. A second group of five animals, 10 weeks old, were utilized to
confirm the initial results of the chimeric YFV 17D/DENV-4 prME results.

In a second study, AG129 mice were utilized again, at eight weeks old, and
received all inoculations i.p. Serum samples were taken at day three post infection, and
animals were monitored for signs of illness daily. If illness was observed, animals were
humanely euthanized. Serum samples were taken at three days post infection and were
used to test for viremia by plaque infectivity assay. Liver and brain tissues were
homogenized in MEM supplemented with 2% FBS, using a Beadbug microtube
homogenizer. Samples were spun at 8,000 rotations per minute (RPM) to clarify, then

aliquoted and stored at -80°C until viral load testing via plaque assay.

61



‘auljadid siIsAjeue SON z'€ a4nbi4

~ a

sisAjeuy [eofsiels

|99X3 YOSOIDIN B ginLn A
y Buisnuonejnojes }e 8100 SON wol
elep Bulousnbas

dasp ulelqo

Adonu3 uouueys 2100 SON gINLN 0}

puss ‘YN Joesxs
‘@ouo sbessed

IBANS
el Buijeo Juelep

- \

? m__mo
\ / (swiouab aoualsyal 0Jo OlUl 109)SUel]
0} sdeuwl) anpmog ‘aquosuel} oA Ul

speal Buisn swouab ‘@ousnbas Jebueg
sazl|ewlou :adwesumog 2ousalajal 01 ubipy ‘piwse|d Ayund

selq puens pUE S8I1UO0J0D %2Id

saonpal % se1esl|dnp ¥0d @
saAowWal-sareandna YIep

s||292 |eua1oeq DGHA
oJul Wiojsuel]

/

diyo aush uo uoneog) \
9 S3]BUIPIOOD [BLUOSOWOIYD
uo paseq elep Uo0S

(s2usnbes
V¥NQ [eulBuo
S]oNAsuU09o8l)

INo uonouny
AD| Yuimoadsul AjjlensiA “H_ pua palied Buisn
OAOU 8p B|qUIBsSSY

gl

S3001S gE|
WwioJ} SNIIA dlJaWIYD
10 ¥YNQ ulelqo

siswiud wig /

o[y
NVYE/NVS 0} S3]l} Jeuliod

AYvIId/STOO0LAVS
einBuiyosy) Aljlenp

./

J

62



Chapter 4: Results

Multiplication Kinetics in Vero cells

To determine whether or not the virus’ replication machinery has been
compromised by chimerization, multiplication kinetic studies were performed. The
rationale was the premise that while there were no changes in the viral nonstructural
replication machinery genes, the changes that occurred in the structural proteins (i.e. prM
and E) may have affected entry. If entry was altered, then this would in turn alter the
replication kinetics and multiplication efficiency of the virus. Multiplication Kinetics
were performed in triplicate at an MOI of 0.1 (Figure 4.1A). The results indicate that
YFV 17D infectious clone multiplies most efficient of the three viruses in the study.
DENV-4 P75-215, a wild-type sylvatic strain, multiplies slightly less efficiently and
slightly slower than YFV 17D infectious clone, although both viruses multiply to
approximately the same peak infectivity titer (6 logio PFU) (i.e., 48 hours for YF 17D
infectious clones vs. 72 hours for DENV-4 P75-215). The chimeric virus, YFV
17D/DENV-4 prME multiplied the slowest of the three viruses. Furthermore, the chimera
took longer to get to a titer level similar to YFV 17D infectious clone or DENV-4 P75-
215. The differences between overall curves were tested using a two-way ANOVA with
a Tukey’s post-hoc test. This demonstrated YFV 17D infectious clone was multiplication
was significantly different from both DENV-4 P75-215 and YFV 17D/DENV-4 prME,
with P<0.05.

Viruses that were plaque titrated in Vero cells exhibited the following phenotypes.
Typically, DENV-4 P75-215 plaques were large, > 2 millimeters (mm), YFV 17D had

small plaques (< 2 mm), and YFV 17D/DENV-4 prME had a mixed plaque phenotype
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(data not shown). NGS analysis demonstrated only one viral population in YFV
17D/DENV-4 prME (see below), and no plaque purification was performed.
A549 Multiplication Kinetics

Multiplication kinetics in A549 cells were performed in triplicate as described in
section 3.4, at an MOI of 0.1 (Figure 4.1B). These results indicate that YFV 17D
infectious clone multiplies more efficiently and faster than either DENV-4 P75-215 or the
chimeric YFV 17D/DENV-4 prME. YFV 17D infectious clone reaches the highest
infectivity titer (approximately 6.1 logio PFU) of the three viruses. DENV-4 prME
multiplies less efficiently than YFV 17D infectious clone, but slightly better than YFV
17D/DENV-4 prME and reaches a slightly higher infectivity titer than YFV 17D/DENV-
4 prME in this cell line (approximately 4 logio PFU). The chimeric virus, YFV
17D/DENV-4 prME, multiplied least efficiently of the three viruses, reaching a
maximum infectivity titer of approximately 4 logio PFU. Overall, DENV-4 P75-215 and
the chimeric YFV 17D/DENV-4 prME appear to have reduced multiplication kinetics
when compared to YFV 17D infectious clone in both cell lines (Figure 4.1B).
Significance was demonstrated with a P<0.005. The differences between overall curves
were tested using a two-way ANOVA with a Tukey’s post-hoc test. This demonstrated
that all curves were significantly different from one another, with P<0.05.
Next Generation sequencing of viruses: Shannon Entropy Comparison

The three viruses were subjected to NGS to analyze the population of viral RNAs
in each virus. In order to generate statistically significant data, the virus samples from the
same virus preparation of each of the three viruses were compared on two different NGS

runs, one was undertaken in 2015 and one in 2017. The data for both individual runs are
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shown below with labels of “2015 and “2017”, respectively, plus the pooled average
data. In the 2015 NGS run, the number of reads, or coverage, for each virus is as follows.
YFV 17D infectious clone had a coverage of 4100.232. DENV-4 P75-215 had a coverage
of 4816.704, and YFV 17D/DENV-4 prME had a coverage of 8308.273. This was then
downsampled to the lowest value of YFV 17D infectious clone, and the post
downsampling coverages were as follows. The YFV 17D infectious clone coverage
remained the same, DENV-4 P75-215 had a coverage of 4101.365, and YFV
17D/DENV-4 prME had a coverage of 4099.708. The same procedure was performed in
the 2017 NGS run. The initial coverages were: YFV 17D infectious clone (42,839.88),
DENV-4 P75-215 (29,869.54), and YFV 17D/DENV-4 prME (7,494.581). Post
downsampling, the coverage for YFV 17D/DENV-4 prME was 7376.028, YFV 17D
infectious clone was 7385.0667, and DENV-4 P75-215 had a coverage of 7381.415.
Overall, as described in detail below, both runs demonstrated very similar data, namely
that the results obtained are reproducible.
Comparison of Shannon’s Entropy of YFV 17D Infectious Clone, DENV-4 P75-215
and YFV 17D/DENV-4 prME viruses

Diversity is low across the entire genome of YFV 17D infectious clone (Figure
4.2). There were no areas of distinctly high diversity in any genome location in either
runs for the 17D vaccine virus.

The diversity indices for DENV-4 P75-215 vary widely across the entire genome,
with peaks of high diversity occurring in each gene, in both NGS runs (Figure 4.3). This
is typical of what one would expect with a RNA virus, due to the poor proof-reading

capability of the RdRp (117).
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The Shannon entropy diversity indices for YFV 17D/DENV-4 prME were similar
to that of YFV 17D infectious clone (Figure 4.4). Interestingly, there are peaks of high
diversity at nucleotide position 257 in the E gene for both NGS runs. This is a non-coding
change in both instances. However, excluding this high diversity point, the prM/E region
of the chimeric virus appears to be much less diverse than that of parental DENV-4 P75-
215 prM/E region, and appears to have a genotype more like that of YFV 17D infectious
clone. To compare the Shannon’s Entropy data for the three viruses, the average
Shannon’s Entropy of each gene was compared for the three viruses. Table 4.1a
represents the average Shannon’s entropy calculated for the 2015 NGS run, Table 4.1 b
represents the average Shannon’s entropy for the 2017 NGS run. Table 4.1 c is the
pooled average Shannon’s entropy for both NGS runs. Figure 4.5 represents the
graphical Average Shannon’s entropy for each virus run, as well as a graphical
representation of the pooled average data of the two NGS runs. A Friedman’s non-
parametric test was performed with an alpha of 0.05, with a Dunn’s post-hoc test, in order
to see if the average entropies of the two NGS Runs were significantly different. It was
found that they were different; however, this may be attributed to variation in read
numbers (coverage) in the two NGS runs (4100 vs 7495 reads for 2015 and 2017 runs,
respectively). However, the trends are similar between the two NGS runs, demonstrating
that there is decreased diversity of the chimeric YFV 17D/DENV-4 prME compared to
DENV-4 P75-215 (Table 4.1, Figure 4.5). DENV-4 prME appears to have the highest
diversity all across the genome. YFV 17D infectious clone has the lowest diversity
indices all across the genome, when compared to YFV 17D/DENV-4 prME and DENV-4

P75-215. The YFV 17D/DENV-4 prME virus has genes/regions that have lower diversity
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than that of YFV 17D infectious clone, namely the C, prM, NS2B, and NS4B, although
with slightly higher Shannon Entropy diversity indices in the E region (0.0026 vs 0.0035)
in the 2015 NGS run (Table 4.1a). In the 2017 NGS run, the Shannon’s entropy values
were demonstrated to be higher in all viruses, but this may be attributed to NGS
differences in coverage and runs. It was found that prM, NS1, NS4B, and NS5 all had
lower average Shannon’s entropy values than either YFV 17D or DENV-4 P75-215
(Table 4.1b). Pooled data of the average Shannon’s entropy demonstrated that DENV-4
had the highest entropy in all instances. YFV 17D and YFV17D/DENV-4 prME each had
instances of lowest and intermediate diversity (Table 4.1c). It was discovered that YFV
17D/DENV-4 prME had lower average entropy than YFV 17D in the prM, NS1, and
NS4B genes (Table 4.1c). Statistical analyses of the three viruses determined that YFV
17D/DENV-4 is significantly different from DENV-4 P75-215 (P<0.0001), and is not
significantly different from YFV 17D (P=0.7887). YFV 17D and DENV-4 P75-215 are
significantly different from one another (P<0.001) (Figure 4.2, 4.3, 4.4).
Single Nucleotide Variant Population Analysis

The NGS data were also analyzed for Single Nucleotide Variants (SNVs) using a
cutoff of variants that occurred in instances greater than 1% of the population and had no
strand bias. When looking at the overall variant population of YFV 17D infectious clone,
very few variants were observed in any position of the genome (Figure 4.6) while
variants occurred at many positions of the DENV-4 P75-215 genome (Figure 4.6). YFV
17D/DENV-4 prME has very few variants occurring in the genome, with the variant
occurring at E gene nucleotide 257 occurring at 45 and 20 percent (2015 vs 2017 NGS

run), respectively; this variant is non-coding (Figure 4.6). Figure 4.7 demonstrates the
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Figure 4.1. Replication kinetics performed in triplicate in VVero and A549 cells at
MOI 0.1. Curves were analyzed for statistical differences in both cell lines. A.
Vero cells demonstrated significant differences between all three viruses, with

P<0

.05. B. A549 cells demonstrated significant differences between YFV 17D

infectious clone and DENV-4 P75-215, as well as YFV 17D infectious clone and
YFV 17D/DENV-4 prME, with P<0.05.
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overall variant percentage of each virus and demonstrates that DENV-4 P75-215 has the
most variants occurring, while YFV 17D infectious clone has very few, and YFV
17D/DENV-4 prME has few, with the one non-coding variant at E257 occurring at high
frequency. When observing the variants that occur in greater than 1% of the viral variant
population, Figure 4.8a shows where each variant occurs in the genome for the sample
run in 2015, and Figure 4.8b shows where each variant occurs in the genome for the
sample run in 2017. Figure 4.8a showed that in the 2015 run, many of the variants that
were observed in greater than 1% of the population occurred in DENV-4 P75-215. Nearly
every area of the genome, except for the 3’UTR, demonstrated the presence of at least
one variant in the DENV-4 P75-215 population. YFV 17D infectious clone had only two
variants occurring in greater than 1% of the population, and one of these was in the
3’UTR, and thus was non-coding. The other variant occurred in NS5. The chimeric YFV
17D/DENV-4 prME demonstrated that there were two variants that occurred: one in
NS2A, and another at a high percentage (45%) in the E, which was E257, and was non-
coding. Figure 4.8b demonstrated the NGS variants over 1% were occurring most
frequently in DENV-4 P75-215, similar to what was observed in the 2015 NGS run
(Figure 4.8a). In this NGS run (Figure 4.8b), there were variants greater than 1%
occurring in every area of the genome of DENV-4 P75-215. YFV 17D infectious clone
demonstrated no coding change variants occurring in greater than 1% of the population,
only changes in the 3’UTR. YFV 17D/DENV-4 prME demonstrated that there were few
variants occurring in the population, with four total. One occurred in the 3’UTR, one in
the NS2A region, one in the NS3 region, and there was a high frequency (20%) of the

E257 non-coding change in this instance as well as the 2015 NGS run. Similar to

70



‘Adonud s uouueyg Aq pajensuowdp se dpduwes duwes ay) Jo sunt SOHN 0M} 10J ANSIAIP G1Z-G/d 7-ANIA ‘€1 94nbi4

LT0C ST0¢
P4 z =z =z = =z pd P4 =z ke
GSN o 21 eSN J2le JTsN|] 3 |z| O GSN 212l esNn2l 2 JTsN] 3 || O

@ > @ > m o9} > @ > m
00
- S0
- 0T
- G'T

GT1¢-G.d ¥A 9€.ZN3 AL

Adosju3g uouueys

71



‘Adonud s uouueyg Aq pajensuowdp se drduwes awes Y} Jo sunt SON 0M) 10J AUSIAIP NI #-ANIA//ALT AJA 7' 94nbi4

L10¢C GL0cC
Zl =2 Z| = o Z| = - [ -
GSN |29 2| esSN[@g|a|IsN|] T [B|D GSN 2| 2| €SN |4 8| LSN 2
o > m| > m w| > w| >
-G'0
-0')
-Gl

3WAd yQ/alL 2£8v4AL

Adoajuz uouueys

72



observations with average Shannon’s entropy, the 2017 NGS run appeared to have more
variants observed at greater than 1% of the population; this is hypothesized to be due to
NGS differences based on read coverage. These data demonstrated that there was a
decreased variant population in YFV 17D/DENV-4 prME, compared to that of DENV-4
P75-215, and that it appeared to have a variant population more similar to that of YFV
17D. Table 4.2 summarizes the variants occurring in the 2015 NGS run, and Table 4.3
summarizes that of the 2017 NGS run.
Animal Studies

In order to analyze the in vivo effects, and to characterize the phenotype of the
chimeric YFV 17D/DENV-4 prME compared to parental YFV 17D and DENV-4, animal
studies were undertaken utilizing AG129 mice, which are the current standard for
flavivirus research (118). All animals were inoculated via the i.p route. In the first animal
study, DENV-4 P75-215 was administered by the i.p. route in a volume of 200 pL to a
group of five eight-week-old AG129 mice at a dose of 2.5 x10° PFU. All virus inocula
were back titrated to confirm virus titer and to demonstrate that virus titer was accurate
(data not shown). YFV 17D infectious clone was administered to a group of five animals
at a dose of 3.5 x 10° PFU. YFV 17D vaccine virus (17D-204) was administered to a
group of three mice, with the same amount and dosage received as the of YFV 17D
infectious clone. YFV 17D/DENV-4 prME was given to five animals at a dose of 1.2 x
10° PFU. Control AG129 animals (n=5) were inoculated with vehicle only (PBS).
Varying virus inocula were utilized due to previous studies that suggested YFV 17D
would be lethal at doses higher than used here, and that pathological changes could be

observed using chosen DENV doses (88, 89, 119). Doses were also chosen based on
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variable infectivity and titer of each virus used (88, 89, 118). Initial animal study results
in AG129 mice are shown in Figure 4.9 (weight change) and Figure 4.10 (survival).
Weight change (Figure 4.9) began approximately two days post infection in YFV
17D/DENV-4 prME animals. Those animals receiving DENV-4 P75-215 lost some
weight at approximately day two post infection. YFV 17D infectious clone animals began
exhibiting weight loss at day 10 post infection, and rapidly declined. Animals receiving
YFV 17D vaccine were stable, and only began to demonstrate weight loss at
approximately day 16 post infection. Control animals did not exemplify significant
weight loss.

Clinical disease manifestations of DEN consist of a febrile, flu-like illness.
However, in a minority of cases, infection proceeds into more severe illness. Symptoms
of DEN fever include high fever (40°C/104°F), severe cephalgia, severe eye pain, general
arthralgia, vomiting, rash, or swollen glands (23). Severe DEN is caused by plasma
leakage, edema, respiratory distress, severe bleeding, and/or organ injury. Signs of severe
DEN can include an overall decrease in temperature (below 38°C/100°F), as well as
abdominal pain, continued and prolonged emesis/vomiting, hyperventilation, bleeding
gums, general fatigue, restlessness, and/or bloody emesis (30).

YFV 17D/DENV-4 prME inoculated animals began succumbing to infection at
day six post infection (four out of five mice were euthanized), and the remaining animal
succumbed to infection at day seven post infection (Figure 4.10). The average survival
time (AST) was 5.8 + 0.4 days. The one animal which received DENV-4 P75-215 and
succumbed to disease did so at day 20 post infection. Animals receiving YFV 17D

infectious clone succumbed to disease at day 14 post infection (1/5), another at day 15
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post infection, a third at day 16 post infection, a fourth at day 17 post infection, and the
remaining animal succumbed at day 20 post infection. The AST for this group was 16.5 +
1.0 days. Three of the five animals who received YFV 17D vaccine succumbed to
infection at day 22, and the other two animals survived until the termination of the study.
The AST was 22.0 + 1.2 days.

In order to confirm results obtained with the chimeric YFV 17D/DENV-4 prME,
an additional group of five, 10-week-old AG129 mice were inoculated with virus by the
i.p. route. Three animals received 1.4 x 10° PFU in a 100pL volume and two animals
received 2.8 x 10 ® PFU in a 200 uL volume. The rationale behind using different
volumns of virus inoculum was due to altered virus titers of each of the different viruses,
allowing normalization of virus concentration, as well as to determine if the amount of
virus would alter infectivity and lethality of the virus. The weight loss of these animals is
shown in Figure 4.11. These animals began to exhibit weight loss at approximately day
three post infection. The survival curve is shown in Figure 4.12, which showed that two
out of five animals succumbed at day seven post infection, with the other three animals
succumbing at day eight post infection. The virus was lethal in all animals at differing
doses, with animals with a lower dose succumbing later in the time course, indicating that
this may be a dose dependent phenomenon. The AST from this study was 7.6 + 1.0 days.
Serum samples taken at day three post infection were checked for viremia. Figure 4.13
demonstrates the serum viremia levels; this showed that the animals receiving YFV 17D
infectious clone had detectable viremia three days post infection; two of these animals
had no detectable viremia (below 2.0 x 102 FFU/mL), one had viremia of 2.0 x 103

ffu/mL, and two at 2.4 x 10° FFU/mL. All three of those receiving YFV 17D vaccine had
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no detectable viremia. Those receiving DENV-4 P75-215 had three out of five animals
with detectable viremia, between 1.0 x 10%and 2.4 x 10 PFU/ml, as did the group of 8-
week-old animals infected with YFV 17D/DENV-4 prME virus with infectivity titers
ranging between 1.3 x 10% and 1.6 x 10° PFU/mI. The 10-week-old animals that were
challenged with YFV 17D/DENV-4 prME virus exhibited no detectable viremia on day
three post infection (i.e., <50 PFU/mI). Samples were collected at day three post
infection due to studies suggesting this was the peak viremia (118). There was detectable
virus in the brains of the 8-week-old animals infected with YFV 17D/DENV-4 prME, in
three of the animals which succumbed at day five post infection (5.4, 4.3, and 5.2 log1o
PFU/g), and one at day six post infection (4.7 logio PFU/g). There was virus in the brain
of one 10-week-old animal with a viral titer of 5.7 logi0 PFU/g at day seven post
infection; mice inoculated with DENV-4 P75-215 exhibited no detectable viral load in
the brain (< 3.1 logio PFU/Q), except for the one animal that succumbed to infection on
day 20 post infection (4.3 logio PFU/Q) (Figure 4.14). Animals receiving the YFV 17D-
204 vaccine strain, exhibited viremia, in one out of three animals, with 4.5 logio PFU/g
detected; this animal succumbed at day 22 post infection (Figure 4.14). The animals
receiving YFV 17D infectious clone virus displayed variable viral loads in the brain. Two
animals in this group exhibited a brain viral load of 5.4 and 5.2 logio PFU/g; however, all
other animals demonstrated much lower brain viral loads, with one animal displaying 4.3
logio PFU/g and another at 4.7 logio PFU/g; these both occurred at day 17 post infection
(Figure 4.14). No animals demonstrated detectable virus in the liver (< 3.1 logio PFU/Q)

(Figure 4.15).
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A second experiment was undertaken to confirm the data of the first study and
utilized the same 8-week-old AG129 animal model and virus was administered by the
intraperitoneal route. Overall, the results demonstrated a similar pattern to the prior study.
17D infectious clone was administered at 1.05 x 10® PFU in a 100uL volume. The
chimeric virus, YFV 17D/DENV-4 prME was administered at a dose of 1.4 x 10° PFU in
a 100 pL volume. In addition, two groups of animals received different doses of DENV-4
P75-215. One group of five mice received a dose of 2.0 x 107 PFU in a volume of 100 pL
while the second group of five animals received a dose of 3.6 x 10° PFU in a volume of
100 pL. Animals receiving YFV 17D infectious clone began to show weight loss at
approximately day 10 post infection (Figure 4.16). Those receiving YFV 17D/DENV-4
prME began exhibiting weight loss at day three post infection, while those receiving the
higher dose of DENV-4 P75-214 (2 x 107 PFU) showed some weight loss around day
four post infection; those receiving the lower dose (3.6 x 108 PFU) exhibited some weight
loss around day 12 post infection (Figure 4.16). The animals receiving YFV 17D
infectious clone began to succumb to disease on day 15 post infection, and all animals
had succumbed by day 19 post infection, with an AST of 15.6 + 0.9 days (Figure 4.17).

Animals inoculated with YFV 17D/DENV-4 prME began to die on day six post
infection, and all animals had succumbed by day nine post infection; the average AST
was 7.2 + 0.6 days (Figure 4.17). Those animals who received the 3.6 x 106 PFU of
DENV-4 P75-215 began to succumb to disease on day 15 post infection (one animal),
another on day 16 post infection, a third on day 26, with the other two animals surviving
until study termination; the AST was 17.5 + 3.8 days (Figure 4.17). Those animals

inoculated with 2 x 107 PFU of DENV-4 P75-215 began to show clinical signs of illness
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on day nine post infection, including one animal succumbing, with three others
succumbing by day 14 post infection, with one animal surviving until the termination of
the study, and an AST of 12.0 days. Figure 4.18 incorporates the results from all the
studies to show that the trends for each virus are confirmed in all studies; it also shows
pooled average data from the animal experiments based on dosage, demonstrating the
survival curves of animals were similar in each study, and that there was a significant
difference in the curves of the animal/virus groups; statistics were performed via a

Mantel-Cox test (P<0.0001).
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Shannon Entropy

YFV 17D Mean Dengue 4 Mean 17D/DENV4

Entropy Entropy prM/E
C 0.0034 0.0037 0.0033 L
prmv 0.0028 0.0032 0.0027 &
E 0.0026 0.0052 0.0035 e

NS1 0.0028 0.0037 0.0028

NS2A 0.0027 0.0038 0.0028
NS2B 0.0027 0.0029 0.0026 —

NS3 0.0023 0.0037 0.0024

NS4A 0.0024 0.0064 0.0025
NS4B 0.0027 0.0052 0.0025 ]

NS5 0.0026 0.0035 0.0026

Shannon Entropy
YFV 17D Mean Dengue 4 Mean 17D/DENV4

Entropy Entropy prM/E

C 0.0054 0.0057 0.0058
prM 0.0058 0.0057 0.0054 —

E 0.0053 0.0071 0.0065
NS1 0.0055 0.0094 0.0052 e

NS2A 0.0053 0.0072 0.0054

NS2B 0.0061 0.0060 0.0062

NS3 0.0055 0.0072 0.0055

NS4A 0.0053 0.0097 0.0056
NS4B 0.0047 0.0087 0.0044 —
NS5 0.0057 0.0066 0.0055 —

Green: Lowest Diversity Black: Intermediate Diversity Red: Highest Diversity

Shannon Entropy

YFV 17D Mean Dengue 4 Mean 17D/DENV4

Entropy Entropy priM/E
C 0.0044 0.0047 0.0045
prm 0.0043 0.0044 0.0040 =
E 0.0039 0.0062 0.0050
NS1 0.0042 0.0065 0.0040 —
NS2A 0.0040 0.0055 0.0041
NS2B 0.0044 0.0044 0.0044
NS3 0.0035 0.0054 0.0039
NS4A 0.0039 0.0081 0.0040
NS4B 0.0037 0.0069 0.0035 —
NS5 0.0041 0.0050 0.0041

Green: Lowest Diversity  Black: Intermediate Diversity Red: Highest Diversity

Table 4.1. Average Shannon’s entropy of the three viruses. Panel A is the data
from 2015, panel B is the data from 2017, and panel C is the pooled average data
from both experiments. Yellow arrows are indicative of areas where YFV
17D/DENV-4 prME has lower Shannon entropy than YFV 17D.
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Figure 4.5. Average Shannon’s entropy heatmap of the

three viruses for two NGS runs of the same sample.
Panel A demonstrates the 2015 NGS run, panel B the

2017 NGS run, and panel C the pooled average data of

the two studies. Panels A and B were significantly

different (P<0.05).
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Figure 4.7. Overall variant percentage for each virus.
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Figure 4.9. Weight loss of animals in experiment #1with AG129 mice.
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Figure 4.10. Survival curves of first AG129 mouse study.
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Figure 4.11. Weight loss of 10-week-old AG129 mice administered with YFV
17D/DENV-4 prME virus. LD is low dose 1.4 x 108 PFU in a 100pL volume HD is
high dose: 2.8 x 10 ® PFU in a 200 uL volume
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Figure 4.12. Survival curve of 10-week-old AG129 mice administered with YFV
17D/DENV-4 prME virus. LD is low dose 1.4 x 106 PFU in a 100uL volume HD is high
dose: 2.8 x 10 6 PFU in a 200 puL volume
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Figure 4.16. Weight loss of second AG129 mouse study. Virus titers used as follows: 17D i.c. was at 1.05 x 108
PFU, 17D ic/DENV-4 at 1.4 x 108 PFU, DENV-4 10 at 3.6 x 105 PFU, & DENV-4 107 at 1.4 x 107 PFU.
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Figure 4.17. Survival curves of second AG129 mouse study. Virus titers used as follows: 17D i.c. was at 1.05 x
108 PFU, 17D ic/DENV-4 at 1.4 x 10° PFU, DENV-4 108 at 3.6 x 10° PFU, & DENV-4 107 at 1.4 x 107 PFU.
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Chapter 5: Discussion

Flaviviruses have been considered a major public health threat for many years,
and currently, there are very few licensed vaccines available. Many studies since the
early 1990s have found use for ChimeriVax™ technology to develop flavivirus vaccine
candidates (61, 65, 97, 101). The studies reported in this thesis utilized a methodology
similar to that of ChimeriVax™, by generating a chimeric YFV 17D/DENV-4 prME
virus, but using different restriction sites and donor DENV-4 prM/E sequences, and
showed that the chimerization of this virus had variable effects of the genotype and
phenotype of the virus. Notably, the diversity profile of this chimeric virus was like that
of YFV 17D, and much less diverse than that of DENV-4 P75-215 (Figure 4.2, Figure
4.3, Figure 4.4, Table 4.1). This suggests that the hypothesis that chimerization results in
decreased diversity was correct. Examination of the variant population by NGS (Figure
4.6,4.7,4.8a, 4.8b, and Table 4.2, 4.3) demonstrated that YFV 17D had a very low
percentage of SNVs occurring in the population, in any area of the genome, as was
shown by Beck et al (85). DENV-4 P75-215 had an average of 30 SNVs occurring in the
population across the entire genome, as expected for a wild-type RNA virus, while YFV
17D/DENV-4 prME had a variant population that looked more like that of YFV 17D,
with very few SNVs, with an average of 6 SNVs, occurring across the genome, with the
exception of one region of high incidence, E257, which was a non-coding change and
was confirmed in two NGS runs.

Surprisingly, the diversity of the DENV-4 prM/E genes in the chimera was higher
than that of 17D prM/E as both 17D and the chimera had the same RdRp. This could

indicate that this region is refractory to genetic diversity changes, hence making it more
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difficult to attenuate. Further, the DENV samples studied demonstrated high diversity
across the genome; analysis suggests that chimerization is reducing diversity in the
regions of the genome containing DENV genes. This may lead to the suggestion that it
may need further attenuation in this region. However, the diversity was lower than that of
wild type DENV-4 P75-215. This further correlates with the hypothesis that the
chimerization process does result in reduced genetic diversity but cannot be explained
based on the role of the fidelity of the RdRp alone. The regions that were present in the
YFV 17D/DENV-4 prME chimera that had lower diversity than YFV 17D (C, prM,
NS2B, NS4B) support this theory. Viral multiplication kinetics performed in Vero cells
indicated that all three viruses (YFV 17D, DENV-4 prME, and YFV 17D/DENV-4
prME) multiplied significantly different from each other at 12, 24, and 36 hours post
infection (Figure 4.1). YFV 17D/DENV-4 prME was significantly different from
DENV-4 P75-215 and YFV 17D at 48 and sixty hours post infection, while only
17D/DENV-4 prME was significantly different from DENV-4 P75-215 at 72 hours post
infection (Figure 4.1). YFV 17D/DENV-4 P75-215 replicated significantly less
efficiently than either of its parental viruses (YFV 17D and DENV-4 P75-215).

In A549 cells, the differences were more dramatic, where viral multiplication
kinetics showed significant differences with YFV 17D the most efficient compared to
DENV-4 P75-215 and YFV 17D/DENV-4 prME at all time points (Figure 4.1). DENV-4
P75-215 was found to be significantly different from YFV 17D/DENV-4 prME at 36, 60,
and 72 hours post infection (Figure 4.1); thus, multiplication differences cannot be
explained based on the swapping of the prM/E region of 17D for DENV-4. Since YFV

17D/DENV-4 prME and DENV-4 share the same prM and E genes, the observation that
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they do not replicate as efficiently in A549 cells is likely due to an impairment in cellular
entry resulting in virus replicating less efficiently in A549 cells due to the low MOI
needing multiple rounds of replication so amplifying differences in multiplication
kinetics. These results confirm the efficient multiplication of YFV 17D in Vero cells (85,
120). Interestingly, the data demonstrate the chimeric YFV 17D/DENV-4 prME virus has
decreased multiplication efficiency when compared to that of its parental viruses (YFV
17D and DENV-4 P75-215, indicating that chimerization reduces the phenotypic
property of the ability to multiply in cell culture, at least with the cell types used. Further
studies would be needed to understand the mechanism for this difference.

In vivo studies were utilized to examine the virulence phenotype of the chimeric
YFV 17D/DENV-4 prME virus compared to parental viruses (Figure 4.9, 4.10, 4.11,
4.12, 4.16, 4.17). These studies demonstrated that YFV 17D infectious clone, as well as
YFV 17D vaccine virus, had the phenotype previously reported (88, 89). Average
survival times for YFV 17D vaccine virus indicated that animals had an AST of
approximately 18 days in previous literature, while the data in these studies suggest that
the AST was 22 days (89). Furthermore, DENV-4 P75-215 resulted in expected lethality
and disease for previously reported DENV-4 strains that were lethal in AG129 mice,
except that the virus had an extended mean survival time compared to published DENV-4
strains (41-43). Average survival times for previous studies, in the literature, indicate that
most animals survived until the termination of the study, with deaths occurring by day
10-15 post infection. The data obtained in this thesis indicated similar patterns, with most
deaths occurring by day 15 (41-43). The chimeric YFV 17D/DENV-4 prME virus

demonstrated very interesting results. Due to the decreased diversity of the virus and the
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decreased viral multiplication in cell culture, it was predicted that this virus would be
attenuated in vivo. However, the chimeric virus had the most virulent phenotype of the
three viruses examined. Specifically, it had a much shorter mean day to death than the

other two viruses (9 versus 20 days)

Brains and livers were examined in order to determine the presence of virus in
these organs, and viremia samples from three days post infection of animals were also
examined (Figure 4.13, 4.14, 4.15). The liver samples showed no detectable virus. This
was not surprising, as it was not anticipated any of the viruses to have viscerotropic
manifestations in the liver; thus, the chimera did not have an apparent change in tropism
of 17D virus. The brain samples demonstrated irregular detection of virus, but there were
no significant patterns in titration levels, groups, day of harvest, etc. The viremia samples
presented similar data to that of the brains, albeit with much lower titer’s detected. The
viremia data indicated that some of the animals receiving YFV 17D infectious clone had
low but detectable viremia. Two of the five animals which received YFV 17D infectious
close were below the limit of detection, one of the five animals had a viremia of 2.0 x 10°
ffu/mL, and two of the five animals had titers of 2.4 x 10° ffu/mL. Those which received
YFV 17D 204 vaccine virus had no detectable viremia of day post-infection. Animals
which received DENV-4 P75-215 exhibited detectable viremia with titers between 1.0 x
10% and 2.4 x 10° PFU/mL. All three of the mice infected at with YFV 17D/DENV-4
prME had detectable viremia, with the titers ranging between 1.3 x 10% and 1.6 x 10°
PFU/mL. These values are comparable to previous studies performed in AG129 mice
with similar viruses. Thus, the viremias on day 3 post-infection of chimeric YFV

17D/DENV-4 prME were similar to DENV-4 P75-215 virus, and not 17D infectious
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clone or 17D-204 vaccine virus. However, viremias were not measured at later time
points and it is possible that replicating virus would have been detectable in 17D infected
mice and could be compared to YFV 17D/DENV-4 prME; albeit the chimera infected
mice died by day 9 post infection.

The data fit into the current paradigm of RNA quasispecies, and the impact that
this phenomenon plays on viral diversity and infectivity, except for the chimeric YFV
17D/DENV-4 prME. The data suggest the virus could be more pathogenic and this could
be due to or the virus altered its genotype in vivo due to selection pressure in the mouse.
The virus obtained from animal studies would need to be analyzed via NGS to address
this hypothesis. The results of the NGS analysis shows that the chimeric virus is indeed
less diverse than the DENV-4 P75-215 virus, even though it does have the prM and E
genes of this virus. Thus, the process of chimerization, combined with the backbone of
YFV 17D and the structural components of WT DENV-4 P75-215, does indeed cause a
loss of viral diversity. This may be important moving forward, because this process may
be able to be used to generate less diverse, possibly attenuated, viruses as effective
candidate vaccines. This current paradigm suggests that the loss of diversity also results
in a loss of virulence of the virus (109). However, the animal data are contradictory to
this paradigm developed for poliovirus. It was originally anticipated that this would hold
true for our chimeric virus considering the results obtained in the diversity analyses and
the multiplication kinetics. Currently, there are no published results for the analysis of
AG129 studies utilizing viruses generated using ChimeriVax™ technology.

The studies described in this thesis are, to the authors knowledge, the first of their

type, and thus examine an important phenomenon. Animal studies of chimeric viruses
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utilizing NHPs seemed to demonstrate safety and efficacy, with none of the puzzling
results that were obtained with our AG129 studies (62, 96, 99, 103). There are possible
reasons to explain why the chimeric YFV 17D/DENV-4 prME exhibits reduced diversity,
but seems to have enhanced virulence when compared to that of its parental YFV 17D
and DENV-4 P75-215 viruses. One possible reason for this phenomenon is that the
backbone of YFV 17D, which contains the YFV 17D RdRp, which mediates a more
efficient replication process of the virus in vivo, due to its putative high fidelity RdRp
(86). Another possibility, which may be combined with the theory of a higher fidelity
RdRp, is the possibility that the prM and E regions inserted into the YFV 17D backbone
results in more efficient entry of the virus in to cells in vivo, hence allowing enhanced
replication. A more simplistic explanation is that this is partially due to the lack of IFN
response in AG129 mice, hence allowing a more severe infection to occur. Yet another
option is that the chimerization process does decrease the diversity of the chimeric YFV
17D/DENV-4 virus, but it is not enough of a genetic change to fully attenuate it. There
are nine amino acid differences in the structural region of YFV 17D that differ from
virulent YFV Asibi (85) . There have been studies done on ChimeriVax-JE™, trade name
Imojev, which demonstrated that there were certain markers that could be used to explain
virulence and attenuation (98). This lends to the idea that perhaps further attenuation is
necessary of this chimeric virus, possibly in the prM and/or E regions, to lead to a
discernable in vivo attenuation.

Overall conclusions from this work lead to the following propositions. The lower
diversity of YFV 17D/DENV-4 prME compared to that of DENV-4, and even YFV 17D

in some regions, do indeed suggest that the process of viral chimerization results in
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reduced viral diversity. However, when this was tested in vivo, it was discovered that the
chimera was virulent, and killed mice faster and to a higher degree than either parental
virus, YFV 17D or DENV-4 P75-215. The results of the multiplication kinetics show that
the chimeric YFV 17D/DENV-4 prME replicates less efficiently in both Vero and A549
cells, with a significant decrease in multiplication when compared to YFV 17D and
DENV-4 P75-215 viruses. This suggests that the chimerization process must be
impacting replication efficiency somehow; however, the presence of low level viremia
and tissue titers indicate that the virus is replicating. The animal studies indicate that the
structural prM and E genes of DENV-4 P75-215 cause increased virulence compared to
both parental viruses, hence leading to the theory that it may need further attenuation,
perhaps via point mutations in the prM and E regions. The data from the multiplication
kinetics and the animal studies demonstrate that there is a difference in replication
capacity in vivo and in vitro. This further lends to the theory that perhaps the chimera
needs to be further attenuated in order to see changes both in vitro and in vivo.

Future studies would seek to further attenuate the chimera, possibly via site
directed mutagenesis of the prM and E regions initially, to examine the role of these
changes on viral diversity and in vivo attenuation. The paradoxical results of the in vitro
data, which demonstrate decreased diversity and multiplication in Vero and A549 cells,
may be further clarified via performance of single cell PCR to examine replication
efficiency of the viruses. If there is a possible problem with entry in to cells, this may be
elucidated by electron microscopy, ELISA assays, or binding assays. Further animal
studies may be performed to investigate the role of viral chimerization on diversity and

pathogenicity. Samples from in vitro multiplication kinetic curves, as well as serum and
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homogenized tissue samples may be examined by NGS to see if diversity changes once
the virus has infected cells in cell culture or animals plus it would be useful to assess
immune activation and cytokine presence via Bioplex assays. This work would be vital to
the development of highly safe and effective countermeasures for flaviviruses, and

perhaps may be able to be applied to other RNA viral populations as well.
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