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Abstract

Flaviviruses cause human diseases. Live-attenuated vaccines (LAVS) that elicit long-
lasting immunity with one immunization are only available for yellow fever virus (YFV) and
Japanese encephalitis virus. Developing candidate LAVSs for flaviviruses is a public health priority,
and the rational design of candidate LAVs can ensure safety. This dissertation examined the
flavivirus conserved structure-function of the envelope (E) protein. We used West Nile virus
(WNV) and YFV as models to generate the knowledge of how the E protein drives membrane
fusion. The conformational change of the E protein from dimer to trimer induces the membrane
fusion process. Formation of the E protein trimer requires rearranging three domains (EDI, EDII,
and EDIII). Dissociation of the E protein dimer is due to the movement of EDII against EDI,
forming an intermediate structure that is stabilized by the movement of EDIII against EDI.
Therefore, the dimer-to-trimer transition involves two interdomain movements called the EDI-
EDII hinge region and EDI-EDIII linker.

We hypothesize that mutations of the flavivirus conserved amino acids in the EDI-EDII
hinge region or EDI-EDIII linker can attenuate the virulence phenotype of multiple flaviviruses in
mice. Mutations of flavivirus-conserved residues in each interdomain region were characterized
using the infectious clones of the WNV NY99 strain and YFV Asibi strain. The E-A541 and E-
Y201P mutations in the EDI-EDII hinge region and the E-L295S mutation in the EDI-EDIII linker
can fully attenuate the mouse neuroinvasive phenotype of WNV NY99. The E-VV188T mutation in
the EDI-EDII hinge region can fully attenuate the virulence phenotype of YFV Asibi. Our findings
demonstrated that the EDI-EDII hinge region and the EDI-EDIII linker are crucial for the structure-
function of the E protein, and identified residues are worthwhile investigating for a flavivirus-

common attenuation strategy.
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Chapter 1 - An Introduction to Flaviviruses and Their Vaccine

Development

1.1 Arboviruses

In 1942, a new group of viruses was defined as “arthropod-borne viruses” to describe a
group of human and animal viruses that replicated within a hematophagous arthropod and then
were transmitted to a new vertebrate host (Hammon 1947, WHO 1985). Characteristics of
“arthropod-borne viruses” include replicating and producing viremia within a vertebrate host,
multiplying within the tissues of arthropods, and transmitting the virus to a new host through
arthropod bites. After their discovery, the term “arthropod-borne viruses” was shortened to
“arboviruses” and was officially utilized by the International Subcommittee on Viral
Nomenclature in 1963 (WHO 1967, WHO 1985). Over 800 arboviruses have been recognized by
the Centers for Disease Control and Prevention (CDC), with over 130 viruses capable of causing
human disease (CDC 2017, CDC 2021a). The majority of arboviruses that are important to human
and veterinary health belong to one of five different virus families: Flaviviridae, Bunyaviridae,
Togaviridae, Reoviridae, and Rhabdoviridae.

Since their official description in 1942, arboviruses that are important to public health are
transmitted via biological transmission, which is when the causative agent of disease transmission
plays an essential role in the life cycle of the pathogen (Marquardt 2005). Biological transmission
by arthropods was demonstrated in 1876 by Sir Patrick Manson when he demonstrated that
mosquitoes could transmit filarial nematodes (Manson-Bahr and Alcock 1927). Studies since
identified several groups of arthropods that are competent for the transmission of arboviruses to
vertebrate hosts, such as ticks, mosquitoes, fleas, biting midges, black flies, sand flies, and tabanid

flies (Marquardt 2005).



Horizontal transmission between arthropods and vertebrate hosts most commonly occurs
via saliva transfer during blood feeding, but in some cases, vertical transmission can occur
(Eldridge and Edman 2003, Marquardt 2005). Vertical transmission (or transovarial transmission)
involves the passage of the virus from one infected female vector to both the male and female
offspring due to the infection of the ovaries after systemic infection by horizontal transmission
(Lequime and Lambrechts 2014). Although vertical transmission is not known to cause human or
animal disease, the lack of viremic hosts sustains viral maintenance in adverse ecological
conditions such as drought or winter months, where biological transmission cycles cannot be
maintained. This transmission has been proven essential for the biology of several bunyaviruses,
including Rift Valley Fever virus (RVFV) and La Crosse virus (LACV) (Borucki et al. 2002,
Lumley et al. 2017). Maintenance of RVFV and LACV can occur through mosquitos ovipositing
infected eggs that can withstand desiccation for months to years until the ecological conditions are
optimal again, leading to long periods between epidemics. Once the eggs hatch and release the
infected progeny, the new mosquitoes can continue the cycle of horizontal transmission (Borucki
et al. 2002, Lumley et al. 2017).

Zoonotic arboviruses are maintained between viremic animal reservoirs and competent
arthropod vectors. Arboviruses have evolved with humans for centuries, resulting in medically
important viruses known for causing large epidemics (Powers et al. 2001, Holmes and Twiddy
2003, Beck et al. 2013). Some arboviruses that cause hemorrhagic fever or arthritis in humans
often emerged from sylvatic cycles involving non-human primates (Valentine et al. 2019). Humans
began to enter the forest areas as agricultural activity developed and proliferated during the rise of
civilization, providing the opportunity for the emergence of arboviruses from the sylvatic cycle,

as seen with yellow fever virus (YFV) and chikungunya virus (CHIKV) (Barrett and Higgs 2007,



Valentine et al. 2019). Arboviruses circulate among wild animals, domesticated animals, and
humans as replicating hosts that maintain the virus. However, some arboviruses also cause
spillover transmission into incidental, dead-end hosts, which play little or no role in transmission
even though they can succumb to disease. This is seen in viruses that cause encephalitis, such as
Japanese encephalitis virus (JEV), West Nile virus (WNV), and equine encephalitis virus (Ciota
and Kramer 2013, Mackenzie et al. 2022, Luethy 2023). Urban transmission of these viruses can
cause thousands of human cases in population centers throughout the tropical or subtropical
regions. Most infections only lead to subclinical or mild diseases, creating large numbers of
viremic hosts to sustain silent transmission. Therefore, many of these viruses can cause large-scale
outbreaks without epizootic spillover (Weaver and Reisen 2010).
A. Flaviviruses

The genus Flavivirus belongs to the Flaviviridae family, although it is also known as the
genus Orthoflavivirus by the International Committee on Taxonomy of Viruses (ICTV) as of 2022
(ICTV 2022). They can be distinguished from members of the genera Pestivirus, Hepacivirus,
and Pegivirus within the Flaviviridae family based on the transmission cycle and genome
structure, particularly the number of envelope glycoproteins in the genome. Pestiviruses are RNA
viruses that encode three surface glycoproteins: Erns, E1, and E2. These viruses infect mammals,
including cattle, sheep, goats, and swine, and can be transmitted via contact with feces or bodily
fluids like saliva and nasal secretions. The most notable virus of this family is classical swine fever
virus (Schulz etal. 2017, Riedel et al. 2021). Hepaciviruses are also RNA viruses, but their genome
encodes for only two surface glycoproteins: E1 and E2. The viruses infect various mammals,
including horses, rodents, bats, cows, and humans. Transmission often occurs through contact with

blood through injection, blood transfusion, and parenteral exposure. In nature, transmission can



occur through contaminated food, fomites, or aerosols. One of the most notable viruses of this
genus and the only one to cause infection in humans is hepatitis C (Pybus and Thézé 2016, Hartlage
et al. 2017, Li et al. 2021). Pegiviruses are similarly structured to hepaciviruses with an RNA
genome that encodes for two glycoproteins: E1 and E2. Pegiviruses include blood-borne or
sexually transmitted infections that can affect mammals such as porcine, equine, bats, rodents, and
humans. Two pegiviruses known for causing human diseases include hepatitis G virus and human
pegivirus (Stapleton et al. 2011, Yu et al. 2022).

Flaviviruses are the largest group of viruses within the Flaviviridae family and can be
distinguished into three groups based on their transmission. The first are vertebrate-specific
flaviviruses, such as Modoc virus and Rio Bravo virus, which are exclusively isolated from rodents
and bats. There is no known vector for these flaviviruses. The next group is the insect-specific
flaviviruses maintained with the vector population, such as sandflies, midges, and mosquitoes. The
final and most extensive group of flaviviruses are the vector/vertebrate flaviviruses that can
transmit from ticks or mosquitoes to various vertebrate hosts (Blitvich and Firth 2015). Many of
these vector/vertebrate flaviviruses have evolved to infect humans as amplifying or dead-end
hosts.

Flavivirus is derived from the Latin word flavus, meaning yellow, which refers to YFV,
the prototype virus (Fenner et al. 1974, Mukhopadhyay et al. 2005). Flaviviruses have become
major public health concerns over the last several decades. Over half of the world’s population is
at risk for the infection of at least one flavivirus (Gubler 2002, Guarner and Hale 2019). The
flavivirus genus can be split into two groups based on tissue tropisms and clinical manifestations:

encephalitis or hemorrhagic fever.



Flaviviruses that belong to the JEV and tick-borne encephalitis virus (TBEV)
serocomplexes cause encephalitis and other neurological diseases. Members of the JEV
serocomplex are primarily vectored by Culex species mosquitoes that exhibit ornithophilic feeding
behavior. Consequently, enzootic transmission of JEV, WNV, and St. Louis encephalitis virus
(SLEV) primarily involves avian species. The epizootic spillover of the respective encephalitic
flaviviruses is often due to the spread of viruses from viremic avian species to humans or equids
(Buescher et al. 1959, Scherer and Buescher 1959, Wimberly et al. 2014, Kleinschmidt-DeMasters
and Beckham 2015, Ortiz-Martinez et al. 2017, Haddow et al. 2020). The Ixodes species ticks are
vectors for multiple neurotropic flaviviruses that belong to the TBEV serocomplex, including
TBEV and Powassan virus (POWYV), which are maintained through enzootic transmission in
rodent species (Mansfield et al. 2009, Kemenesi and Banyai 2019). It is important to note that
maintenance of tick-borne flaviviruses does not always require viremic rodents. As engorgement
of blood meals by ticks often lasts for multiple days and saliva of infected ticks can deliver large
quantities of infectious viruses in the feeding site, co-feeding of infected and susceptible ticks may
be sufficient to result in non-viremic or direct transmission of tick-borne flaviviruses (Marquardt
2005).

Except for Zika virus (ZIKV), which can cause neonatal microcephaly, flaviviruses
transmitted by the Aedes species mosquitoes cause hemorrhagic fever in humans, including
dengue virus (DENV) and YFV. Compared to encephalitic flaviviruses, DENV and YFV
serocomplexes members have a narrower host range, maintaining transmission between only
vector species and susceptible primates, including humans (Guarner and Hale 2019). Dengue virus
is one of the biggest global health concerns, with an estimated 390 million infections yearly (WHO

2022a). Dengue virus also has four serotypes (DENV-1, -2, -3, -4) known for causing various



clinical diseases, from febrile illness to severe dengue (WHO 2022a). Yellow fever virus is a
significant public health concern in South America and Africa, with an estimated 200,000 cases of
the disease yearly. It was named after one of its characteristic symptoms, jaundice, which causes
the skin to turn yellow (CDC 2018).

At least three tick-borne flaviviruses are known to cause hemorrhagic fever, including
Kyasanur Forest disease virus (KFDV), Alkhurma virus, and Omsk hemorrhagic fever virus
(OHFV). Kyasanur Forest disease virus is a viral hemorrhagic fever unique to the Western Ghats
of India for the last 60 years, known for transmitting from monkeys to humans through a tick
vector (Ruzek et al. 2010). Alkhurma virus was discovered in 1994 in Saudi Arabia and is
commonly associated with feeding and slaughtering animals, food processing, and tick
transmission. Alkhurma virus is a concern locally due to high levels of hospitalization, and it is
known for causing fatality rates of up to 25% (Alzahrani et al. 2010). Omsk hemorrhagic fever
virus is an acute hemorrhagic disease in some regions of Western Siberia in Russia. Unlike other
hemorrhagic fevers, OHFV is known to have a low mortality rate of 0.4-2.5% (Munivenkatappa
et al. 2018). A list of some of the significant flaviviruses with human public health importance is
summarized in section 1.2.A.

All flaviviruses are evolutionally related and share similar genome organization,
polyprotein processing, and virion structure (Araujo et al. 2020). Flaviviruses are enveloped
positive-sense single-stranded RNA viruses with an 11-Kilobase viral genome that encodes for ten
proteins. These genes are divided into three structural genes, capsid (C), pre-membrane (prM), and
envelope (E), and seven non-structural (NS) genes, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5. The 5" and 3’ untranslated regions (UTRS) are at the ends of the viral genome (Lindenbach

et al. 2007). The flavivirus virion is approximately 50 nm in diameter and comprises 180 copies



of the E protein monomer, forming an icosahedral lattice with T=3 symmetry (Zhang et al. 2004).
The E proteins are assembled in the mature virion into a homodimer formation parallel to the virion
surface. The E protein homodimer is crucial in binding to the host-cell receptor and initiating the
membrane fusion process. Once membrane fusion is initiated, the E protein undergoes a
conformational change from a dimer to a trimer. It fuses the cell and viral membranes to allow the
viral RNA to enter the cell. Once the RNA is in the cell cytoplasm, the RNA is translated and
transcribed in replication complexes within the endoplasmic reticulum (ER). Once fully assembled
in the ER, the immature virion moves through the ER and the Golgi apparatus, where the acidic
pH of the Golgi initiates the final conformational change of the flavivirus virion to create a mature
virion. The virion is then released from the cell to infect neighboring cells (Pierson and Diamond
2020). Further details of the flavivirus structure, replication, and assembly will be discussed in
section 1.2.

The flavivirus E protein is a major structural protein in the virion and plays a significant
role in various stages of the viral life cycle. The protein has been well characterized among many
flaviviruses and exhibits up to 40% amino acid sequence homology between them. The E protein
monomer consists of three distinct domains that are encoded in discontinuous sequences: domain
| (EDI), domain Il (EDII), and domain 11l (EDIII), based on their location and function. Many of
the crystal structures for the E protein have been determined, including for WNV, YFV, DENV,
and TBEV (Rey et al. 1995, Kanai et al. 2006, Klein et al. 2012, Lu et al. 2019). The fusion
properties of the flavivirus E protein structurally resemble other class Il fusion proteins (Harrison
2015). The overall structures of flavivirus E proteins resemble one another, with only minor
variations in the structures existing. Functional characterization of the different domains of

flavivirus E proteins provides information critical to understanding the biology of the viruses as



well as their application to develop preventive and therapeutic measures for the diseases.
Conformational changes in the E protein occur in a pH-dependent manner. The changes are
essential for viral entry and the secretion of viral RNA into the cell cytoplasm (Modis et al 2014).

A mature flavivirus virion comprises 180 copies of the E protein monomer arranged in a
homodimer formation parallel to the virion surface. In addition to an antiparallel dimeric
arrangement of the E proteins, the surface particles also contain 3-fold and 5-fold symmetry
throughout the virion surface (Kuhn et al. 2002). Each of the three domains of the E protein plays
a vital structural and functional role in the E protein. Flavivirus structure and function will be
discussed more in section 1.4.

B. Alphaviruses

Alphaviruses are mosquito-borne viruses that constitute one of the two genera in
the Togaviridae family. Serological assays demonstrated at least seven antigenic complexes
within the Alphavirus genus, and the classification is consistent with the evolutionary relationship
established using contemporary molecular virology techniques (Porterfield 1975, Powers et al.
2001). Despite the differences between the seven complexes, analysis of the nucleotide and amino
acids sequences and the antigenic properties suggests significant homology within the genomes of
the different alphaviruses (Powers et al. 2001, Knipe and Howley 2013). The public health
significance of alphaviruses has grown significantly in the 21% century, as observed with the
emergence of the CHIKV in the Indian Ocean Archipelago between 2006 and 2007 and in Latin
America in 2014 and 2015. Other alphaviruses have also been designated with high biodefense
research priority, such as Venezuelan equine encephalitis virus (VEEV), Eastern equine

encephalitis virus (EEEV), and Western equine encephalitis virus (WEEV) (NIAID 2018). Those



alphaviruses that concern human and veterinary public health often include emerging and zoonotic
pathogens and are identified based on their specific characteristics.

Pathogenic alphaviruses can be classified based on tissue tropism and clinical
manifestations. Arthritogenic alphaviruses are primarily circulating in the Old World, with the
most widely distributed being the prototypic alphavirus, Sindbis virus (SINV), which was isolated
in 1952 (Taylor et al. 1954). Exceptions to this pattern include chikungunya virus, found in the
New and Old World, and Mayaro virus (MAYV), which can only be found in the Americas and
the Caribbean (Go et al. 2014). Encephalitic alphaviruses primarily circulate in the Americas,
hence New-World alphaviruses (Skidmore and Bradfute 2023). The most notable examples are
EEEV, VEEV, and WEEV, which are all most commonly isolated from encephalitic horses but
can cause severe central nervous system infections in humans. All three viruses are known for
causing high mortality rates in horses, but only EEEV is known for causing high cases of human
mortality at 50-75% (Zacks and Paessler 2010, Stromberg et al. 2020). The divide between these
two groups of alphaviruses is becoming less valuable as there are now several New-World viruses
that do not cause any disease, and the discovery of MAYYV in the New-World with a disease
phenotype that is similar to an Old-World virus (Go et al. 2014, Acosta-Ampudia et al. 2018).

All alphaviruses are evolutionarily related and share the same coding strategy in the single-
stranded positive-sense RNA that is approximately 12 Kilobases in length (WHO 1985). The
genome codes for four nonstructural proteins (nsP1, nsP2, nsP3, and nsP4) and four structural
proteins (capsid, E1, E2, and 6k/TF) (Jose et al. 2009, Kim and Diamond 2022). The 5" and 3’
UTRs are at the ends of the viral genome. The 5’ UTR encodes for a type 0 cap (N7mGppp), while
the 3" UTR encodes for the poly(A) tail. Both the 5" UTR and its complement in the 3" UTR of the

negative strand RNA contain parts of the promoter elements known as conserved sequence



elements, which are recognized by the alphavirus replication complex (Hyde et al. 2015).
Additionally, between the nonstructural and structural proteins lies a subgenomic promoter. This
promoter produces 26S RNAs translated to express the structural proteins capsid, E2, and E1
glycoproteins that form the virus particles (Steel et al. 2013).

The alphavirus virion is approximately 70 nm in diameter. The virion surface is composed
of a host lipid bilayer decorated with 240 copies of E1 and E2 protein, which form an icosahedral
lattice with T=4 symmetry. Every three neighboring copies of the E1-E2 heterodimer are
assembled into 80 spike trimers (Hasan et al. 2021). The E1-E2 heterodimer plays a key role in
the binding and membrane fusion with the host cell. Specifically, the E2 protein contains a
receptor-binding domain that shares amino acid sequence homology with the domain Il of the
flavivirus E protein (Myles et al. 2003). The E1 protein consists of three domains (DI, DII, and
DI, following the overall molecular architecture of class Il fusion proteins. The class 11 fold is
characteristically comprised of a discontiguous central sandwich of two antiparallel B-sheets (DI):
the “outer” AoCoDoEoFo B-sheet and the “inner” B-sheet BoloGoHo. The segments connecting -
strands Do to Eg in the outer sheet and Ho to lo in the inner sheet are very long and elaborate
segments that comprise the portions of DII. These two strands are comprised of 12 B-strands and
two short a-helices, creating an elongated shape with two subdomains. The first subdomain is a
central open B-barrel near DI made of B-strands klaefgj, and the second subdomain is the “distal
tip.” The distal tip, comprised of a f-sandwich between the bcd B-sheet and the ij B-hairpin, is a
standard feature of arbovirus class Il proteins known as the fusion loop (Gibbons et al. 2004,
Guardado-Calvo et al. 2016, Serris et al. 2020). Finally, after the lo B-strand, DI connects via a
linker to DIII. Due to the function of the DI-DIII linker as a stabilizer for the conformational

change, the DI-DIII linker is always an intrinsically disordered region of the glycoprotein.
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Free energy provided by the protonation of endosomes leads to the conformational change
of the E1 protein. The E1 trimer inserts the alphavirus-conserved fusion loop at the tip of DII. It
triggers the virus-cell membrane fusion process and instigates the release of RNA into the cell
cytoplasm (Roussel et al. 2006). The nonstructural (P1234) and structural polyproteins are
generated upon entry into the cell. Initial cleavage of nsP4 from the polyprotein causes the
formation of an unstable replication complex that triggers the synthesis of negative-strand RNA
for genomic and subgenomic synthesis. Cleavage of nsP1 creates a more stable replication
complex within cytopathic vacuoles and initiates the generation of genomic RNA. After full
cleavage of nsP1, nsP2, nsP3, and nsP4, subgenomic RNA is generated. Concurrently as the
nonstructural polyprotein is cleaved, the structural polyprotein is cleaved into its proteins with the
E1l and E2 heterodimers using the Golgi apparatus to congregate in the membrane at the cell
surface. Interactions between C and E2 proteins drive the budding process, with E1 and E2 forming
the envelope around the nucleocapsid-like particles before releasing them into the extracellular
space (Leung et al. 2011, Kim and Diamond 2022). Although alphaviruses are classified
under Togaviridae, alphaviruses and flaviviruses share similar receptor binding and membrane
fusion mechanisms, showing a conserved mechanism for a wide variety of arboviruses (Harrison
2015).

C. Bunyaviruses

Another major category of arboviruses are the bunyaviruses. These viruses are part of the
order Bunyavirales and were formerly classified under the family Bunyaviridae, which consists of
the families Nairoviridae, Hantaviridae, and Tospoviridae and the genera orthobunyavirus and
Phlebovirus (CDC 2021b, ICTV 2022). Orthobunyaviruses, phleboviruses, and nairoviruses are

considered arthropod-borne viruses, whereas hantaviruses only infect vertebrate hosts, and
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tospoviruses are plant pathogens. The most recent ICTV release designates the genus
orthobunyavirus in the family Peribunyaviridae as well as the genus phlebovirus in the family
Phenuiviridae (ICTV 2022). Most bunyaviruses are transmitted by an arthropod vector, except for
hantaviruses, which are primarily transmitted by rodents (Knipe and Howley 2013).

Orthobunyaviruses are a large number of arboviruses that use different arthropod vectors.
For example, bunyaviruses under the California encephalitis serogroup cause pediatric
encephalitis in North America and are mainly vectored by Ochlerotatus triseriatus mosquitoes.
Members of the Simbu serogroup utilize either mosquitoes or biting midges as vectors, including
Cache Valley virus transmitted by Anopheles quadrimaculatus, Oropouche virus transmitted
by Culicoides paraensis, and Schmallenberg virus transmitted by Cs. Obsoletus (Blackmore et al.
1998, Mignotte et al. 2021, Files et al. 2022). Many orthobunyaviruses are known for causing
diseases in humans and livestock, such as Batai virus (BATV), which is an emerging arbovirus
initially detected in Malaysia. However, it has now spread to three continents (Asia, Europe, and
Africa) due to transmission through a wide range of mosquito, mammalian and avian species.
Although it is often associated with Crimean-Congo hemorrhagic fever, BATV is known for
causing high fever and hemorrhages in the skin (Mansfield et al. 2022).

Members of the Phlebovirus genus are found worldwide except in Australia and are known
for being transmitted by mosquitoes, ticks, and sandflies. Well-known phleboviruses include
RVFV and Toscana virus (TOSV). Rift Valley fever virus is known to infect both humans and
livestock through mosquito transmission. Large epizootic epidemics of RVFV have caused severe
economic loss due to the high abortion rates amongst infected ruminants in Africa and some Asian
and European countries. In humans, RVFV can cause miscarriages and other severe diseases,

including encephalitis, ocular disease, and hemorrhagic disease (Wright et al. 2019). Sandflies
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transmit TOSV and are commonly found in Mediterranean Europe and Africa. Toscana virus is
the only sandfly-borne phlebovirus frequently associated with aseptic meningitis (Lambert and
Hughes 2021). Nairoviruses are a group of tick-borne viruses, with its most essential viruses
included in the Crimean-Congo hemorrhagic fever (CCHF) serocomplex. Crimean-Congo
hemorrhagic fever virus is the most important virus in this group from a human perspective.
Spreading across sub-Saharan Africa, Europe, and Asia, CCHFV is known for causing
hemorrhagic fever in humans, which results in up to 30% mortality. After DENV, CCHFV is the
most widespread arbovirus pathogenic to humans (Lasecka and Baron 2014).

The bunyavirus genome consists of three single-stranded negative-sense RNA segments.
The single open reading frame in the large (L) segment encodes the RNA-dependent RNA
polymerase. The medium (M) segment encodes the glycoproteins Gc and Gn. The small (S)
segment encodes the nucleocapsid protein and the virulence factor NSs protein. It is important to
note that orthobunyaviruses, phleboviruses, and nairoviruses vary in the coding strategies in the
M and S segments. As a precursor to the structural glycoproteins, orthobunyaviruses,
phleboviruses, and nairoviruses sometimes encode a non-structural protein of unknown function
termed NSm, which is probably co-translationally processed. Most bunyaviruses have negative
sense RNA genomes, but some genera, like Phlebovirus, have some ambisense RNA fragments.
The bunyavirus genome encodes for non-structural proteins, including an RNA-dependent RNA
polymerase, and several structural proteins, including nucleocapsid and glycoproteins Gn and
Gc (Walter and Barr 2011, Hulswit et al. 2021). The bunyavirus virions are all approximately 80-
120 nm in diameter. The surface of the virion is composed of a lipid bilayer decorated with Gn
and Gc glycoproteins assembled in spikes to form an icosahedral structure possessing T=12

symmetry (Guu et al. 2011).
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Cell entry of bunyaviruses requires the Gc glycoprotein to act as a class 1l fusion protein,
resembling the membrane fusion process triggered by the flavivirus E protein and alphavirus E1
protein. The Gc protein is a class Il fusion protein that undergoes a conformational change after
exposure to the low pH environment of the early endosome. The low pH environment initiates
viral membrane fusion with the cellular membrane in the late endosome, releasing the genomic
material into the cell cytoplasm (Guardado-Calvo et al. 2016, Hulswit et al. 2021). The three
segments of genomic RNA are transcribed after cap-snatching when a host mMRNA cleaves through
the endonuclease activity of the L protein to obtain 10-18 nucleotide-long primers for transcription.
The regular transcription of negative-sense RNA leads to proteins for replication of the genome
and the construction of new virions. Transcription of the ambisense RNA leads to inhibition of the
host immune responses (Bouloy and Weber 2010, Barker et al. 2023). The envelope glycoprotein
Gn-Gc is translated into the endoplasmic reticulum and attached to the membrane. In some
bunyaviruses, Gn traffics to the Golgi apparatus on its own. At the same time, Gc is retained in the
endoplasmic reticulum, but further progression through the Golgi apparatus requires both Gn and
Gc proteins. After a congregation of enough Gn-Gc heterodimer, the genomic RNA is packaged
in the virion. However, little is known about how this occurs and is transported in vesicles through
the Golgi apparatus, where the virion changes from an immature state to a mature virion. Unlike
most negative sense RNA viruses, bunyaviruses do not typically have a matrix protein, so it is
proposed that the Gn-Gc heterodimer acts as a matrix surrogate. Once matured, the virion is

exocytosed to the extracellular space (Bouloy and Weber 2010, Barker et al. 2023).
1.2 Medically important flaviviruses

The virus taxonomy released by ICTV in 2022 listed 53 species under the flavivirus genus

(ICTV 2022). It is believed that flaviviruses evolved from precursor RNA virus(es) with no known
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vectors, followed by the emergence of flaviviruses that exclusively infect bats and rodents, tick-
borne flaviviruses, and mosquito-borne flaviviruses (Kuno et al. 1998). Two major clades of tick-
borne flaviviruses exist, including the Tyuleniy virus serocomplex and TBEV serocomplex.
Mosquito-borne flaviviruses include YFV, the prototype flavivirus, the DENV serocomplex, the
JEV serocomplex, and insect-specific flaviviruses. Members of the TBEV serocomplex circulate
between seabirds and the Ixodes species ticks and insect-specific flaviviruses are not known to
cause disease in vertebrate hosts (Gaunt et al. 2001, Lindquist and Vapalahti 2008). In addition to
YFV, the prototype flavivirus, members DENV serocomplex and the JEV serocomplex stand out
due to their public health importance.
A. Epidemiology and ecology

Over 50% of flaviviruses identified to date are pathogenic in humans and/or animals,
causing tens of thousands of deaths annually worldwide. Mosquito-borne flaviviruses account for
most human infections by arboviruses, as observed by their presence in all six significant
continents. Several tick-borne flaviviruses are considered emerging pathogens, including POWV
in the United States (U.S.) (Gould and Solomon 2008, Vogels et al. 2023). Epidemiology and
human disease caused by the respective flaviviruses are discussed as follows.

Flaviviruses transmitted by Aedes species mosquitoes emerged in evolution prior to the
emergence of those transmitted by Culex species mosquitoes. Specifically, Aedes (Ae.) aegypti is
highly important for transmitting flaviviruses, and is the principal vector for urban transmission of
YFV, the prototype flavivirus (Figure 1-1) (Gaunt et al. 2001, Mukhopadhyay et al. 2005). The
modern population of Ae. aegypti can trace back to the ancestral Ae. formosus in Africa. Aedes
formosus feeds on non-human primates in the jungle, making it one of the species involved in the

sylvatic transmission of YFV and other flaviviruses such as DENV and ZIKV. It is believed
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that Ae. aegypti co-evolved with human civilization in Africa, leading to the anthropophilic
feeding preference and making it one of the most competent vectors for the transmission of
arboviruses between humans (Mattingly 1957). To date, three flaviviruses transmitted by
mosquitoes have been known to cause large outbreaks in urban areas, including YFV, DENV, and

ZIKV.

Figure 1-1: Aedes aegypti mosquito
Image used with permission from Dr. Stephen Higgs, Ph.D., F.R.E.S., F.A.S.T.M.H.

YFEV serocomplex

Yellow fever virus is the first arbovirus discovered to be transmitted by mosquitoes, and it
is considered a significant public health issue. In addition to viral hemorrhagic disease, the virus
is known for causing jaundice in patients. It is estimated that there are 200,000 cases of the disease
and 30,000 deaths yearly (CDC 2018, Gaythorpe et al. 2021). Although it is now regarded as a
rare and exotic disease for the U.S., historically, YFV caused epidemics throughout the U.S., with
its first appearance in Spanish Florida in 1649-1650. Geographically, YF disease was isolated to
the southern U.S. and major port cities. The first significant outbreak of YFV occurred in

Philadelphia in 1793, killing 9% of the city’s population. However, the largest YFV outbreak
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occurred from 1874 to 1878, resulting in 16,000 to 20,000 deaths spreading from Memphis,
Tennessee, to cities along the Mississippi River. The last time a YFV epidemic was reported in the
U.S. was during the 1905 epidemic in New Orleans, where 437 people died (Patterson 1992).

During the last 1500 years, circulating strains of YF arose in Africa, with the first epidemics
witnessed in the 17" century (Tomori 2004). During the 17" century, YFV was introduced to the
Americas, likely through the slave trade, and spreading rapidly due to the sub-tropical climate and
the wide variety of susceptible mosquitoes in Central America. During the 19" and 20" centuries,
international maritime trade commercial ships played a role in the spread of YF. It became widely
feared when ships would arrive at port flying a yellow flag to announce the ship was under
quarantine, giving YFV the name “yellow jack” (Douam and Ploss 2018, Tuells et al. 2022).
During this time, YFV also caused epidemics in some European countries, including Italy, France,
and Spain, with a Spanish YF epidemic in 1800 killing 60,000 people (Tomori 2004).

The first idea that mosquitoes could serve as agents for the transmission of YF was
presented by Josiah Nott in 1848 (Tomori 2004). In 1900, army physician Walter Reed was chosen
to head a team to research mosquito transmission in Havana, Cuba. By 1901 Reed had discovered
that a filterable agent caused YFV and that Ae. aegypti mosquitoes could transmit the disease
(Tuells et al. 2022). Although the mode of transmission was identified, the cause of YF was not
identified until 1927 when members of the Rockefeller Foundation Yellow Fever Commission
isolated the etiological agent of yellow fever by serial passaging in rhesus macaques the serum
from the blood of a Ghanaian man named Asibi who had developed a mild case (Stokes et al.
2001). Two essential strains for vaccine production, the Asibi strain, and the French viscerotropic
strain, were isolated in the 1920s. The Asibi strain later became the starting material in the serial

passage experiments by Max Theiler to produce the attenuated 17D strain (Theiler and Smith
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1937b). The French viscerotropic virus (FVV) became the parental strain for the empirically
derived French neurotropic vaccine (FNV) (Peltier 1947).

During the 1940s and 1950s, YFV epidemics were reduced significantly due to the
protection provided by the French West and Equatorial Africa vaccine campaigns with the FNV
and YFV 17D vaccines (Peltier 1947). However, vaccine coverage was not universal and led to
some dramatic outbreaks in the area, including Nigeria in 1950 and 1952, which caused 12,000
cases and 500-600 deaths. Other outbreaks were more substantial. For example, the Ethiopia
outbreak in 1961 caused more than 100,000 cases and 30,000 deaths, with an estimated infection
rate of 10% of the total population (Douam and Ploss 2018).

South America experienced recurrent epidemics with high case fatality rates of 40-60%.
Due to the high death toll and abundant competent mosquitoes and non-human primate reservoirs,
Brazil continued to make the YFV vaccine part of their standard vaccination procedure even when
cases dropped significantly after the 1960s. However, the re-emergence of the virus began in the
last two decades. In 2008-2009, outbreaks occurred in non-endemic regions with a 39-43% case
fatality rate. Despite no major outbreaks from 2010-2015, the most significant epidemic of sylvatic
YFV occurred between 2017 and 2018, resulting in 805 cases in 2017 and 1307 cases in 2018,
leading to over 700 deaths in total (Douam and Ploss 2018, de Oliveira Figueiredo et al. 2020,
WHO 2022c).

Overall in the 21% century, the geographic distribution of YF in the Americas and Africa
has shown that between 2005 and 2022, areas at risk of YFV transmission in Africa have decreased
while regions in South America have significantly expanded. Re-emergence of YFV in South
America led to epidemics in Brazil, Paraguay, Argentina, and Venezuela, resulting in the

resurgence of mass emergency vaccination campaigns. This led to a severe reduction in the YFV
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vaccine stockpile typically used for travelers (Roukens and Visser 2008, Tuells et al. 2022).
Although most of the increase in disease is located in South America, epidemics are still emerging
in Central Africa with Angola, Nigeria, and the Democratic Republic of Congo. The Democratic
Republic of Congo had the largest African outbreak in 2020, with 529 cases (Mokaya et al. 2021,
WHO 2022c).

There are seven different genotypes of YFV, five in Africa and two in Latin America
(Figure 1-2). They are defined by their pairwise nucleotide comparisons of greater than 9% for the
prM and E protein gene sequence (Ellis and Barrett 2008). The most recent common ancestor of
the YFV dates back to the year 1007 CE before eventually diverging in the 1400s into the first
genotype we are familiar with today: the Angola genotype (Beck et al. 2013). As the first genotype
to branch out from the most recent common ancestor, Angola genotype YFV is highly divergent,
with 17-23% nucleotide variation from the other African genotypes (Mutebi and Barrett 2002). As
the name suggests, the Angola genotype is primarily found in Angola and consists of the single

strain Angola71 (Mutebi et al. 2001).
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Figure 1-2: Yellow fever virus phylogenic tree
The image was modified in PowerPoint from an image published in Microbes and Infection,
Volume 4, JP Mutebi and ADT Barrett, “The epidemiology of yellow fever in Africa.” 1459-1468.
(2002); with permission from Elsevier.

The West African strains diverged from the East African ones about three centuries ago,

but the complete divergence between the West African genotypes 1 and 2 did not occur until the
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mid-1800s (Mutebi et al. 2001, Beck et al. 2013, Chippaux and Chippaux 2018). West African
genotypes 1 and 2 are commonly found in Nigeria and Ivory Coast, while genotype 2 is also in
Senegal. Most of the YFV activity observed in the last 15 years resulted from the western lineages,
resulting in 1315 cases and 297 deaths. Although the West African strains are known to cause
many cases of YFV, they are also the source of the Asibi and FVV strains, which became the
parent strains of two live-attenuated vaccines (LAVS) in the 1930s (Mutebi and Barrett 2002, von
Lindern et al. 2006).

The Eastern genotypes diverged in the mid-1800s (Beck et al. 2013). There is an
overlapping geographical distribution between the East African and the East/Central African
genotypes, with East African strains being found in Kenya and Uganda and the East and Central
African strains being found in the Democratic Republic of the Congo, Ethiopia, Central African
Republic, and Uganda (von Lindern et al. 2006, Ellis and Barrett 2008). Due to their geography,
the two genotypes are more closely related genetically than the West African ones (Mutebi et al.
2001).

The two Latin American genotypes are South American genotypes 1 and 2. South
American genotype 1 is typically found in Brazil, Columbia, Panama, and Trinidad, while
genotype 2 is predominantly in Peru (von Lindern et al. 2006). The American strains are
phylogenetically closer to the West African strains than the East African strains, suggesting that
the South American strains evolved from West Africa. However, the genome's 3’ non-coding
region indicates the virus may have originated in the jungle areas of East/Central Africa. The
East/Central Africa genotype has only two repeat sequences (RYFs) in its 3' non-coding region
(RYF1 and RYF3), with no evidence that RYF2 existed within the genotype. West African

genotypes have all three RYFs, but the South American genotypes only have one: RYF3. This
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genetic differentiation, in addition to phylogenic analysis, suggests that the South American
genotypes may have originated in East/Central Africa, extended their range into West Africa, and
then were transported from West Africa to South America (Mutebi and Barrett 2002, Chippaux
and Chippaux 2018).

Since its discovery in Aedes species mosquitoes, YFV has been discovered to be
transmitted between non-human primates and humans through three transmission cycles: the
sylvatic or jungle cycle, the savannah or rural cycle, and the urban cycle (Figure 1-3). The sylvatic
cycle involves the transmission of YFV between non-human primates and wild-infected
mosquitoes. In Africa, transmission is primarily through Ae. africanus mosquitoes and Old-World
primates that typically show no sign of infection. In South America, transmission between primates
occurs primarily between three species of mosquitoes: Haemagogus leucocelaenus, H.
janthinomys, and Sabethes chloropterus. New World primates, such as howler monkeys, infected
by these mosquitoes often succumb to infection and suffer from fatal diseases (Barrett and Higgs
2007, Gianchecchi et al. 2022). The sylvatic transmission cycle for Africa and South America

always occurs in homogeneous rainforest environments (Douam and Ploss 2018).
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Figure 1-3: Transmission cycle of YFV in Africa and South America

Image taken from Annual Reviews, Inc., from “Yellow fever: A disease that has yet to be

conquered,” ADT Barrett and S Higgs, Volume 52 (2007); permission conveyed through

Copyright Clearance Center, Inc.

YFV passes from non-human primates to humans through zoophilic mosquitoes as bridge
vectors in the savannah or rural transmission cycle. This transmission type usually occurs in a
region known as the zone of emergence on the fringe of the forest where the sylvatic transmission
cycle occurs, and human dwellings leads to spillover events (Gabiane et al. 2022). In this cycle,

many vectors are responsible for the transmission from non-human primates through opportunistic
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encounters with humans: Ae. luteocephalus, Ae. furcifer, Ae. metallicus, Ae. opok, Ae. taylori, Ae.
vittatus, and members of Ae. simpsoni (Barrett and Higgs 2007). As the name suggests, the
savannah cycle occurs in the forest-savannah ecotone or moist savannah of Africa, where humans
and Aedes mosquitoes co-exist at a higher rate (Douam and Ploss 2018). The savannah
transmission cycle only occurs in Africa, not South America, so epidemics in Africa are usually
of higher intensity than in South America. Therefore, the sylvatic transmission cycle accounts for
most cases in South America (Hamlet et al. 2021).

The urban or domestic cycle involves the transmission of YFV between humans and Ae.
aegypti mosquitoes. This form of transmission relies on relatively high-titer viremia being present
and the ability of the virus to infect and disseminate in Ae. aegypti, so it can be transmitted through
saliva (Barrett and Higgs 2007). Transmission occurs in Africa in the dry savannah regions and
urban areas in South America (Douam and Ploss 2018).

Yellow fever is the prototypic virus for viral hemorrhagic fever, which is known for
causing up to 20% to 50% lethality if the patients are not adequately treated. The YF disease
expresses itself in three stages: infection, remission, and intoxication. Severe disease is primarily
documented as lesions in the liver and other viscerotropic symptoms, but most notably jaundice
(Monath 2008, WHO 2022c). Yellow fever virus is introduced subcutaneously into the primate
host by injecting saliva from an infected mosquito. During symptomatic infection of wild-type
YFV strains, the infection incubation involves the development of viremia 3 to 6 days after
exposure, followed by an abrupt onset of symptoms at the peak of viremia levels (Waggoner et al.
2018). In mild cases, signs of infection are typically nonspecific, manifesting as fever and
headache. Patients usually recover in a few days with no lasting symptoms. In more severe cases,

the symptoms resemble other viral hemorrhagic fevers and viral diseases, including fever of 39°C,
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chills, nausea, vomiting, myalgia, and malaise, often manifesting in Faget’s sign (increasing
temperature with decreasing pulse rate) (Gardner and Ryman 2010). The infection stage is usually
followed by a period of remission where symptoms abate for 2 to 24 hours. During this period
virus is cleared from the blood, and IgM antibodies appear in the serum. At this point, many YF
infections will resolve without other symptoms, leading to the patient’s recovery (Monath 2001,
Waggoner et al. 2018).

In approximately 20% of symptomatic infections, the illness will reappear after remission
and enter the period of intoxication. For 3 to 8 days, a more severe form of infection presents
symptoms, including high fever, vomiting, epigastric pain, prostration, and dehydration. Some of
the most severe disease manifestations include severe hemorrhagic manifestations such as
jaundice, major bleeding, hematemesis or “black vomit,” melaena, or metrorrhagia. Damage is
also frequently noted within the kidneys, leading to acute renal failure (Gardner and Ryman 2010).
After 3 to 8 days, the patient can begin to recover and enter convalescence for 2 to 4 weeks,
characterized by prolonged weakness and fatigue (Monath 2001).

However, late central nervous system (CNS) manifestations occur, such as confusion,
seizure, and coma. The patient's death likely occurs within 7 to 10 days of onset (Gardner and
Ryman 2010). The mortality of patients with hepatorenal diseases can range from 20% to 50%,
and deaths in the recovery phase have also been described in the past (Lefeuvre et al. 2004). During
intoxication, the cell-mediated immune response Kicks in, starting with the seroconversion of 1gG-
neutralizing antibodies and triggering various cytokine responses. The presence of elevated levels
of serum alanine transaminase (ALT) and aspartate transaminase (AST) are the most common
characteristics of liver damage and apoptosis caused by YF (Monath 2001, Waggoner et al. 2018).

Although the hematological characteristics vary among patients, thrombocytopenia, prolonged
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clotting times, and platelet dysfunction have also been reported. In addition, neutropenia and renal
damage may lead to superimposed bacterial infections and pneumonia or require dialysis due to
the necrosis in the renal tissues (Monath 2001, Lefeuvre et al. 2004).

Controlling the spread of YFV has been most successful by using two live attenuated
vaccines (LAVS) introduced in the 1930s: the YFV 17D vaccine and FNV. Of the two vaccines,
the most successful was the 17D vaccine, which was found to reduce the virulent phenotype of the
wild-type YFV. The YFV 17D strain was derived from the YFV Asibi strain in 1937 by passaging
the virulent virus in mouse brain and chicken tissues (Theiler and Smith 1937a). The 17D vaccine
significantly decreased the disease burden and is still used today (Figure 1-4). The 17D vaccine

will be discussed more in-depth in section 1.3.A.
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Figure 1-4: Annual number of YF cases before and after the introduction of the 17D vaccine
Image used with permission from Dr. Thomas Monath. The image is from his 2008 speech for the
American Committee for Arthropod-Borne Viruses at the American Society of Tropical Medicine

and Hygiene Annual Meeting.
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The development of FNV took place concurrently with the YFV 17D LAV. The parental
wild-type FVV was isolated from the same outbreak with the prototype Asibi strain in 1927 and
was serially passaged 128 times in mouse brains. Like the 17D strain, FNV does not exhibit
viscerotropism in humans or nonhuman primates and has lost the ability to be transmitted by
mosquitoes (Beck and Barrett 2015). Despite the nearly identical genomes of the Asibi strain and
FVV, FNV has a very different set of attenuating mutations than the 17D vaccine (Beck and Barrett
2015). The FNV strains from various collections differ from FVV with a total of 60-122 nucleotide
changes, 19 of which resulted in common amino acid substitutions. Two consensus mutations are
shared between the FNV and 17D vaccines, including the M-L36F and NS4B-194M mutations
(Wang et al. 1995, Beck et al. 2014). Interestingly, both the M-L36F and NS4B-194M mutations
contributed to the loss of the 17D strain to be transmitted via mosquitoes (McElroy et al. 2006b).
It is likely that the same mechanism also contributes to the attenuated phenotype of FNV.

The FNV was delivered via scarification, allowing large immunization campaigns to be
administered with the smallpox vaccine (Barrett 1997, Frierson 2010). While the FNV vaccine is
highly immunogenic, the serial passage in mouse brains led to the neuroinvasive property of FNV.
More than 80 million doses of FNV were administered to residents in French-speaking African
countries. The incidence of FNV-associated encephalitis was estimated to be 3-4 per 1,000
vaccines (MacNamara 1953). The mortality rate in children under 14 could be up to 40% (Fox
1956, Barrett 1997, Frierson 2010). Such a risk was deemed unacceptable and led to the
discontinuation of FNV in 1982.

Although the introduction of YFV LAVs has reduced the spread of the virus after the
1930s, a reemergence of the YFV began in the last two decades and has become a public health

problem. In 2008-2009, outbreaks occurred in non-endemic regions with a 39-43% case fatality
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rate. Despite no major outbreaks from 2010-2015, the most significant epidemic of sylvatic YFV
occurred between 2017 to 2018, resulting in 805 cases in 2017 and 1307 cases in 2018, leading to
over 700 deaths in total (Douam and Ploss 2018, de Oliveira Figueiredo et al. 2020, WHO 2022c).
To combat the reemergence, the WHO implemented the Eliminate Yellow Fever Epidemics
Strategy starting in 2017. The program has three main plans to reduce outbreaks. The first stage to
contain the spread of the virus and protect the population was completed in 2020 through the
initiation of mass vaccination and implementation of outbreak emergency plans. The second phase
is ongoing until 2024, which is to build resistance and readiness through ongoing routine
vaccination and increasing diagnostic and surveillance capabilities. The final and longest stage
started in 2018 and is planned to be completed in 2026. This step eliminates the risk of new YFV
epidemics by building up the health systems capacity, urban resilience, ongoing surveillance, and
improved disease control practices (WHO 2022b).

DENV serocomplex

Another major flavivirus that is a public health concern is DENV, of which there are four
serotypes (DENV-1, DENV-2, DENV-3, and DENV-4). About half of the world’s population is
at risk of DENV infection. It is estimated that 100-400 million people are at risk of dengue
infection yearly in over 100 countries across Africa, the Americas, the Eastern Mediterranean,
South and East Asia, and the Western Pacific (WHO 2022a). Isolation of sylvatic DENV strains
from Aedes mosquitoes and nonhuman primates suggests that DENV emerged from the jungle
population. Since the end of World War 11, the incidence of DENV infection has continued to
increase, and viremic humans are now the host species responsible for the widespread transmission
of DENV by Ae. aegypti and Ae. albopictus (Figure 1-5) (Holmes and Twiddy 2003, Guzman et

al. 2015).
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Figure 1-5: Worldwide distribution of Aedes species mosquitoes
(a) The geographical distribution of Ae. albopictus. (b) The geographical distribution of Ae.
aegypti. Green represents the regions where the Aedes mosquitoes are found. Image taken from
the Walter Reed Biosystematics Unit (WRBU 2021a, WRBU 2021b).

Human DENYV infection can lead to dengue fever and severe dengue, formerly known as
dengue hemorrhagic fever and dengue shock syndrome. The mechanism leading to severe dengue
remains poorly understood. Neither the antibody-dependent enhancement nor the virulence
hypothesis can fully explain the pathogenic mechanism of severe dengue. Antibody-dependent

enhancement hypothesis suggests that the antibodies produced during an initial DENV infection
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are cross-reactive and bind to another DENV serotype from a secondary infection. However, they
lack neutralizing activity and are unable to prevent infection. Instead, these antibody-virus
complexes are internalized into the cells and elicit infection in more target cells, potentially leading
to higher viral production and more severe disease (Guzman and Vazquez 2010). Alternatively,
the virulence hypothesis suggests that severe dengue may result from a secondary DENV infection
caused by a more virulent strain or serotype than the original DENV infection (Prommalikit and
Thisyakorn 2015). To control the spread of DENV, developing dengue vaccines has been a global
health priority, especially ones targeting multiple DENV serotypes. Two licensed DENV vaccines,
including DENGVAXIA and QDENGA, will be discussed more in-depth in section 1.3.

JEV serocomplex

The epidemiology of flaviviruses transmitted by Culex species mosquitoes differs
significantly from those transmitted by Aedes mosquitoes. Humans do not develop high levels of
viremia or support transmission and are among the incidental hosts that can succumb to
encephalitis or neurological disease (Chen and Wilson 2005, Higgs et al. 2005). Flaviviruses
transmitted by Culex species mosquitoes belong to the JEV serocomplex and represent a group of
important zoonotic pathogens, including JEV, WNV, and SLEV. All three encephalitic
flaviviruses use avian species as amplifying hosts and can cause equine encephalitis, making them
important veterinary pathogens.

Japanese encephalitis virus is the prototype member of the JEV serocomplex and is the
leading cause of pediatric encephalitis in the Asian Pacific region. Although there are multiple
licensed JE vaccines, e.g., SA14-14-2 LAV, IMOJEV chimeric LAV, and formalin-inactivated
vaccines, it is estimated that there are 68,000 clinical cases of human JE and 13,600-20,400 death

every year (WHO 2019). Most JEV isolates have been derived from mosquitoes, avian species,
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domestic pigs, and humans, reflecting that JEV is maintained in the enzootic egret/heron-Culex
(Cx.) tritaeniorhynchus mosquito cycle. There is a high degree of overlap in the locations of JEV
isolates from domestic pigs and humans, suggesting that domestic pigs are sources of viruses for
the epizootic spillover of JEV to humans. Phylogenetic analyses showed that JEV potentially
emerged from the jungle of Southeast Asia and has evolved into five different genotypes (Gl, Gll,
Glll, GIV, and GV). The first JEV isolate was the Nakayama strain derived from a pediatric case
during the 1935 outbreak of summer encephalitis in Japan (Solomon et al. 2003). Most JEV strains
isolated before the 1970s belong to GlllI, followed by the switch of the predominantly circulating
genotype to the clade b of Gl since the 1980s.

The emergence of GIV and GV has recently been reported in Australia and Northeast Asia.
The outbreak in Australia in 2022 was the first time that GIV JEV strains were detected outside
Southeast Asia and caused human disease (van den Hurk et al. 2022). The GV JEV has begun to
emerge in South Korea since it was first isolated from human patients in 2015 (Woo et al. 2020).
JEV remains an important zoonotic flavivirus as genotypes emerge in new regions where past JEV
immunity may no longer be protective. Although prominently in Eastern and Southern Asia, JEV
spreads throughout Indonesia and into Australia. Culex tritaeniorhynchus is the primary vector for
transmission, although other Culex species mosquitoes can also transmit the virus. JEV can be
maintained through avian species such as the Ardeid water birds like the black-crowned night
heron (Nycticorax nycticorax). However, JEV has a unique ecology and requires swine species as
an amplifying host. Humans and horses are considered incidental or dead-end hosts (Figure 1-6)
(Mackenzie et al. 2022). There are three available vaccines: the live-attenuated 14-14-2 vaccine,
the formalin-inactivated vaccine IC51 and the ChimeriVax-JE vaccine (van den Hurk et al. 2009,

Satchidanandam 2020).
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Figure 1-6: Transmission cycle of flaviviruses in the JEV-serocomplex
Image was generated in PowerPoint.

West Nile virus has existed in nature for less than 2000 years and originated from African
lineages. However, it was not isolated until 1937 from a native woman who lived in the West Nile
district of Uganda suffering from a febrile illness (Smithburn et al. 1940, Zanotto et al. 1996).
Although the virus was isolated in 1937, significant clinical disease was recognized in the 1950s
when epidemics began in Israel from 1951 to 1952 and Egypt from 1951 to 1954. The start of
sporadic outbreaks of febrile illness began to increase from the 1950s to the 1980s. The virus
quickly spread across the continents into Africa, Australia, Europe, and the Middle East (Sejvar
2003). Israel had more outbreaks in 1957 and 1962, but the 1957 outbreak was unique. The
outbreak occurred among a group of elderly residents in a nursing home. They developed severe
neurological disease, which became the first report of such clinical manifestations (Hayes and
Monath 1989). Before this outbreak, very few cases of neurological illness were ever reported, and
only among patients undergoing experimental infections. Additional outbreaks occurred in France

in 1962-1965 and South Africa in 1974 and 1983-1984. Patients in both countries during the initial
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outbreaks developed meningitis or encephalitis, although the majority of cases were mild, self-
limited febrile diseases (Sejvar 2003).

Severe incidents of WNV began to develop in the 1990s, when cases of human disease
gained frequency, with significant outbreaks across Africa, Europe, and the Middle East. One of
the most notable outbreaks of this period occurred in Bucharest, Romania. The Romanian outbreak
was the first WNV outbreak in a predominantly urban area, and it was the first outbreak where
many cases involved CNS infection. Studies showed that the city was highly susceptible to WNV
infection due to the population being serologically naive to WNV and the abundance of domestic
fowl close to the population (Campbell et al. 2001). Following the outbreak in Romania, several
epidemics showed relatively high rates of CNS infection, including Morocco in 1996, Tunisia in
1997, and Italy and Israel in 1998. The Tunisia outbreak had 173 patients hospitalized with
meningitis or meningoencephalitis, with 8 of those cases resulting in death. Other significant
outbreaks during this period included Algeria in 1994 and 1997, Russia in 1999, and France in
2000 (Sejvar 2003, Mann et al. 2013, Kleinschmidt-DeMasters and Beckham 2015).

In 1999, WNV emerged in New York and quickly became one of North America's most
significant arboviruses for human and veterinary public health. A cluster of severe encephalitis
cases was noted in August 1999 in the Queens area of New York City. Initially, health officials
could only tell that it was an encephalitic disease accompanying muscle weakness and axonal
neuropathy. It was initially believed to be SLEV as WNV had not yet been seen in North America
(Jordan et al. 2009). Before and during the investigation into the human cases, a high rate of bird
fatalities was noted in and around New York City. Four weeks after the first human case was

reported, genomic sequencing of specimens from New York City birds, infected mosquitoes
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collected in Connecticut, and human brain tissue from a fatal case of encephalitis led to the
identification of WNV as the etiologic agent of this outbreak (Sejvar 2003, Roehrig 2013).

By the end of the summer of 1999, there were 62 confirmed cases of acute WNV infection,
with 59 of those cases resulting in hospitalization. Similar to other outbreaks in the 1990s, the New
York City outbreak was associated with high levels of neurological disease (Sejvar 2003).
Although the mechanism of how WNV was introduced into New York City is unknown, the source
of the virus originated from the Middle East. There was a simultaneous outbreak of WNV during
this time in Israel, and genomic sequencing of the two viruses resulted in a very high amount of
genomic homology (Giladi et al. 2001). Introduction into the U.S. led to the rapid spread through
the country. By the following summer in 2000, 21 cases of WNV were identified in 10 counties in
the northeastern states. By the summer of 2001, 66 cases were identified in 38 counties in 10 states.

In 2002, the number of cases of WNV in North America became unprecedented in the
largest West Nile meningoencephalitis outbreak ever recorded and the largest outbreak of arboviral
meningoencephalitis ever in the western hemisphere. The outbreak spread from the Mississippi
River to the Pacific Coast in one year. As of January 2003, there had been 4156 cases of WNV,
with 2354 cases of meningoencephalitis and 284 deaths (CDC 2002). The number of WNV cases
peaked in the U.S. in 2003 with 9862 total cases and 264 deaths. Since then, there have been
several hundred to a few thousand cases of WNV every year, with most of the cases now residing
in the Midwest and along the Rocky Mountains (CDC 2023c). Over the last quarter of a century,
WNYV has caused over 51,000 human clinical cases and over 2,300 deaths since its introduction,
displaying this pathogen’s immense public health importance (Ronca et al. 2021).

There are five different lineages of WNV, although lineage 1 and lineage 2 encompass the

majority of the WNV strains (Figure 1-7). Each of the five lineages can have as much as 20-25%
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genomic variation between them, often associated with their geographical point of isolation
(Bialosuknia et al. 2022). Lineages 1, 2, and 5 are the most important public health concerns

because they have been associated with outbreaks in humans (Chancey et al. 2015).
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Figure 1-7: West Nile virus phylogenic tree
Image taken from Chancey et al., 2015; published under the Creative Commons Attribution
License.

Lineage 1 is the WNV lineage that is most widely distributed worldwide, and it can be
further categorized into two clades. Clade 1la encompasses isolates from Africa, Europe, the
Middle East, Asia, and the Americas. Phylogenic analysis indicates that this clade likely originated
from sub-Saharan or Northern Africa. Clade 1a spread northwards in the 1970s and 1980s using

the eastern bird migration route that connects Northern Africa to countries in the Middle East and
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Central Europe, then further into Western Europe and other African countries like Morocco in the
1990s. Eventually, in 1999, the WNV lineage la was transported, most likely from the Middle
East to the Americas, where it quickly spread across North and South America (Zehender et al.
2011, Chancey et al. 2015). Clade 1b includes the Australian Kunjin virus (KNV), which was
isolated from a local aboriginal tribe of Kowanyama in North Queensland, Australia. Despite KNV
being known since the 1960s, it was only classified as a WNV strain in the early 2000s (Hall et al.
2006, Chancey et al. 2015). There was previously lineage 1c, but this has been reidentified as
Lineage 5 and consists primarily of isolates from India, dating from 1955 to the present. Of the 13
Indian isolates, only two do not belong to lineage 5 (Bondre et al. 2007, Chowdhury et al. 2014).

Lineage 2 viruses are historically endemic to sub-Saharan Africa and Madagascar.
However, it is associated with the more recent avian and human outbreaks in southern and eastern
Europe on at least two separate occasions (Burt et al. 2002, Chancey et al. 2015). Lineage 3
includes only two isolates from mosquitoes on the Czech Republic border near Rabensburg,
Austria, in 1997 and 1999. This strain of WNV is known as Rabensburg virus. The isolates share
89-90% nucleotide homology with members of the WNV lineages 1 and 2 but are most similar
antigenically to the Egyptian Eg101 strain from lineage 1. There is no direct link between RABV
and human infections (Aliota et al. 2012). Lineage 4 contains viruses circulating Russia since
1988; these include a tick isolate from the southwest Caucasus and isolates collected from
mosquitoes and reptiles near the VVolga River. This lineage is another lineage that has never been
associated with human disease (Chancey et al. 2015).

West Nile virus has caused the most widespread arthropod-borne viral disease in the world
as well as the largest outbreaks of neuroinvasive disease ever seen in the U.S. The overall

transmission is partially caused by its transmission cycle, although this occurs most frequently in
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warmer months from July to October (Soverow et al. 2009). West Nile virus replicates within an
enzootic transmission cycle that is primarily maintained between Culex species mosquitoes and
various avian species which are its reservoir host (Figure 1-8). Almost 300 avian species are
susceptible to WNV. However, in November 1997, a highly virulent strain of WNV became
prevalent in Israel, resulting in a significant number of bird deaths from encephalitis and paralysis,
linking WNV to avian mortality and morbidity (Banet-Noach et al. 2003, Sejvar 2003). In some
avian species, WNV can cause neurological disease, particularly in crows, ravens, and magpies,
while other avian species develop various levels of morbidity and mortality. The high mortality
observed in wild birds in the U.S. is unique to North America. However, the mortality of birds was
noted in both the Israeli and Egyptian outbreaks (Ciota and Kramer 2013). Overall, it is thought
that migratory birds are the principal agents for spreading WNV across North America and the rest

of the globe. During the largest outbreak in the U.S. in 2002-2003, WNV was detected in 19
species of migrant birds (Dusek et al. 2009).
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Figure 1-8: Transmission cycle of WNV

Image used with permission from Ashley Bilyeu from her 2023 Master’s thesis (Bilyeu 2023).



Transmission between avian species occurs due to mosquitoes and is another significant
cause of the spread of WNV. The spread of WNV by competent mosquitoes begins when a
mosquito feeds on an infected bird or another competent host. The virus will then disseminate
within the mosquito for several days from the midgut to the mosquito’s salivary glands.
Transmission of WNV occurs when a mosquito with a disseminated virus bites a human or other
susceptible vertebrate host (Hayes et al. 2005). A total of almost 60 species of mosquitoes in North
America alone can transmit WNV. It is suspected that Cx. pipiens species like Cx. tarsalis and Cx.
restuans may be responsible for up to 80% of WNV infections in the U.S. Still, worldwide the
spread of WNV is primarily Cx. pipiens, Cx. quinquefasciatus, Cx. australicus, and Cx.
globocoxitus (Ciota and Kramer 2013).

Although the primary transmission cycle is between mosquitoes and birds, mosquitoes also
transmit WNV to other mammals. This transmission often happens with horses and humans, but
neither develop high enough viremia to allow transmission, so they are dead-end hosts due to the
epizootic spillover. A few mammals not seen in the primary transmission cycle have been shown
to have viremia levels adequate for infecting mosquitoes in laboratory settings, namely small
mammals such as tree squirrels, eastern gray squirrels, eastern chipmunks, and Easter cottontail
rabbits. It remains to be seen if these are genuinely natural, competent hosts (Ciota and Kramer
2013). This transmission cycle is widely accepted, but it is important to note that a tiny portion of
human infections have occurred through other means of transmission. Some transmission has
occurred through organ transplants, blood transfusions, breast milk, and even one reported case of
transplacental transmission (Sejvar 2003). Due to the possibility of alternative transmission, WNV
and ZIKV are the only flaviviruses tested for during blood transfusions in the U.S. (Araujo et al.

2020). There has been no evidence of human-to-human transmission (WHO 2017).
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With WNV being an emerging flavivirus, there are increased clinical cases. A significant
increase in WNV cases in European countries occurred in 2018, with over 1,500 human cases
compared to the previous year, which saw over 200 human cases (European Centre for Disease
Prevention and Control 2017, Rizzo et al. 2020). One of the most critical virulence factors is the
continuous evolution of WNV, which leads to the emergence of new genetic lineages that are
transmitted more efficiently in nature. The emergence of new viral strains is due to the function of
the RNA-dependent RNA polymerases, which are prone to error. A single amino acid substitution
can increase virulence in specific hosts. For example, the amino acid substitution of T249P in the
NS3 helicase increased virulence in the American crow. It replaced the V159A in the E protein in
the NA/WNO2 strain, shortened extrinsic incubation in Culex mosquitoes, and led to a higher
prevalence of the virus among mosquitoes (Yu and Cheng 2022). Another strain, NY10, which
originated in the U.S. in 2010, saw amino acid substitutions of R1331K and 12513M, which led to
increased cases of human infection and a higher prevalence of the virus seen in mosquitoes
(Bialosuknia et al. 2022).

It is thought that although WNV can cause serious illness, around 80% of infections end
up being asymptomatic, with 20% resulting in West Nile fever or severe West Nile disease and
5% of those clinical cases resulting in death (WHO 2017, CDC 2023a). West Nile virus can cause
significant human disease and considerable economic loss through epizootic outbreaks. Before the
severe outbreaks in the 1990s, West Nile fever was often called the “summer flu” and was
considered primarily a febrile illness (Bai et al. 2019). When WNV does lead to symptomatic West
Nile fever, the symptoms can include fever, fatigue, head and body aches, nausea and vomiting,
swollen lymph nodes, and occasionally rash that will develop 3 to 14 days after exposure. A rash

is observed in about 50% of infected individuals but occurs most often in children (Gould and
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Solomon 2008, Guarner and Hale 2019). The development of viremia after infection can first be
detected very early, 1 to 2 days after exposure, but the viremia rarely lasts for more than two weeks
(Busch et al. 2008, Zhang et al. 2009). By the time the onset of the symptomatic disease occurs,
WNV is rarely detected due to the low levels of viremia or absence due to symptomatic infections
often occurring after the resolution of viremia (Lustig et al. 2016).

Roughly 1 in every 150 cases will further develop neuroinvasive disease; however, since
the outbreaks in 2002 in the U.S., the occurrences of neuroinvasive disease have risen to almost
50% of all reported cases. Although neuroinvasive disease can occur in anyone, young children
and elderly patients over 50 are more at risk for developing severe disease and mortality.
Additionally, people who are insulin-dependent diabetics, have hypertension, or are
immunocompromised have a higher chance of developing the severe disease (Guarner and Hale
2019). Severe disease symptoms can be divided into major and sometimes overlapping categories.
The first is meningitis which usually is accompanied by headaches and neck stiffness. The second
is encephalitis which includes disorientation, stupor, coma, and convulsions. The final and most
severe group is acute flaccid paralysis, including poliomyelitis with frequent tremors, myoclonus,
parkinsonism, ataxia and limb atrophy, or Guillain-Barre-like syndrome (Guarner and Hale 2019,
Rizzo et al. 2020). Patients experiencing neurological symptoms have a fatality rate of 5-10%.
Pathology observed in fatal cases of WNV infections is primarily localized within the central
nervous system (Gould and Solomon 2008, Bai et al. 2019).

Severe WNYV infection of the CNS can cause severe damage that can lead to dysfunction
of the neural circuits. When the dysfunction continues past the resolution of the acute phase of
infection, the neurological deficiencies are termed “sequelae,” and they can have long-term effects

on the patient’s health. Generally, long-term sequelae are present in 30-60% of survivors. It
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includes deficiencies such as paralysis, memory loss, depression, fatigue, dementia, cognitive and
motor impairment, and epilepsy that can last for months or the rest of a patient’s life (Patel et al.
2015, Fulton et al. 2020).

The ability of WNV to infect a broad range of avian and mosquito species contributes to
its rapid dispersal. For example, common house mosquitoes, i.e., Cx. pipiens and Cx. pipiens
quinquefasciatus are competent vectors for WNV in both the Old and New Worlds.
Additionally, Cx. tarsalis transmitting zoonotic arboviruses in the Western U.S. can also transmit
WNV (Philip and Smadel 1943, Hurlbut et al. 1956). Similarly, WNV has been detected in more
than 326 species of birds (Ciota and Kramer 2013, Fiacre et al. 2020). It is anticipated that WNV
will continue to cause human and equine encephalitis worldwide.

St. Louis encephalitis virus was the most important mosquito-borne flavivirus in Canada
and the U.S. before the emergence of WNV in New York in 1999. The largest epidemic occurred
during its original discovery in 1933 in St. Louis, Missouri, where 1,095 cases were reported, with
an almost 20% mortality rate. Since then, outbreaks have occurred across the U.S., but none have
been as significant as the 1933 outbreak. In the last 20 years, only sporadic cases have been
reported, with the largest being 49 cases in 2003 (CDC 2023b). SLEV is maintained in the bird
populations in urban areas, such as the house sparrow, pigeon, blue jay, and robin, but transmission
to humans occurs through mosquito vectors. Culex tarsalis is believed to be the primary vector for
SLEV in the western U.S., Cx. pipiens and Cx. quinquefasciatus in the eastern U.S., and Cx.
nigripalpus in Florida. Humans do not produce viremia titers high enough for mosquito
transmission, but there have been rare cases of the infection being transmitted through blood

transfusion (Diaz et al. 2018, CDC 2021c).
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After the introduction of WNV to the U.S., there has been debate over the continued
transmission of SLEV, given the serologic cross-reactivity of the two viruses in avian hosts,
including the house finch. Studies have demonstrated that SLEV neutralizing immunity in finches
prevented SLEV reinfection but only reduced WNYV viremia titers. Conversely, WNV prevented
reinfection of both WNV and SLEV, which suggests that WNV could competitively exclude
SLEV from amplification in shared avian species, resulting in reduced transmission of SLEV.
Considerable host overlap between SLEV and WNV would be required for competitive exclusion,
but it may result in fewer cases in select regions (Fang and Reisen 2006, Diaz et al. 2018).

TBEV serocomplex

Flaviviruses within the TBEV complex are vectored by ixodid (hard) ticks through two
modes of transmission, i.e., transstadial and nonviremic (direct) transmission. Unlike mosquitoes
that acquire blood meals to complete a gonotrophic cycle at the adult stage, blood feeding occurs
at every stage of the tick lifecycle. Unless the feeding is interrupted, a tick normally engorges once
from a single host at each stage. An engorged tick must digest the blood meal to complete the
molting process and develop into the next life stage, allowing for simultaneous virus transmission
to the next vertebrate host. Therefore, tick-borne flaviviruses can be maintained by transstadial
transmission. Alternatively, tick-borne flaviviruses can be transmitted by nonviremic or direct
transmission due to the prolonged feeding period of ticks. An infected tick can inject many
infectious viruses at the feeding site during the multi-day engorgement process. Susceptible ticks
can become infected while co-feeding with an infected tick, followed by transmission of tick-borne
flaviviruses to the next susceptible vertebrate host (Randolph et al. 1996, Randolph 2011). Tick-
borne flaviviruses can infect many tissues, including ovaries, so viruses can be passed on to the

eggs of an infected tick, leading to the emergence of infected larvae. Infection can then persist in
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a tick for up to two years due to the lifespan of the ticks, making control of the tick populations
important (Lindquist and Vapalahti 2008).

Tick-borne encephalitis virus, the prototype member of TBEV serocomplex, is endemic to
Europe and the Far East. It is estimated that 10,000-12,000 cases of human TBE are reported
annually across almost 40 countries in Europe and Asia. However, many human TBEV infections
are likely subclinical or mild, so many cases are undetected. Mild human TBE infection consists
of febrile symptoms, myalgia, general malaise, and thrombocytopenia. Nevertheless, severe cases
develop neurological disease in up to 15% of patients, including encephalitis and meningitis (CDC
2022b, WHO 2023b). It is assumed that hard ticks of the family Ixodidae supports the enzootic
transmission of TBEV primarily in small rodents and occasionally large mammals like deer, goats,
sheep, and cows. Consumption of raw dairy products is one of the risk factors for acquiring TBEV
infection (van den Brom et al. 2020). Similar to other encephalitic flaviviruses, humans are
incidental hosts for TBEV (Brackney and Armstrong 2016).

There are three well-established subtypes of TBEV based on their phylogenic and
geographical relationships: European, Siberian, and Far-Eastern subtypes (Smura et al. 2021).
Control of the different subtypes has been successful using inactivated vaccines such as FSME-
Immun®, Encepur®, and EnceVir®. These vaccines will be discussed in more detail in section
1.3.C. The most successful use of vaccination against TBEV occurred in Austria in the 1970s.
Before vaccination, Austria recorded the highest morbidity of TBE in Europe, and TBEV caused
50% of all viral meningoencephalitis cases. In 1971, the country prompted the use of the FSME-
Immun® inactivated vaccine derived from the Neudorfl strain. After three vaccinations,
seroconversion rates were recorded at >99%, prompting a mass vaccination campaign in 1981,

resulting in over 90% vaccination coverage in some high-risk areas. Since the vaccine campaign,
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the disease burden has been significantly reduced, with only one observed case of TBEV in the
age group over 20 (Kunz 2003, EVIP 2013). However, inactivated vaccines are less immunogenic
and require multiple doses for adequate protection, resulting in a costly control program.
Significant resources have been dedicated to developing a candidate LAV for TBEV. For example,
one candidate LAV currently undergoing preclinical evaluation is the T/1674-mirV2 vaccine, a
chimeric virus containing the prM and E genes of TBEV combined with a genetic backbone of an
antigenically closely related but less pathogenic member of the TBEV complex: Langat virus. The
T/1674-mirV2 vaccine has been shown to protect mice against a challenge with wild-type TBEV
(Tsetsarkin et al. 2019).

Powassan virus is endemic to Canada and parts of North America. The emergence of
POWV has received much attention from the federal government and research community,
although there have been less than 300 documented cases in the U.S. since 2004 (CDC 2022a).
Phylogenetic analysis showed that available POWYV isolates are divided into lineage | and Il.
Lineage I includes POWYV, and lineage Il includes deer-tick virus. POWYV is commonly found in
the northeastern regions of the U.S. and parts of Canada, whereas deer-tick virus is mainly found
in the upper midwestern U.S. (Ebel et al. 1999, Robich et al. 2019). POWYV is known for causing
acute neuroinvasive disease, with 10-15% of neuroinvasive cases resulting in death. For patients
that survive the acute infection, 10-30% suffer from long-term or permanent neuropsychological
sequelae, including depression, memory loss, hearing impairment, lack of concentration, and
partial paralysis (CDC 2022a, Telford and Piantadosi 2023). Transmission occurs through six
species of tick from the Ixodes and Deracentor genera. However, the deer tick (Ixodes scapularis)
is one of the most important vectors for POWYV. Small to medium mammals such as woodchucks,

squirrels, and white-footed mice are some of the main amplifying hosts for POWV, whereas
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humans do not produce high enough titers for transmission and are an incidental dead-end
host (Kemenesi and Banyai 2019).
B. Flavivirus structure-function

All flaviviruses are evolutionally related and have a common genome structure, post-
translational processing strategy, and virion structure (Araujo et al. 2020). The positive-sense
single-stranded RNA genome is approximately 11 Kilobase long, encapsidated by the C protein
and packaged into the lipid bilayer envelope derived from the previously infected host. A single
reading frame encodes three structural genes, C, prM, and E on the 5’ end and seven non-structural
(NS) genes, NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 on the 3’ end and is flanked by an
untranslated region (UTR) on both ends (Figure 1-9). The 5’ end of the genome is modified with
a cap structure that increases the stability of the viral genome against degradation by host nuclease
digestion and allows recognition by the host translation machinery (Daffis et al. 2010). The 3’ UTR

lacks a poly-A-tail usually found among eukaryotic mMRNA (Lindenbach et al. 2007).
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Figure 1-9: Genome organization and proteolytic processing of the flavivirus polyprotein
(a) Depiction of the flavivirus RNA genome. (b) Depiction of the flavivirus polyprotein and the
host and viral proteins responsible for processing the individual proteins. Image was generated in
PowerPoint.

The positive-sense genome can act as a template for host translation to produce viral
proteins following cell entry. Nonstructural proteins constitute the replication complex in the rough
endoplasmic reticulum, where newly synthesized genomes from negative-sense replication
templates are encapsidated and assembled into progeny virions. A flavivirus virion is
approximately 50 nm in diameter and contains three structural proteins. The virion surface is
covered by 180 copies of E protein monomers, assembled into homodimers, and exhibiting a
herringbone pattern. Each E monomer is anchored to the lipid bilayer envelope via a
transmembrane domain and is complexed with the M protein, which acts as a molecular chaperon
during the virion maturation process. Inside the sphere of the lipid bilayer envelope is the
icosahedral nucleocapsid formed by the C protein and viral RNA (Figure 1-10) (Kuhn et al. 2002,

Mukhopadhyay et al. 2003, Kanai et al. 2006, Araujo et al. 2020).
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Figure 1-10: Cross-section model of the structure of the flavivirus virion
Image taken from Mandary et al. 2019; published under the Creative Commons Attribution
License.

The C protein is 13 Kilodaltons (kDa) and comprises approximately 100 amino acids. Its
principal function is to encapsidate the viral genome. Roughly 180 capsid proteins form the
electron-dense icosahedral core surrounding one copy of the RNA genome (Figure 1-11) (Zhang
et al. 2021). In protecting the viral RNA genome, the C protein exhibits the protease function for
polyprotein processing. It involves the reorganization of membrane organelles plus virion
assembly and maturation. The C protein acts as a protease and exhibits the autocleavage function
involved in the posttranslational processing of the polyprotein. Autocleavage by the C protein is
required for the downstream viral and cellular protease cleavage, which ensures the proper folding

of each viral protein (Urbanowski and Hobman 2013).
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Figure 1-11: Crystal structure of DENV-2 capsid homodimer (PDB ID: 6VSO)
The green and orange colors represent the two separate capsid proteins that form the dimer. The
image was generated in PyMOL.

The flavivirus E protein is a class Il fusion protein vital for viral membrane fusion and
assembly (Harrison 2015). Each of the three domains of the E protein has a functionally important
role in the conformational change of the E protein from a dimer to a trimer that instigates
membrane fusion activity. Conformational changes in the E protein are pH-dependent and essential
for viral entry and the secretion of viral RNA into the cell cytoplasm. The E protein monomer
consists of three distinct domains that are encoded in discontinuous sequences: EDI, EDII, and

EDIII, based on their location and function (Figure 1-12) (Rey et al. 1995, Kanai et al. 2006, Klein
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etal. 2012, Lu et al. 2019). A more detailed discussion of the E protein as a class Il fusion protein

will be discussed in section 1.4.

EDIII
(receptor-binding domain)
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. W
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Figure 1-12: Crystal structure of the DENV-2 E protein monomer (PDB ID: 10AN)
The E protein domains are color-coded with EDI in red, EDII in yellow, and EDIII in blue. The
image was generated in PyMOL.

The prM protein is approximately 19-21 kDa. The name prM is due to the pr peptide, which
protects the fusion loop structure at the E protein's distal end of the EDII domain and prevents
premature membrane fusion in the Golgi network during virion maturation (Figure 1-13). The pr
peptide is removed by the furin protease prior to the release of virion from the infected cell. The
remaining M protein is approximately 10 kDa and contains two C-terminal transmembrane helices
that anchor the protein to the lipid bilayer envelope (Yu et al. 2009, Roby et al. 2015). The
molecular chaperon function of the prM protein ensures the maturity of progeny virions. The rough
surface of immature virions assembled in the ER is due to the protruding E protein nearly

perpendicular to the viral envelope. Progeny virions migrate through the acidic Golgi network and
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exhibit a smooth surface as the prM protein guides the repositioning of the E protein parallel to

the virion surface (Lorenz et al. 2002).

EDIII
(receptor-binding domain)

pr Protein

' 4

EDI
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Figure 1-13: Crystal structure of the DENV-2 pr-E protein heterodimer (PDB ID: 3C5X)
The E protein domains are color-coded with EDI in red, EDII in yellow, and EDIII in blue.
Magenta represents the pr protein as it sits at the distal end of the EDII domain of the E protein.
The image was generated in PyMOL.

The NS proteins function as enzymatic machinery for the propagation of the progeny
viruses and antagonists for antiviral immunity. The translation of the genomic RNA leads to the
production of a polyprotein, which is subjected to the cleavage of viral and host proteases
(Chambers et al. 1990). The NS1 protein is a highly conserved protein with an approximate
molecular weight of 40-50 kDa, depending on its glycosylation status (Figure 1-14). It is a
multifunctional protein as there are two forms. The cell-associated form takes part in viral
replication by causing invaginations in the endoplasmic reticulum membrane to form the vesicles
supporting the replication complex (Carpio and Barrett 2021). The second form of NS1 is unusual
for a nonstructural protein because it is secreted from the cell. These secreted NS1 proteins

modulate the host's innate immune response by binding to factor H, C1s, and C4 to promote the
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degradation of C4 to C4b, thereby reducing complement activation (Avirutnan et al. 2010). Recent
cell culture and animal studies suggest that NS1 may be a determinant for the tissue tropism of
flaviviruses (Puerta-Guardo et al. 2019). This mechanism is studied in detail in the context of
DENV infection. The addition of recombinant DENV-2 NS1 protein damaged endothelial
HUVEC cell culture. Treatment of Ifnar”’~ C57BL/6 mice with recombinant DENV-2 NS1 protein
increased the permeability of blood vessels, consistent with DENV pathogenesis (Beatty et al.
2015). It has been shown that DENV-2 NS1 protein binds to the negatively charged
glycosaminoglycans, e.g., heparan sulfate, and is internalized by endothelial cells. The
internalization leads to the activation of cathepsin L in endosomes of the endothelial cells,
contributing to the degradation of the extracellular matrix and NS1-induced endothelial
hyperpermeability. Alternatively, cathepsin L may be activated via a sequence of molecular signals
following DENV NS1 binding to the endothelial cell surface, leading to endothelial barrier

dysfunction (Puerta-Guardo et al. 2016, Wang et al. 2019).
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NSI1 protein NS1 protein
monomer #1 monomer #2

Figure 1-14: Crystal structure of DENV-1 NS1 homodimer (PDB ID: 401G)
The red and blue colors represent the two separate NS1 proteins that form the dimer. The image
was generated in PyMOL.

The NS2A protein is a small hydrophobic, membrane-associated protein involved in RNA
replication. The nonstructural protein, consisting of 231 amino acids, binds highly specifically to
the 3' UTR and other components within the replication complex. It is involved in viral RNA
replication, the host-antiviral interferon response modulation, and part of the virus particle
assembly and secretion process (Leung et al. 2008). The NS2B protein is a small integral
membrane protein with a molecular weight of 14 kDa. The NS2B protein consists of three
hydrophobic domains and a central hydrophilic domain. Notably, the hydrophilic domain is
required to activate the NS3 serine protease domain, making NS2B a cofactor for the protease
activity (Wahaab et al. 2022).

The NS3 protein is a nonstructural protein with a molecular weight of approximately 69

kDa (Figure 1-15). It is an essential protein in both polyprotein processing and viral replication,
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and it has two key domains: the N-terminal serine protease domain and the C-terminal helicase
domain. The protease domain is instrumental in polyprotein processing by cleaving the polyprotein
after the C, NS2A, NS2B, NS3, NS4A, and NS4B proteins. The NS3 protein accomplishes this
task in the presence of an NS2B cofactor, which sits in the active catalytic site of NS3. Both the
region of the NS3 active catalytic site and the NS2B cofactor are highly conserved sequences
across the different flaviviruses (Brecher et al. 2013). The helicase domain unwinds the RNA
secondary structure of the replication template during viral replication. In addition to the protease
and RNA helicase functions, NS3 has one subdomain that exhibits nucleoside 5" -triphosphatase
activity. This is required to synthesize the 5’-cap structure on the terminus of viral mMRNA that

mimics the host cap to facilitate the translation of viral proteins (van den Elsen et al. 2023).
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Figure 1-15: Crystal structure of DENV-4 NS3 protein (PDB ID: 2VBC) and DENV-2
NS2B/NS3 protease (PDB ID: 2FOM)

Two different DENV proteins were used to generate the image since the DENV-2 NS3 crystal
structure is not available. (a) DENV-4 NS3 protein. The different colors represent the two domains
of NS3, with the yellow domain representing the helicase domain and the magenta domain
representing the serine protease domain. (b) DENV-2 NS2B/NS3 protease. The two colors
represent the protein and substrate. Magenta represents the NS3 serine protease, and green
represents the NS2B cofactor. The image was generated in PyMOL.

The NS4A protein is a small transmembrane protein with a molecular weight of
approximately 16 kDa. Although the functions of NS4A are poorly understood, the NS4A protein
participates in the formation of the replication complex by interacting with host factors and other
flavivirus nonstructural proteins, inducing autophagy to prevent cell death, counteracting the
cellular interferon responses and hijacking various cellular processes. Cellular interferon responses
are counteracted when NS4A manipulates RIG-like-receptor signaling, DDX42 helicase,

JAK/STAT signaling, and the unfolded protein response to counteract the IFN-a/p response. The
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NS4A protein also hijacks the signaling pathways Akt-mor, ANKLE2/VRK1, JAK/STAT, and
Notch signaling, which leads to developmental defects such as microcephaly (Klaitong and Smith
2021). Additionally, NS4A is thought to function as a cofactor that binds to the NS3 helicase
domain to optimize the protein’s function. NS4A allows NS3hel to sustain the unwinding rate of
the viral RNA when presented with conditions of ATP deficiency in the host cell (Shiryaev et al.
2009).

The NS4B protein is another transmembrane protein with a molecular weight of
approximately 27 kDa. The NS4B protein acts similarly to NS4A by interacting with the NS3
helicase domain, but NS4B functions by dissociating NS3 from single-stranded RNA after the
synthesis of new RNA has occurred (Wang et al. 2022). The NS4B protein also has
immunomodulatory functions through a motif near the N-terminal of NS4B that resembles an
immunomodulatory tyrosine inhibitory motif found in various components of mammalian cell-
signaling cascades. This motif contributes to antagonistic activities against type I interferon and
inflammatory cytokine signaling (Xie et al. 2016, Li et al. 2019).

The amino acid sequence of the NS5 protein exhibits the highest level of homology
between different flaviviruses due to the two conserved enzymatic domains. The NS5 protein
encoded in the viral genome is the most significant NS protein, and the two enzymatic domains
are essential to viral genome replication. The N-terminal S-adenosylmethionine-dependent
methyltransferase domain drives the 5’ cap structure modification (Figure 1-16). During
replication, NS5 is directly involved in the capping and replication of the viral genome as the N-
terminal methyltransferase domain adds the cap structure in the 5’end of the viral genome. The
methyltransferase catalyzes both guanine N-7 and ribose 2-OH methylations during the formation

of the viral cap m7GpppA-RNA. The two distinct reactions utilize different side chains in the
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active site (K-D-K-E motif) (Egloff et al. 2002, Zhou et al. 2007). The C-terminal RNA-dependent
RNA polymerase domain synthesizes both the positive-sense viral genome and the negative-sense
RNA template. It is somewhat anticipated that the NS5 protein colocalizes with the NS3 protein
because of the involvement of both NS proteins in viral genome replication. Because there is no
transmembrane domain in the NS5 protein, the interaction with the NS3 protein also tethers the

NS5 protein to the replication complex (Duan et al. 2019, Caldwell et al. 2022).

NS5 methyltransferase
domain

NS5 RNA-dependent
RNA polymerase
domain

/

Figure 1-16: Crystal structure of DENV-2 NS5 (PDB ID: 5ZQK)
The red and blue colors represent the two domains of NS5, with the red domain representing the
methyltransferase domain and the blue domain representing the RNA-dependent RNA polymerase

domain. The image was generated in PyMOL.

56



C. Flavivirus intracellular lifecycle

Successful establishment of infection of a cell by a flavivirus is initiated by the viral E
protein binding to cellular receptors on the surface of the cell (Figure 1-17). Many putative
receptors have been identified for flaviviruses. However, the glycosaminoglycans, such as heparan
sulfate, and lectins, such as dendritic-cell-specific intercellular adhesion molecule 3-grabbing non-
integrin and mannose receptors, are considered to be essential cellular factors for the attachment
of flaviviruses. While those are the two main types of cellular receptors for the attachment of
flaviviruses to the cell, specific receptors vary considerably between different flaviviruses. Other
categories of receptors include heat shock proteins, immunoregulatory proteins, and
phosphatidylserine receptors (Chen et al. 1997, Tassaneetrithep et al. 2003, Meertens et al. 2012,

Anwar et al. 2022).
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Figure 1-17: Lifecycle of flaviviruses

Image taken from Nature Microbiology,

Volume 5, TC Pierson and MS Diamond, “The continued

threat of emerging flaviviruses.” 796-812. (2020); with permission from Springer Nature.

Receptor binding triggers the clathrin-mediated endocytosis of virions. RNASEK initiates
the internalization process by stimulating the tubularization of lymphocyte antigen locus 6. The
microtubules formed on the endosome's surface then facilitate the flavivirus virion's
internalization. Once in the cell cytoplasm, protonation of the endosomes provides free energy to

trigger the conformational change of the E protein from dimer to trimer and leads to the exposure
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of the fusion loop. Subsequently, the fusion loop is inserted into the endosomal membrane,
establishing the physical interaction required for the virus-cell membrane fusion (Hackett and
Cherry 2018). The membrane fusion creates the pore structure that releases the nucleocapsid into
the cytoplasm. Degradation of the nucleocapsid exposes the viral genome as the template for
translating a single viral polyprotein. Viral and host proteases cleave the polyprotein containing
all structural and nonstructural proteins into individual proteins (Pierson and Diamond 2020).
Properly folded nonstructural proteins enable the formation of a replication complex, which
appears as spherical compartments within the ER in the electron micrograph. Formation of the
vesicle packets protects the viral replication process from the detection of cytoplasmic innate
immune sensors, e.g., pattern recognition molecules for double-stranded RNA intermediates
(Aktepe and Mackenzie 2018).

The replication complexes transcribe the viral RNA into a negative-strand RNA
intermediate, yielding genomic positive-strand RNA. This new genomic RNA is packaged within
new C, prM, and E proteins, creating an immature virion. The immature virions are secreted in
vesicles from the ER to the Golgi apparatus, progressing through decreasing pH (van den Elsen et
al. 2021). Each prM-E heterodimer lies perpendicular to the immature virion surface. Three
neighboring copies of the prM-E heterodimer are arranged in a trimeric spike. The pr peptide of
the prM protein covers the fusion loop of the E protein from premature membrane fusion.
Maturation of the flavivirus virion takes place through the trans-Golgi network. Decreasing the
pH gradient from pH 7.2 to pH 5.7 triggers the reorganization of the E protein to lie flat against
the virion in a lattice of head-to-tail E protein dimers, using the prM protein as a molecular
chaperone. The rearrangement exposes the furin-cleavage site on the prM protein prior to the

secretion of the virion. Upon secretion of the virion through exocytosis and encountering neutral

59



pH, pr dissociates from E for the last step of maturation, resulting in a fully infectious virus

particle (Yu et al. 2008, Pierson and Diamond 2020, Stiasny et al. 2022).
1.3 Flavivirus vaccines

At this time, there are no licensed antiviral therapies for flaviviruses. Like other types of
RNA viruses, developing antivirals has proven difficult for flaviviruses, and few antiviral
compounds have progressed to clinical trials (Low et al. 2017). The candidate therapeutic
monoclonal antibody for WNV MGAWNL1 was evaluated in clinical trials but was later terminated
due to the difficulty of enrolling subjects (NIH 2022). VVaccination and vector control methods are
the most effective measures to control flaviviruses. Although controlling vector populations have
a long history of success, the strategies have proven costly, time-consuming, and unsustainable
(Reiner Jr. et al. 2016). A significant challenge for vector control is the development of insecticide
resistance and the re-infestation after the program's termination. Therefore, vaccination is the best
method for reducing the disease burden for flaviviruses (Table 1-1). Human vaccines for five
flaviviruses currently exist, including DENV, JEV, KFDV, TBEV, and YFV. Inactivated vaccines
are available for JEV, KFDV, and TBEV but require multiple doses due to low immunogenicity.
Live-attenuated vaccines can elicit protective immunity with one single immunization. However,
only the empirically derived YF 17D and JE SA14-14-2 LAVs are available and implemented for
disease control. Two LAVSs for DENV Dengvaxia and QDENVGA have been licensed in several

countries.
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Table 1-1: Current status of flavivirus vaccines

Virus  Type of vaccine Vaccine Availability Reference
YFV Live-attenuated 17D vaccine Available worldwide (Smith and Theiler 1937,
for human use Theiler and Smith
1937a)
JEV Live-attenuated  SA14-14-2 Available in Asia for (Eckels et al. 1988, Liu
human use etal. 1997)
ChimeriVax-JE  Available in Australia  (Appaiahgari and Vrati
(IMOJEV) and Asia for human 2010, Chokephaibulkit et
use al. 2015)
Inactivated JEBIKV, Available in Japan and (Okada et al. 2012, Yun
ENCEVAC, and South Korea for et al. 2015, Hegde and
TC-JEV human use Gore 2017)
IC51 (Ixiaro) Available inthe U.S.,  (Amicizia et al. 2019,
Australia, and Europe  Kling et al. 2020)
for human use
DENV Live-attenuated  ChimeriVax- Available inthe U.S.  (Guirakhoo et al. 2002,
DEN for human use Guy et al. 2010b)
(Dengvaxia)
DENVax Available in Europe (Osorio et al. 2011,
(QDENGA) for human use Takeda 2022)
DENV-4-3'- A-  Phase Il clinical trials  (Durbin et al. 2011,
30 in progress Kallas et al. 2020)
Subunit DEN1-80E Phase I clinical trials (Torresi et al. 2017)
in progress
Nucleic acid D1IME100 Phase I clinical trials (Torresi et al. 2017)
complete
Vaxfectin Phase I clinical trials (Danko et al. 2018)
complete
Inactivated PIV DENV Phase I clinical trials (Martinez et al. 2015)

complete
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Virus  Type of vaccine Vaccine Availability Reference
WNV  Live-attenuated  ChimeriVax- Phase Il clinical trials ~ (Arroyo et al. 2004, NIH
WNO02 complete 2016)
WN/DENV-4-  Phase I clinical trials (Durbin et al. 2013,
3'A30 complete Pierce et al. 2017)
Recombitek Available inthe U.S.  (Grosenbaugh et al.
for equine use 2004, Garch et al. 2008)
Inactivated WN Innovator,  Available in the U.S. (Tesh et al. 2002,
Vetera, and for equine use Chaintoutis et al. 2015)
Prestige
HydroVax-001  Phase I clinical trials (NIH 2019, Gould et al.
complete 2023)
Subunit WN-80E Phase I clinical trials (Lieberman et al. 2007)
complete
Nucleic Acid VRC- Phase I clinical trials (Martin et al. 2009)
WNVDNAOQ020- complete
00-VP
TBEV Inactivated FSME-Immun  Available in Russia, (Ehrlich et al. 2003,
and TicoVac Europe, and the U.S. Pfizer 2023)
for human use
Encepur, Available in Russia (Barrett et al. 2003,
Moscow and Europe for human  Demicheli et al. 2009,
vaccine, Tick-E- use Amicizia et al. 2013)
Vac, and
EnceVir
KFDV Inactivated Chick embryo Available in India for ~ (Dandawate et al. 1994,
fibroblast human use Kasabi et al. 2013)
vaccine
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A. Empirically derived live attenuated vaccines

The first successful development of a flavivirus LAV was spearheaded by Max Theiler,
who undertook the empirical passage of the wild-type Asibi strain to obtain the attenuated 17D
vaccine strain. The empirical derivation included 176 passages in mouse brains and chicken
embryos (Smith and Theiler 1937). The resulting 17D strain was subcutaneously injected into
macaques and exhibited the loss of viscerotropism. While a low level of viremia was detected,
immunized primates can develop serum-neutralizing antibody responses, which later were proven
to correlate with protection (Mason et al. 1973). Approximately 30 individuals were involved in
the initial evaluation of the safety and immunogenicity of the 17D vaccine. Nearly all subjects
developed neutralizing antibody titers within two weeks after vaccination without signs of
viscerotropic disease (Theiler and Smith 1937b, Theiler and Smith 1937a). In addition to being
safe and immunogenic in humans, the 17D vaccine has repeatedly been shown to lose the ability
to replicate in Ae. aegypti. The attenuated phenotype in mosquitoes ensures the safety of the
deployment of the 17D vaccine in endemic areas because Ae. aegypti is unable to transmit the 17D
vaccine strain and cause outbreaks even if vaccines can develop approximately 2 logs genome
equivalent of viremia (Whitman 1939). This was the first vaccine to prove a loss of viscerotropism
in primates and further found non-transmissibility in mosquitoes (McElroy et al. 2005).

The attenuated phenotype of the 17D strain is due to the genetic differences compared to
the parental wild-type Asibi strain. Sanger sequencing identified 67 nucleic acid changes, leading
to 31 amino acid substitutions between the Asibi strain and the 17D-204 strain (Hahn et al. 1987).
Further, the 17D vaccine strain consists of a stable homogenous RNA population compared to the
diverse quasispecies of the Asibi strain and other wild-type YFV strains (Beck et al. 2014, Beck

et al. 2018). The original materials that gave rise to the 17D strain are no longer available, making
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investigating attenuation mechanism(s) difficult. Although the sequence differences have been
mapped out, molecular determinants for virulence attenuation are still poorly understood. It is
assumed that multigenic mutations contribute to the attenuated phenotype of the 17D strain. A
comparison of the Asibi and 17D genomes revealed that the E glycoprotein is the most heavily
mutated among the ten viral proteins, harboring 12 amino acid changes. The remaining proteins
had various amino acid changes, with six amino acid changes maximum. Therefore, based on
known rates of mutation and known function of the proteins, published studies have primarily
focused on the examination of putative attenuating mutations in the E, NS1, NS4B, and NS5
proteins (Hahn et al. 1987, McElroy et al. 2006a, Fernandez-Garcia et al. 2016).

Studies using mutants derived from the 17D vaccine strain suggested that multiple
mutations in the E protein can act as the determinants for the mouse neurovirulence phenotype,
such as the E-G52R and E-V173T attenuating mutations in the EDI domain. The E-G52R mutation
can alter the pH conformational change, and the E-V173T mutation can alter the conformational
change at the MAb 864-defined epitope, resulting in attenuation of the mouse neurovirulence
phenotype (Schlesinger et al. 1996, Ryman et al. 1997, Ryman et al. 1998). Another line of
research focused on examining the putative attenuating mutations in the receptor binding domain,
EDIII. One such mutation is the E-T380R mutation in the EDIII of the 17D strain. The E-T380R
mutation increases the positive charge of EDIII and binding affinity with negatively charged
glycosaminoglycans on the cell surface. While the E-R380T reversion engineered in the 17D strain
was shown to restore the virulence phenotype of YFV in immunocompromised mice partially, the
E-T380R mutation has no known attenuating effect in Ae. aegypti (Nickells and Chambers 2003,

Lee and Lobigs 2008, Huang et al. 2014).
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Deployment of the 17D vaccine in Sub-Saharan Africa and tropical South America began
after the end of World War II. It is shown that over 90% of patients can seroconvert within two
weeks after immunization, and neutralizing antibody responses can last for several decades
(Gotuzzo et al. 2013). The success of the 17D vaccine led to a significant decline in human YF
cases in the 20" century. It changed from a significant health concern to a neglected tropical
disease (Frierson 2010). The vaccine elicited an innate and adaptive response by activating Toll-
like receptor (TLR) signaling, followed by proinflammatory cytokines. Long-term persistent
immunity was also observed over a decade after the initial vaccination, shown in the CD8(+) T-
cell memory responses by the T-cell epitopes on the NS proteins (Querec et al. 2006, Akondy et
al. 2009). The 17D vaccine later elicited a phenomenal long-term immune response, with
neutralizing antibodies in the blood for 30-35 years after vaccination (Poland et al. 1981).

Two substrains are used for manufacturing the YFV 17D vaccine: 17D-204 and 17DD.
The 17D-204 substrain was obtained based on the 204" passage, and the 17DD substrain was
further passaged in eggs in South America from the 195" passage (Barrett 1997). Both substrains
are immunogenic, but their nucleotide composition is 99% identical resulting in slight variations
in immunogenicity and reactogenicity (Santos et al. 1994). For example, 17D vaccines activate
various TLRs. The 17DD vaccine activates TLRs 3 and 9, but 17D-204 activates TLRs 3 and 9, in
addition to TLRs 2, 7, and 8. While the specific immune response may differ, they still both exhibit
strong activation of the cellular and humoral immune responses (Ferreira et al. 2018). The
manufacturing of the 17D vaccine requires the use of embryonated chicken eggs according to the
WHO recommendation. However, in the 1960s, there were incidents where avian leucosis virus
contaminated embryonated chicken eggs used for the 17D vaccine manufacturing (Klug et al.

2016). On behalf of the WHO, the Robert Koch Institute established an avian leucosis virus-free
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version of the 17D-204 vaccine, leading to the YFV 17D vaccines being used today. The 17D-204
vaccine is used in most countries, with the 17D-204-WHO vaccine only being used in a few
countries, such as Australia, Germany, and Russia. The 17DD vaccine is mainly used in Brazil
(Barrett 1997).

While the 17D vaccines are still considered safe, some adverse effects have been reported.
Although rare, severe adverse reactions occur in 1 per 250,000-500,000 vaccinations (Barrett and
Teuwen 2009, Ferreira et al. 2018). There are two adverse effects: vaccine-associated neurotropic
disease (YEL-AND) and vaccine-associated viscerotropic disease (YEL-AVD). Vaccine-
associated neurotropic disease, previously named postvaccine encephalitis, typically occurs 2-30
days post-vaccination. Symptoms include neurological dysfunction and seizures, which can lead
to death, but the case fatality rate is less than 5%. Some risk factors for YEL-AND include age,
sex, and a history of thymus disease with a thymectomy. YEL-AVD, previously named febrile
multiple organ system failure or post-vaccination multiple organ system failures, occurs in patients
who have received either the 17D-204 or 17DD vaccine for the first time. Symptoms usually occur
2-5 days post-vaccination, including liver, renal, and respiratory failure. The first reported case
was from a Brazilian woman vaccinated in 1975, although the phenomenon was not reported in
the literature until 2001 (Barrett and Teuwen 2009, Monath 2010). There have only been about 60
cases of YEL-AVD ever reported out of over 800 million doses of 17D vaccines administered in
human medical history, but 35 of them resulted in the death of the patient (Ferreira et al. 2018).
Although vaccine-associated adverse effects have been reported occasionally, the YFV 17D
vaccine has shown to be one of the most potent and successful LAVs ever developed (Barrett and

Teuwen 2009).
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Another very successful empirically derived LAV is the JEV SA14-14-2 LAV. The SA14-
14-2 strain is among the many attempts to attenuate the virulence phenotype of the wild-type JEV
SA14 strain. The empirical attenuation process of the SA14 strain began with one mouse brain
passage, one hundred passages in primary hamster kidney (PHK) cells, and three rounds of plaque
purification to select the SA14-12-1-7 strain (Yu 2013). The attenuated phenotype of the SA14-
12-1-7 strain was unstable. Another attenuated SA14-5-3 strain was derived from six mouse
passages and six rounds of plague purifications of the SA14-12-1-7 strain (Davis et al. 2021). The
clinical trial in 400,000 children proved that the SA14-5-3 strain has low immunogenicity. This
led to the five serial passages of the SA14-5-3 strain in suckling mice, followed by two rounds of
plaque purification in PHK cells. The resulting SA14-14-2 strain is equally attenuated as the SA14-
5-3 strain but is more immunogenic in mice, guinea pigs, and pigs. Although the immunization
regime usually involves two doses, clinical trials have shown that one single immunization of
SA14-14-2 LAV is sufficient to elicit long-lasting immunity (Tandan et al. 2007, Yu 2010). Since
its initial licensure in 1988 in China, the SA14-14-2 vaccine has proven highly effective at reducing
the number of clinical cases of the disease yearly due to its ability to provide effective cross-
neutralization between the five genotypes of JEV (Erra et al. 2013). Additionally, the SA14-14-2
strain also lost the ability to be transmitted by mosquitoes (Araujo et al. 2020, Davis et al. 2021).

The wild-type JEV SA14 strain and the vaccine SA14-14-2 strain differ by 57 mutations
in the nucleotide sequence and 23 substitutions in the amino acid sequence (Table 1-2). Because
the mutations are distributed across all of the genes, it was believed that multigenic mutations are
also responsible for the attenuated phenotype of the SA14-14-2 strain (Yun et al. 2016). However,
the E protein mutations were proven to have the utmost importance for the attenuation process of

the SA14-14-2 strain and lead to the complete attenuation of mouse neurovirulence phenotype,

67



one of the important markers for the safety of the SA14-14-2 LAV (Gromowski et al. 2015b). The
mutations in the E protein have been individually examined using infectious clones and mouse
models, revealing the putative attenuation mechanism(s) of the SA14-14-2 strain (Wang et al.

2017).
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Table 1-2: Comparison of the complete genome sequences of JEV SA14 and SA14-14-2

Protein Position Nucleotide Changes ~ Amino Acid Changes  Amino Acid
Genome Polyprotein  SA14  SAl14-14-2 SAl4  SA14-14-2  Substitution
5NTR 39 U A
C 292 66 U C L S L66S
prM 538 148 G A D G21D
E 1061 322 U C - - —
1296 401 C U L F L107F
1389 432 G A E K E138K
1503 470 A G I V 1176V
1506 471 A G T A T177A
708 538 A G E G E244G
1769 558 G U Q H Q264H
1813 573 A U K M K279M
1921 609 C ) A V A315V
2293 733 A G K R K439R
2441 782 G A - - —
NS1 2691 866 C A - - —
2843 916 U C - —
3181 1029 G A G D G235D
3351 1086 G A G S G292S
3493 1133 G U R M R339M
3528 1145 G C D H D351H
NS2A 3539 1148 U A N K N2K
3599 1168 G A — - —
3652 1186 C U A V A40V
3677 1194 C U — —
3776 1227 C U - - —
3801 1236 C U — - —
4013 1306 A G - - -
4106 1337 A G — - —
NS2B 4403 1436 G U E D E63D
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Protein Position Nucleotide Changes ~ Amino Acid Changes  Amino Acid
Genome Polyprotein  SA14  SAl14-14-2 SAl4  SA14-14-2  Substitution
NS2B 4408 1438 A G D G D65G
NS3 4782 1563 M V M59V
4921 1609 C G A G A105G
4922 1609 U C - — —
6008 1971 C U - - —
6425 2110 A G - - —
NS4A 6638 2181 U C - — —
6728 2211 G A - - —
NS4B 6944 2283 A G - - -
7121 2342 C U - - —
7193 2366 C U - - —
7227 2378 A G I V 1106V
NS5 7736 2547 C U - - —
8099 2668 C U - - -
8276 2727 C U - - -
8394 2767 C U — - —
8832 2913 C U H Y H386Y
8882 2929 A U - - —
8891 2932 C U — - —
9593 3166 G U Q H Q639H
9688 3198 U C Vv A V671A
9695 3200 G A — - —
9818 3241 C U - - —
9917 3274 A U - — —
10046 3317 G A — — —
10139 3348 C U - - -
10217 3374 U C - — —
3'UTR 10428 U C
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For example, the E-E138K mutation led to the complete attenuation of the neuroinvasive
and neurovirulence phenotype of JEV. One explanation is the location of the E-E138 residues
within the structure of the E protein homodimer. Surrounding the hole structures of the E protein
are residues that exhibit binding activity with glycosaminoglycans, a class of putative residues for
flaviviruses, and the E-E138K mutation residues. The affinity of JEV to glycosaminoglycans can
interfere with the receptor binding of JEV. The attenuated phenotype of the SA14-14-2 strain can
also be linked to the impairment of the membrane fusion process. Specifically, the E-L107F
mutation is part of the flavivirus-conserved residues within the fusion loop structure located at the
tip of EDII (Chambers et al. 1999, Zhao et al. 2005, Yang et al. 2014). Engineering of the E-L107F
mutation in the E protein further attenuated the neurovirulence phenotype of the ChimeriVax-WN1
candidate LAV and created the Chimerivax-WN2 candidate LAV proven to be safe and
immunogenic in clinical trials (NIH 2016). However, it is important to note that 1) ChimeriVax-
WN candidate LAVs were constructed on the backbone of YFV 17D LAV, which contains other
attenuating mutations in the NS proteins, and 2) the E-L107F mutation alone cannot lead to the
stable attenuated phenotype in either WNV or DENV. So, there are no broadly effective
attenuating mutations in the fusion loop for developing candidate flavivirus LAVS.

The SA14-14-2 vaccine exhibits some adverse effects, although overall meta-analysis
concluded that the SA14-14-2 vaccine is safe (Eckels et al. 1984, Liu et al. 1997). A wide range
of symptoms have been reported after SA14-14-2 vaccination, but the majority show a range of
mild to moderate symptoms, of which fever is the most common. These adverse effects occur in
less than 3% of vaccinations (Schigler et al. 2007, Satchidanandam 2020). Some more severe but
rare symptoms include anaphylaxis, idiopathic thrombocytopenic purpura, measles-like rash, and

vomiting (Li et al. 2014, Sanchayan et al. 2016).
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Due to the safety and immunogenicity safety profile, there are currently ten endemic
countries that utilize the SA14-14-2 vaccine to help control the spread of the virus, including
Cambodia, China, India, Indonesia, Lao People’s Democratic Republic, Malaysia, Myanmar,
Nepal, Republic of Korea, Sri Lanka, and Thailand (WHO 2023a). Case-control studies from
Nepal and India have shown that the SA14-14-2 vaccine elicits rapid onset of neutralizing antibody
protection with 90% seroconversion followed by a five-year efficacy of 96% after a single dose of
the vaccine (Tandan et al. 2007, Kumar et al. 2009, Halstead and Thomas 2010). The SA14-14-2
strain was also used to manufacture the IXIARIO-inactivated JEV vaccine. This inactivated
vaccine, also known as JEspect®, is licensed by the U.S. Food and Drug Administration (FDA) in
the U.S. and by the European Medicines Agency in Europe, targeting the travelers’ market (FDA
2019, European Medicines Agency 2023).

While the empirically derived LAVs have played an essential role in controlling YFV and
JEV, the empirical attenuation process is ineffective for most flaviviruses and cannot meet the
demand for rapid vaccine development in response to the emergence and re-emergence of
flaviviruses. The YF 17 LAV and the JE SA14-14-2 LAV are compatible with modern cell culture
technologies and can be manufactured on a large scale. However, in the 21st century, there is a
growing interest in the rational design of candidate LAVs based on the knowledge of genetic
determinants for the virulence phenotype of flaviviruses and immunogenicity. Rationally designed
recombinant candidate flavivirus LAVs use WHO-approved vaccine manufacturing substrates,
which can support large-scale production to meet the demands of outbreak responses.

B. Chimeric vaccines
Although the JE SA14-14-2 LAV is an effective vaccine, the Chengdu Institute of

Biological Products manufacturing facility did not complete the WHO prequalification. It became
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eligible for the global market in 2013 (Vannice et al. 2021). The chimeric JE LAV was constructed
using the ChimeriVax® platform and modern cell culture technologies. The ChimeriVax®-JE
vaccine involves the insertion of the prM and E genes of the SA14-14-2 strain into the backbone
of the YFV 17D strain (Konishi et al. 1998, Chambers et al. 1999, Arroyo et al. 2001). Non-human
primates vaccinated with the ChimeriVax®-JE vaccine survived the challenge with the wild-type
JEV SA14 strain, suggesting its ability to protect against natural infections (Monath et al. 1999).
Regarding the spread of the recombinant virus through mosquitoes, it was shown that
ChimeriVax®-JE could replicate in mosquitoes but failed to disseminate and transmit the virus
(Bhatt et al. 2000, Guy et al. 2010a). The YFV 17D vaccine was used as a backbone because of
the YFV 17D RNA-dependent RNA polymerase. The YFV 17D RNA-dependent RNA
polymerase has been shown to have low mutation rates compared to other RNA polymerases, such
as the SP6 RNA polymerase, resulting in high genetic stability (Xie et al. 1998, Pugachev et al.
2004).

The ChimeriVax®-JE vaccine was evaluated by clinical trials in Korea, Thailand,
Vietnam, and the Philippines and is licensed as IMOJEYV in at least seven JEV-endemic countries.
There were some concerns during human testing with possible reversion to the virulent viruses,
the spread of recombinants in nature, and the risk of viscerotropism due to its YFV origins
(Appaiahgari and Vrati 2010). The ChimeriVax®-JE vaccine was approved for human use in
Australia in 2012 and since then has been approved in other countries such as Cambodia, Malaysia,
Brunei, Hong Kong, Indonesia, the Philippines, Singapore, South Korea, and Thailand
(Chokephaibulkit et al. 2015). The ChimeriVax® technology has been used as a basis for the

construction of other chimeric LAVS, including WNV and DENV.
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The application of the ChimeriVax® technology to DENV LAV development produced
chimeric YFV-DENV tetravalent dengue vaccine (CYD-TDV), which was later licensed and
marketed as Dengvaxia® LAV by Sanofi Pasteur. The CYD-TDV vaccine is made up of four
recombinant live attenuated chimeric vaccines that are based on the YFV 17D backbone. The prM
and E genes of 17D were removed, and the DENV prM and E proteins were added. This
recombination was done four times to create four chimeric cDNAs that have structural proteins
from one of the four DENV serotypes: DENV-1 Thai strain PUO-359/TVP-1140, DENV-2 Thai
strain PUO-218, DENV-3 Thai strain PaH881/88, and DENV-4 Indonesian strain TVP-980
(Guirakhoo et al. 2002, Guy et al. 2010b, Morrison et al. 2010).

The CYD-TDV vaccine was less neurovirulent than YFV 17D LAV and exhibited reduced
infectivity in Ae. aegypti and Ae. albopictus (Guirakhoo et al. 2002, Higgs et al. 2006). The CYD-
TDV vaccine is administered in one primary and then two booster doses at 6 and 12 months.
Human vaccine trials showed that CYD-TDV was safe and immunogenic in dengue naive adults.
There are some discrepancies between the efficacy of the various viruses of the vaccine according
to the DENV serotypes. However, despite that variation, the vaccine demonstrated strong
neutralizing antibody responses for all four serotypes (Sabchareon et al. 2012, Capeding et al.
2014). The CYD-TDV vaccine was first licensed in Mexico in 2015 but is now licensed in 20
countries (Torresi et al. 2017, WHO 2018). However, Dengvaxia may increase the risk of
hospitalization and severe dengue in immunologically naive individuals following natural
infection (Halstead 2018, Sridhar et al. 2018). The increased risk of severe disease led to the
recommendation of two vaccination strategies. The first strategy was “mass vaccination of a
population seroprevalence without screening,” and it would have overall benefits in areas where

predicted transmission was high. The second recommendation was “pre-vaccination screening,”
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maximizing the benefit of seropositive individuals while avoiding harm to identified seronegative
individuals due to the risk of adverse effects (Wilder-Smith et al. 2019). This is reflected by the
licensure of Dengvaxia® in the U.S. The FDA took the recommendation of pre-screening. It
approved the use of Dengvaxia to individuals 9 through 16 years of age with laboratory-confirmed
previous dengue infection and living in endemic areas (FDA 2023).

The second licensed vaccine is the QDENGA® vaccine (Takeda Vaccines Inc.), based on
the tetravalent formation of chimeric DENV (DENVax). This vaccine was only recently licensed
in December of 2022 in Europe for individuals 6-45 years of age. The backbone of the QDENGA®
LAV is the DENV-2 PDK53 strain. Briefly, the DENV-2 16681 strain was serially passaged 53
times to generate the attenuated PDK53 strain (Bhamarapravati et al. 1987). The infectious clone-
derived DENV-2 PDK53 strain was engineered to contain the structural genes prM and E from
DENV-1 (16007 strain), DENV-3 (16562 strain), and DENV-4 (1036 strain). The resulting
tetravalent LAV has a two-dose regimen: one primary vaccination and one booster vaccination at
three months (Huang et al. 2000, Osorio et al. 2011, Torresi et al. 2017, Takeda 2022).

The vaccine has been shown to induce both humoral and cellular immune responses as well
as neutralizing antibody responses, indicating that the vaccine can be protective against dengue
infection (Henriques et al. 2013). Phase IlI trials demonstrated that the vaccine was effective
against systematic dengue in children and adolescents and reduced their risk of experiencing
sequential episodes of symptomatic dengue (Rivera et al. 2022, Saez-Llorens et al. 2023).
Although DENVax® has shown to be effective, it remains to be monitored after the licensure and
deployment in the field (Tricou et al. 2019, de Silva and White 2023).

In addition to Dengvaxia® and QDENGA®), a tetravalent DENV LAYV, initially developed

by the National Institute of Allergy and Infectious Diseases (NIAID) Laboratory of Viral Diseases,
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has also been demonstrated to be a promising candidate vaccine. The 30-nucleotide deletion in the
3'UTR was first created to attenuate the virulence and mosquito competence phenotype of the
DENV-4 Dominica/81 strain (McArthur et al. 2008). The same attenuation strategy was expanded
to the DENV-1 Western Pacific strain and DENV-3 Sleman/78 strain. The DENV-3 virus was
produced by introducing a 30 and 31-nucleotide deletion at the 3'UTR. Due to the inability of the
30-nucleotide deletion in the 3'UTR to attenuate the virulence phenotype of DENV-2 Tonga/74
strain, the DENV-2 component of the tetravalent candidate LAV consists of the DENV-2/DENV-
4 chimera by inserting the prM and genes of DENV-2 Tonga/74 strain into the backbone of DENV-
4 Dominica/81 strain. This tetravalent candidate DENV LAV is undergoing clinical trials as the
Merck V181 candidate LAV and the Butantan-DV candidate LAV. Currently, the Butantan-DV
vaccine, which contains the lyophilized tetravalent attenuated DENV strains, is in Phase 11 clinical
trials and is showing to have a high ability to generate an immune response against DENV (Durbin
et al. 2011, Kallas et al. 2020, Butantan-Institiute 2022).

Another primary target for flavivirus vaccine development is WNV. There are two
candidate WN LAVs evaluated in clinical trials. The ChimeriVax®-WNO02 candidate LAV uses
the backbone of the YFV 17D strain and differs from the ChimeriVax®-WNO01 candidate LAV by
three amino acids, including the E-L107F, E-A316V, and E-K440R mutations. The three
mutations were implicated for the attenuating effect in the JEV SA14-14-2 strain and were selected
to attenuate the mouse neurovirulence phenotype of the ChimeriVax®-WNO01 candidate LAV
(Arroyo et al. 2004, Davis et al. 2021). The Phase Il clinical trials showed that the vaccine was
highly immunogenic and tolerated even in elderly patients (Dayan et al. 2012, Dayan et al. 2013).
However, the licensure will require the ChimeriVax®-WNO02 candidate LAV to complete the

phase Il clinical trials. Another human WNV vaccine is a LAV based on the DENV-4 backbone
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called WN/DENV-4-3'A30. This vaccine was developed by the NIAID Laboratory of Viral
Pathogens. A phase | clinical trial showed the WN/DENV-4-3'A30 candidate LAV is less
immunogenic and requires a two-dose regimen to achieve a 90-95% seroconversion rate (Durbin
et al. 2013, NIH 2016, Pierce et al. 2017, Lei et al. 2018).

C. Inactivated vaccines

Several inactivated flavivirus vaccines, including the inactivated JE, TBE, and KFD
vaccines, are licensed for human and veterinary use. The development of inactivated JE vaccines
preceded the development of JE LAVSs. The first licensed inactivated JE vaccine was prepared
from a formalin-inactivated mouse brain and marketed as the Biken® vaccine in Japan in the 1950s
(Satchidanandam 2020). Similarly, the formalin-inactivated JE vaccine prepared with the Beijing-
1 strain was implemented for pediatric immunization in Taiwan (Defraites et al. 1999).
Manufacturing of inactivated JE vaccines using mouse brains has ceased in the 21% century.
Currently, licensed inactivated JE vaccines are prepared from Vero cell culture (Satchidanandam
2020).

One vaccine licensed for use in the U.S., Australia, and Europe is the IC51 vaccine,
marketed as Ixiaro®. This vaccine is a purified, formalin-inactivated form of the JEV SA14-14-2
strain. It was developed at the Walter Reed Army Institute of Research using the SA14-14-2 strain
passaged eight times in primary dog kidney cells, cultivated in Vero cells, and then formulated
with 0.1% aluminum hydroxide adjuvant. The vaccine is administered in two doses, and it has
been shown to have a good immunogenicity profile in a short-term setting but requires boosters as
the long-term protection only lasts about six years (Halstead and Thomas 2010, Amicizia et al.
2019, Kling et al. 2020). Another JEV strain for inactivated JE vaccines is the wild-type Beijing-

1 strain, which was found superior in eliciting neutralizing antibody responses than the prototype
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Nakayama strain in a field study (Ku et al. 1994). At least three licensed inactivated JE vaccines
have been derived from the Beijing-1 strain propagated in Vero cells, including the JEBIKV®,
ENCEVAC®, and TC-JEV® vaccines (Hegde and Gore 2017). The three inactivated vaccines are
implemented in the pediatric immunization programs in Japan and South Korea (WHO 2023c,
WHO 2023d).

Inactivated vaccines play a vital role in the control of TBEV in Europe. There are five
different inactivated TBE vaccines licensed in Europe and Russia. The FSME-Immun® (Pfizer)
and the Encepur® (GlaxoSmithKline) vaccines are both prepared using the European subtype of
TBEV (Barrett et al. 2003). The FSME-Immun® vaccine contains the Neudoerfl strain and was
first licensed in 1976 for people residing in endemic or high-risk areas. In 2021, the TicoVac®
vaccine, analogous to the FSME-Immun® vaccine, received FDA approval for use in individuals
at one year of age or older, targeting healthcare and laboratory workers, travelers, military
personnel, and dependents in the U.S. (Ehrlich et al. 2003, Pfizer 2023). The Encepur® vaccine
was prepared from the Karlsruhe (K23) strain (Amicizia et al. 2013). The FSME-Immun® and
Encepur® vaccines have adult and pediatric formulations that differ in antigen concentrations.
Three inactivated TBEV vaccines manufactured in the Russian Federation are based on the Far
Eastern subtype. The Chumakov Federal Scientific Center for Research and Development of
Immune and Biological Products of the Russian Academy of Sciences produces the TBE Moscow
vaccine and the Tick-E-Vac® vaccine using the Sofjin strain. The EnceVir® vaccine (Microgen)
is prepared from the 205 strain (Amicizia et al. 2013).

All five vaccines require at least three doses on the conventional vaccine schedule,
followed by a booster every three years. Immunization with the inactivated TBE vaccine prepared

from the European subtype elicits neutralizing antibody responses effective for the Far Eastern and
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Siberian subtypes (Orlinger et al. 2011, McAuley et al. 2017). Deploying inactivated vaccines led
to a significant decrease in TBE mortality in Austria. Before the introduction of the annual
vaccination in 1981, about 600 cases of TBE were seen every year in Austria. By the 2000s, TBE
cases significantly dropped, with only 41 cases in 1999 and 60 cases in 2000. To date, over 90%
of Austrians have received at least one dose of the vaccine, and at least half of the population is
reported to receive routine boosters (Demicheli et al. 2009).

Kyasanur forest disease virus is another tick-borne virus with an inactivated vaccine for
use in India; however, controlling KFDV has not been very successful. The first KFDV vaccine
(RSSEV) was a formalin-inactivated vaccine produced by the Walter Reed Army Institute of
Research at the request of the Indian Council of Medical Research in the 1950s. However, RSSEV
later proved not to prevent KFD. Subsequence attempts led to a formalin-inactivated chick embryo
fibroblast vaccine in the 1990s (Dandawate et al. 1980, Holbrook 2012). The vaccine has been
shown to elicit significant protective effects and was licensed in India (Dandawate et al. 1994).
Optimal vaccination response included two doses over one month, followed by a first booster 6-9
months later, then annual boosters every five years. The disease incidence should have dropped
62% after two doses and 83% after the first booster. With no reported cases of human-to-human
transmission, all susceptible populations needed to be vaccinated. However, of the 35,500 targeted
population, only 32% received the first dose, and 13.2% received two doses. Further poor
administration of the first booster and annual boosters, 4.9% and 0.5%, respectively, led to
insufficient vaccine coverage. The vaccination plan did not consider suitable times for receiving
the vaccines, maintaining an adequate stock, or raising awareness of the vaccines (Kasabi et al.

2013, Oliveira et al. 2019).
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Although no human WN vaccine is available, inactivated WN vaccines have become one
of the four core vaccines recommended by the American Association of Equine Practitioners
(AAEP 2022). There are three inactivated veterinary WN vaccines licensed in the U.S., including
the WN Innovator® (Zoetis), Vetera® WNV (Boehringer), and Prestigeg®WNV (Merck Animal
Health) vaccines. Both the WN Innovator® and Vetera® WNV vaccines consist of inactivated
WNV virion, whereas the Prestige® WNV vaccine contain the inactivated ChimeriVax-WNO01
vaccine virus (Tesh et al. 2002, Chaintoutis et al. 2015). All three inactivated vaccines require
annual boosters in adult horses to maintain the level of neutralizing antibodies. A live chimeric
virus combines the WNV prM/E into a canarypox backbone, marketed as the Recombitek™
Equine WNV vaccine (Pfizer Animal Health) (Grosenbaugh et al. 2004). Although there is no
clear evidence that canarypox-based vaccines can replicate in horses, some studies have shown
that canarypox-based WNV vaccines elicit cell-mediated and humoral immune responses (Garch
et al. 2008, Kaiser and Barrett 2019).

In contrast to using inactivated vaccines to prevent WN equine encephalitis, there is limited
progress in developing a human inactivated WN vaccine. Neither the formalin-inactivated
candidate WN vaccine nor the hydrogen peroxide-inactivated candidate WN vaccine showed
sufficient immunogenicity with less than 50% seroconversion at 15 days after a second dose of the
vaccine (NIH 2019, Gould et al. 2023). Other technologies have also been applied to the
development of candidate WN vaccines. For example, the WN-80 candidate vaccine is a
recombinant subunit vaccine based on the Drosophila S2 cell expression system. This subunit
vaccine includes a truncated E protein at the C-terminus, leaving only 80% of the native E protein
(80E). The truncation removes the membrane anchor portion of the protein, allowing the E protein

to be secreted into the extracellular medium (Lieberman et al. 2007). The WN-80 vaccine has
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shown to be highly effective in generating a neutralizing antibody response in geese and rhesus
monkeys, but little research has been done on its effect on humans. The phase | clinical trials
occurred in 2009, but the data have never been published (Jarvi et al. 2008, Lieberman et al. 2009,
NIH 2009). The WNV prM-E DNA vaccine produced by Vical and NIAID is a single-plasmid,
recombinant DNA vaccine consisting of a closed, circular DNA plasmid vector incorporating a
cytomegalovirus promotor along with the WNV prM and E proteins downstream from a modified
JEV signal sequence. The phase I clinical trials showed the vaccine to be safe and well-tolerated
with no significant adverse effects, along with neutralizing antibody responses shown to be
protective in studies with horses (Martin et al. 2009, Amanna and Slifka 2014, NIAID 2015).
Many groups continue to investigate DENV vaccines, and some have looked at alternative
methods to produce a vaccine, including subunit and DNA vaccines. The subunit vaccine made by
Hawaii Biotech Inc. and Merck is called DEN1-80E. This vaccine includes a truncated DENV E
protein containing only 80% of the N-terminal E protein. This modification removes the
transmembrane sequence of the protein, creating an E protein that has improved secretion,
purification, and immunogenicity. However, the vaccine is still in phase I clinical trials (Torresi et
al. 2017). The US Naval Medical Research Center developed the nucleic acid vaccine called
D1ME100 vaccine. The vaccine includes a monovalent DNA plasmid with prM and E genes of
the DENV-1 virus. This allows for the production of prM and 92% of the E protein, introducing
antigenic targets that initiate the development of neutralizing antibodies. To make a vaccine that
was effective against all four serotypes, a tetravalent DNA vaccine was developed called
Vaxfectin®. This vaccine has been through Phase | trials and has significantly improved
immunogenicity (Torresi et al. 2017, Danko et al. 2018). The Walter Reed Army Institute of

Research and GlaxoSmithKline have also developed purified inactivated vaccine (PI1V) candidates
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for DENV. Their version for DENV-1 has shown in clinical trials to be safe and immunogenic,
with a consistent induction of antigen-specific T helper cells that can produce neutralizing
antibodies. Recent studies have shown the development of a PIV for DENV-2 that has shown
promising results in mice. The Walter Reed Army Institute of Research aims to use these vaccines
to create a tetravalent DENV PIV that could be used for a broad age range and health status
(Martinez et al. 2015, Friberg et al. 2020, Wu et al. 2022).

While inactivated vaccines have been successfully used in the control programs for human
JE, human TBE, and equine WN encephalitis, low immunogenicity requires multiple doses for
immune protection. Multi-dose regimens increase immunization costs and often become a limiting
factor for marketing inactivated vaccines. For example, the inactivated YF candidate vaccines
developed in Brazil and Russia require at least two doses. They are better suited for the
immunization of travelers than implementing routine immunization programs or outbreak
responses (Hayes 2010). The more cost-effective mMRNA vaccine technology program to deliver
the structural proteins as immunogens may offer a potential solution for the high cost associated
with multiple diseases. For example, a ZIKV mRNA vaccine using nucleoside-modified ZIKV
prM and E mRNA in lipid nanoparticles has been shown to elicit neutralizing antibodies in rhesus
macaques for up to 12 weeks post-immunization; however, it has not yet been proven in clinical
trials (Pardi et al. 2017).

D. Rational design of live attenuated vaccines

Only the empirically derived YF 17D and JE SA14-14-2 LAVs can elicit protective
immune responses with one immunization dose among the licensed and candidate flavivirus
vaccines. However, the empirical attenuation process used to develop the YF 17D and JE SAl4-

14-2 LAVs often cannot reach the balance of attenuation and immunogenicity in many pathogenic
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flaviviruses (Eckels et al. 1984, McKee Jr et al. 1987). Critically, the empirically derived LAVs
often do not have a defined molecular basis of attenuation, which regulators expect in the 21
century. Such expectations will be accomplished by the rational design of candidate LAVsS
produced using the infectious clone technology to encode attenuating mutations. The pattern of
mutations in naturally occurring flavivirus attenuated isolates and the licensed LAVs suggests that
a safe level of attenuation in flaviviruses requires multigenic mutations (Davis et al. 2007, McElroy
et al. 2008). The flavivirus RNA-dependent RNA polymerase is naturally error-prone, so
multigenic mutations will ensure the attenuated phenotype does not revert to the wild-type
sequence (Arroyo et al. 2004, Kaiser et al. 2017). The most effective approach to rationally
designing candidate LAVs will involve common attenuating mutations effective for a broad range
of flaviviruses. Most of the broadly effective attenuating mutations have been identified in the
flavivirus-shared motifs that encode the common structure-function of NS proteins, including the
NS1, NS4B, and NS5 proteins.

One practical approach to engineer attenuating mutations in the NS1 protein is to target the
glycosylation sites. Flaviviruses in the JEV serocomplex have three asparagine residues that act as
N-linked glycosylation sites in the NS1 protein. In contrast, the NS1 protein of other flaviviruses
has two N-linked glycosylation sites. Studies have shown that the glycosylation sites on NS1 are
essential residues for the structure and function of the protein. Interference with the glycosylation
of NS1 protein was first shown to attenuate the neurovirulence phenotype of TBEV/DENV-4
chimera (Crabtree et al. 2005). The attenuating effect was then demonstrated in two mosquito-
borne flaviviruses using the model system of the YFV 17D strain and DENV-2 16681 strain.
Further, the multi-site mutations that eliminate all glycosylation sites in the E and NS1 proteins

fully attenuated the neurovirulence and neuroinvasive phenotype of WNV in mice (Whiteman et
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al. 2011). Mutations of the glycosylation sites in the NS1 protein impair virion morphogenesis,
causing the accumulation of the E protein in the ER. One crucial observation is that the fully
attenuated WNV mutants lacking the E and NS1 glycosylation sites can still elicit neutralizing
antibody responses, suggesting that these broadly effective attenuating mutations are unlikely to
compromise the immunogenicity of WNV (Whiteman et al. 2010).

The discovery of attenuating mutations in the NS4B protein involved sequencing the
naturally occurring mutations in NS4B and analyzing the mutations by site-directed mutagenesis
guided by the predicted structure (Davis et al. 2007). The consensus sequence of the Bird1153
isolates from Texas compared to the NY99 strain identified a combination of mutations in the
nonstructural proteins and 3" UTR, including the NS4B mutation E-249G (Davis et al. 2007).
Specifically, the mutation E249G showed to reduce RNA synthesis in host cells, contributing to a
decrease in virulence and promoting immunogenicity (Botha et al. 2008). Site-directed
mutagenesis of the NS4B protein guided by the predicted structure identified two domains for the
engineering of attenuating mutations. The NS4B-P38G mutation in the N-terminal domain can
lead to the temperature-sensitive phenotype in cell culture and attenuate the mouse neuroinvasive
phenotype of WNV (Wicker et al. 2012). Amino acid 35 to amino acid 60 of the NS4B protein
resembles the structure of an immunomodulatory tyrosine inhibitory motif, which can antagonize
the type-I interferon signaling (Isakov 1997). However, the NS4B-P38G mutation alone is unstable
and must be companied by the compensatory NS4B-T1161 and NS3-N480H mutations (Wicker et
al. 2012).

In comparison with the NS4B-P38G mutation, the site-directed mutagenesis of the four
flavivirus conserved cysteine residues in the NS4B protein identify the single NS4B-C102S

mutation, located in the central hydrophobic transmembrane domain, can attenuate both the
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neuroinvasive and neurovirulence phenotype of WNV (Wicker et al. 2006). Mutations in the
equivalent regions of NS4B protein have also been shown to exhibit attenuating effects in DENV-
4, YFV, and JEV (Pletnev et al. 2002, McElroy et al. 2006a). Such knowledge was then applied to
the rational design of candidate ZIKV LAVS, showing that the equivalent NS4B-C100S mutation
can produce a fully attenuated and immunogenic mutant based on the FSS130025 strain (Wicker
et al. 2006, Li et al. 2019).

One attenuation process that can potentially be effective for multiple flaviviruses is to
target the structure-function of the methyltransferase domain encoded in the NS5 protein.
Engineering of attenuating mutations in the methyltransferase domain of the NS5 protein was first
undertaken in the model system of DENV-2. The comparable NS5 mutations E216A in DENV-1
and E217A in DENV-2 have also been shown to elicit strong immune responses, with E217A even
showing reduced vector infectivity in Ae. aegypti mosquitoes (Zust et al. 2013). The double NS5-
K61A and NS5-E217A amino acid mutations were shown to fully attenuate the virulence
phenotype of the DENV-2 TSVO01 strain in immunocompromised AG129 mice. The attenuating
effect was proven in all four serotypes of DENV using mutations at the equivalent DENV-1, -3,
and -4 residues (Zust et al. 2013). However, the same double mutations were unstable in WNV as
the NS5-K61A and NS5-E218A double mutants reverted to the wild-type sequence (Kaiser et al.
2019a). Intriguingly, the single NS5-K61A and NS5-E218A mutations still exhibit an attenuating
effect on the neuroinvasive phenotype of WNV, suggesting that 1) single mutations in the NS5
methyltransferase domain have the potential to support the rational design of candidate WNV
LAVs and 2) the potential difference in the structure-function of NS5 protein may affect the
stability of attenuating mutations across different flaviviruses. While both mutations individually

showed promise as attenuating mutations, the WNV NS5-E218A mutation showed the most
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promise. Previous research has shown the WNV NS5-E218A mutation has attenuation potential
in other flaviviruses, suggesting it could be a broadly attenuating flavivirus mutation (Kaiser et al.
2019a).

One common attenuating mutation in the structural protein is the YFV M-L36F mutation
encoded in the 17D vaccine strain. The M-L36F mutation can significantly attenuate the mosquito
infection phenotype of the wild-type Asibi strain in Ae. aegypti. The equivalent JEV M-136F and
WNV M-I36F mutations can also attenuate the neurovirulence phenotype of JEV in mice (Basset
et al. 2020). The mutation attenuated the JEV phenotype in vivo, resulting in the production of
neutralizing antibodies (de Wispelaere et al. 2016). Despite the role of the major structural protein
in the flavivirus virion, there have been few broadly effective attenuating mutations identified in
the E protein. To date, attenuating mutations in the E protein have been mainly described in two
regions: the flavivirus-conserved fusion loop in EDII and the upper lateral surface of EDIII. While
the E-L107F mutation in the fusion loop was shown to be important for the attenuated phenotype
of JEV SA14-14-2 strain, engineering of equivalent mutations in either WNV or DENV-2 did not
produce a stable attenuated phenotype and often can lead to reversion or compensatory mutations
(Zhang et al. 2006, Huang et al. 2010, Yang et al. 2017). Few of the attenuating mutations in the
EDIII are located at flavivirus-conserved residues (Lee and Lobigs 2008). Additionally, the utility
of attenuating mutations in the upper lateral surface of EDIII remains unclear, as the YFV E-
T380R mutation was reported to increase the infectivity in Ae. aegypti, raising concern over the

potential transmission of vaccine viruses (Huang et al. 2014).
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1.4 Structure-function of the E protein and the rational design of candidate

live-attenuated vaccines

Fundamental knowledge of the structure-function of the E protein has a unique importance
in flavivirus vaccine development. The flavivirus E protein is a major structural protein in the
virion and plays a significant role in various stages of the viral life cycle. Firstly, the E protein is
a class Il fusion protein that mediates the receptor binding and membrane fusion of the flavivirus
virion with the host cell (Vaney et al. 2022). The virus-cell membrane fusion process acts as the
flavivirus-conserved mechanism of viral entry. The cell entry process is crucial for flavivirus
pathogenesis, making the E protein a significant component in developing an attenuation strategy
for all flaviviruses. The E protein is also the principal target of neutralizing antibodies, the most
reliable correlate of protection against flaviviruses (Teoh et al. 2012, Lu et al. 2019). A detailed
understanding of the structure-function of the E protein involved in the membrane fusion process
and antibody-mediated neutralization can support the rational design of candidate LAVs that reach
the balance of safety and immunogenicity. The E protein exhibits up to 40% amino acid sequence
homology between flaviviruses (Hung et al. 2004). Significantly, detailed knowledge of flavivirus-
conserved residues involved in the membrane fusion mechanism and antibody-mediated
neutralization provides a common strategy for rationalizing candidate LAVs for a broad range of
flaviviruses.

A. Structure-function of the E protein involved in the flavivirus-host cell membrane
fusion process

Enveloped viruses enter the host cell via the membrane fusion process. One or multiple
structural proteins catalyze the fusion between viral and cellular membranes to release the viral

genome into the cytoplasm. There are three classes of fusion proteins, each involving a distinct
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membrane fusion mechanism to expose and insert the fusion loop structure into the host cell
membrane. Class | fusion proteins include influenza HA protein and coronavirus spike protein.
Before membrane fusion, class | fusion proteins are oriented in a homotrimeric arrangement. Each
monomer is a single-chain precursor protein (HAO) folded in half and connected by two disulfide
bonds to become HAL and HA2 (Boonstra et al. 2018, Lousa and Soares 2021). Binding to a
cellular receptor on the cell membrane inducing viral uptake by endocytosis, followed by a massive
irreversible conformational change of each monomer, is triggered by the acidic pH of the
endosome. The conformational change releases the disulfide bonds HAL dissociates from HA2,
exposing the N-terminal fusion peptide on each monomer inserted into the cellular membrane. The
glycoprotein ends move toward each other, bringing cellular and viral membranes together until
they are fused to make a fusion pore (Boonstra et al. 2018, Lousa and Soares 2021).

Class 11 fusion proteins include vesicular stomatitis virus glycoprotein and herpes simplex
virus gpB protein. Class Il proteins are oriented in a homotrimeric formation that spikes from the
virion surface, like class | fusion proteins. Binding to the cellular ligand (likely protons due to the
mechanism evolving to low pH environments) initiates a conformational change that extends the
glycoprotein subunit with the fusion loop towards the target membrane. After extension and
reformation of a trimeric formation, the protein collapses, so the two membranes come together.
What is unique about the class Il fusion proteins compared to the class | or class Il is that the
conformational change of extension and trimerization is reversible. However, hemifusion of the
viral and cellular membrane and fusion pore formation is irreversible (Harrison 2015, Kim et al.
2017).

All arbovirus envelope proteins are classified as class Il fusion proteins. The flavivirus E

protein’s primary function is to act as a class II fusion protein and fuse the viral and cellular
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membranes to allow the viral RNA into the cell cytoplasm (Figure 1-18). In a neutral pH outside
the cell, the E protein exists in a dimerized formation parallel to the virion surface (Figure 1-19).
During this moment, the cd loop or the “fusion loop” at the end of the EDII domain is concealed
and protected against the virion surface. Once the virion is exposed to a target cell, the EDIII
domain will bind to the cellular receptor. Binding to the cell receptor eventually causes the cell to
endocytose the virus through clathrin-mediated endocytosis, where the virion ends up in an
endosome (Hackett and Cherry 2018). The acidic environment of the endosome initiates the first

movement of the conformational change of the E protein.
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Figure 1-18: Fusion of the viral membrane with the cellular membrane by the flavivirus class
11 fusion protein

(a) E protein binds to the cell receptor and starts internalization into the endosome. (b) The
reduced pH in the endosome causes the first conformational change at the EDI-EDII hinge region
and exposes the fusion loop to the cellular membrane. (c) The fusion loop inserts itself into the cell
membrane, initiating the formation of a trimer. (d) The second conformational change initiates
with the EDIII domain shifting and rotating back towards the fusion loop to create trimer contacts.
(e) Creation of more trimer contacts along the EDII domain that leads to hemifusion. (f) Formation
of the lipidic fusion pore. Image taken from Nature, Volume 427, Y Modis et al., “Structure of the
dengue virus envelope protein after membrane fusion.” 313-319. (2004); with permission from

Springer Nature.
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Figure 1-19: The crystal structure of the flavivirus E protein dimer
The crystal structure of DENV-2 E protein dimer (PDB ID: 10AN). The domains are labeled red
(EDI), yellow (EDII), and blue (EDIII). The image was generated in PyMOL.

The first movement involves the EDII domain undergoing a 30° rotation using the
structurally central EDI domain as a central anchorage point. The E protein region responsible for
the EDII domain’s movement is the interdomain region between EDI and EDII. The four motifs
that encode for this region are known as the EDI-EDII hinge region due to the molecular hinge-
like motion responsible for the exposure of the fusion loop to the cellular membrane. The EDI-
EDII hinge region is functionally vital as mutation to the region can cause defects to the membrane
fusion process and alter the ability of the virus to enter a cell (Hurrelbrink and McMinn 2003).
Within the EDI-EDII hinge region is a pocket of hydrophobic amino acids that is a hinge point for
the fusion-activating conformation change near the kl f-hairpin. A shift in the k1 B-hairpin opens
the hydrophobic pocket, acting like a “greased hinge” and allowing the EDII domain to hinge away
from its dimer partner and project the fusion loop at its tip away from the virion surface and toward

the cellular membrane. The dissociation process into monomers is irreversible after exposure to
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an acidic pH environment (Allison et al. 1995, Allison et al. 2001, Kuhn et al. 2002, Modis et al.
2003).

The movement of EDII exposes the fusion loop to the extracellular space before associating
with the cellular lipid membrane, catalyzing an irreversible E protein trimer configuration formed
at low pH (Stiasny et al. 2002). As the EDI-EDII hinge region moves to produce an elongated
intermediate structure, the EDIII domain undergoes the most significant displacement in the dimer-
to-trimer transition. The EDIII domain shifts 70° toward the gravity center of the E protein and 39
A closer to the fusion loop. The region responsible for this movement is the single motif between
EDI and EDIII, known as the EDI-EDIII linker. This small interdomain linker, ten residues long,
inserts itself into the EDI domain as a short 3 strain between the strands Agand Co. As a result of
this arrangement, the C-terminal region of Ao peels away from Co. It switches to the other B-sheet,
creating the surface for an annular trimer contact with the two different Ao strands within the
trimer. This connection stabilizes the trimers into an irreversible conformation that can exhibit
membrane fusion activity (Modis et al. 2004).

The formation of the contacts between the three E proteins eventually spreads from the
fusion loops at the trimer tip in EDII to the base of EDI. Once complete, the EDIII domain shifts
and rotates, folding the trimer toward the fusion loop. The EDI-EDIII linker allows for rotation of
the individual EDIII, allowing for the spontaneous symmetry-breaking movement required. The
movement occurs until an exchange of B-strands locks the final trimer interaction of EDI and the
final folded-back position of EDIII. The free energy released by this refolding can drive the viral
and cellular membranes toward each other (Russell et al. 2001).

The “hemifusion stalk” formation is an essential intermediate in the membrane fusion

process. Hemifusion can occur at any point during the conformation change of folding back the

92



trimer formation. Still, it has to be completed and fully form the fusion pore before the
transmembrane segments of the E protein trimer reach their final positions around the periphery
of the fusion loops. While the hemifusion stalk will open the narrow fusion pores, migration of the
transmembrane segments will prevent the pore from closing (Razinkov et al. 1999). In the final
stage, the stems are docked along the surface of EDII with the fusion loop, while the
transmembrane anchors are now next to each other in a fused membrane (Bressanelli et al. 2004).

The conformational change of the flavivirus E protein from dimer in parallel to the virion
surface to trimer inserted into the host cell has been investigated in detail using two model systems,
DENV-2 and TBEV (Bressanelli et al. 2004, Zhang et al. 2012). The X-ray crystal structures of
the pre-fusion and post-fusion conformations of the respective flavivirus E proteins show the
dimer-to-trimer transition involves the rearrangement of three domains (Figure 1-20). Specifically,
the interdomain movements of the E protein involve the relocation of EDII and EDIII about the
structurally central EDI. The EDI-EDII interdomain movement facilitates the homodimer into two
monomers and orients the EDII towards the endosomal membrane. Dissociation of the E protein
dimer releases the fusion loop from the protected position created by a neighboring monomer
(Modis et al. 2004). Three copies of E protein monomers are assembled into an elongated trimeric
intermediate structure, which inserts the fusion loop into the host cell membrane and establishes
the physical interaction required for the virus-cell membrane fusion. However, the elongated
trimeric intermediate structure is metastatically unstable. The relative movement of EDIII against
EDI forms a compact E protein trimer that exhibits low free energy. Therefore, the conformational
change of the E protein from dimer in the virion to trimer inserted into the host cell is an irreversible

process. The end product is a fusion pore structure formed with the virus and cell membranes and
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inserted with the E protein trimer. The fusion pore then acts as a tunnel to release the viral genome

into the cytoplasm (Modis et al. 2004).
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Figure 1-20: Crystal structure of the conformational change of the DENV-2 E protein
monomer

Domains are labeled red (EDI), yellow (EDII), and blue (EDIII). (a) The conformation of the E
protein before membrane fusion occurs in a neutral pH environment (PDB ID: 10AN). (b) The
conformation after membrane fusion is complete in an acidic pH environment (PDB ID: 10K8).

The image was generated in PyMOL.
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Specifically, the EDI-EDII interdomain movement is controlled by the four motifs
exhibiting the hinge effect at the domain interface, hence, the EDI-EDII hinge region. The four
motifs of the EDI-EDII hinge region are encoded by discontiguous sequences, including motif #1
(amino acid 50-54), motif #2 (amino acid 130-135), motif #3 (amino acid 191-201), and motif #4
(amino acid 269-281) in WNV (Kanai et al. 2006). The EDI-EDII hinge region shows amino acid
sequence homology between different flaviviruses. Even though the four motifs of the EDI-EDII
hinge region are encoded in discontinuous sequences, the eight hydrophobic amino acid residues
will interact with each other in the folded E protein to create the hydrophobic pocket that is
essential to the “hinge” movement of the conformation change that marks the beginning of the
trimeric formation. The EDI-EDIII interdomain movement is controlled by the single motif (amino
acids 295-304) in WNV that links the respective domains, hence the EDI-EDIII linker. The amino
acid sequence of the EDI-EIII linker shows a high degree of sequence homology. The flavivirus
conserved residues in the EDI-EDII hinge region, and the EDI-EDIII linker constitute the common
motif in the membrane fusion process (Modis et al. 2004, Kanai et al. 2006). Mutations of the
flavivirus conserved residues in the respective interdomain regions can potentially impair the
common structure-function of the E protein required for viral entry and have the potential to
attenuate the virulence phenotype of a broad range of flaviviruses. Broadly, the relative movement
of EDII and EDIII about the EDI is conserved across all class 1l fusion proteins.

Therefore, investigating the flavivirus conserved structure-function of the E protein
involved in the membrane fusion process will establish a common attenuation strategy and provide
a model system to elucidate the membrane fusion mechanism of different arboviruses. Such
information may ultimately provide the molecular basis for developing a broadly effective

attenuation process for arboviruses, including emerging alphaviruses and bunyaviruses.
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B. Flavivirus conserved E protein residues and antibody-mediated neutralization

Mutations suited for the rational design of candidate LAVs for flaviviruses (or any virus)
should not compromise immunogenicity. The E protein is the major target for neutralizing
antibodies. Furthermore, the EDI-EDII hinge region and the EDI-EDIII linker contain residues
that are part of the epitopes recognized by human-neutralizing antibodies. Residues in the EDI-
EDII hinge region often comprise the type-specific neutralizing epitopes encompassing multiple
domains of the E protein. For example, the potently neutralizing monoclonal antibody (mAb)
CR4354 isolated from a recovered patient binds to the interface of two neighboring E protein

homodimers, which are part of the herringbone pattern (Figure 1-21) (Kaufmann et al. 2010).
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Figure 1-21: Herringbone pattern of JEV E protein dimers on the virion surface (PDB ID:
3J27)
Domains are labeled red (EDI), yellow (EDII), and blue (EDIII). There are three copies of the E
protein monomer. Two copies of the E protein monomer arranged in the antiparallel direction
from the E protein homodimer are labeled “E protein monomer #I and #2.” For ease of viewing,
only one copy of the E protein monomer in the neighboring E protein homodimer is labeled “E
protein monomer #3.” Each E protein monomer is depicted with two dashed circles (white,
magenta, and orange) to show the herringbone pattern. The image was generated in PyMOL.
The binding site includes the EDI-EDII hinge region of the first homodimer and the EDIII
of the neighboring homodimer. One conformational neutralizing epitope shared between wild-type
YFV and the 17D vaccine strain involves residues in motif #1 of the EDI-EDII hinge region (Lu
et al. 2019). Similarly, motifs #1 and #4 of the EDI-EDII hinge region are the conformational
epitopes of the potently neutralizing DENV-1-specific human monoclonal antibody (Table 1-3)

(Teoh et al. 2012).
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Table 1-3: Fab HM14c10 epitope on DENV-1 E protein

Bold protein residues indicate residues common in both epitopes.

Envelope protein  Envelope
Fab molecule in the protein Envelope protein residues

asymmetric unit ~ domain

HM14c10 A | T51, L135, K136, G159, T160, T165, P166,
Q) Q167, E172, 1173, T275
A I N52, G274
B 1 K310, E384, K385
HM14c10 T51, Q131, Y132, G159, T160, T165, P166,
(1) 5 ! Q167, E172, 1173, L175, T275
B I N52, G274
C 1 1308, K310

Residues in the EDI-EDIII linker in the structure-function of the E protein are also part of
multiple conformational neutralizing epitopes and have been best investigated in DENV. Two
quaternary neutralizing epitopes in the DENV-2 E protein involve residues in the EDI-EDIII
linker. The E-S300 residue at the C-terminus of the EDI-EDIII linker is crucial for the antigenic
structure recognized by human anti-DENV-2 monoclonal antibody 2D22. Moreover, the other
human anti-DENV-2 monoclonal antibody, 3F9, recognizes the E-L294 residue at the N-terminus
of the EDI-EDIII linker (Gallichotte et al. 2018). Similarly, the N-terminus of the EDI-EDIII linker
is also crucial for the human neutralizing antibody response raised against DENV-3, as
demonstrated with the binding and neutralization of nine human monoclonal antibodies isolated
from patients recovered from natural infection (Young et al. 2020). Type-specific neutralizing
epitopes are crucial for neutralizing antibody responses and vaccine protection (Rosenzweig et al.

1963, Mason et al. 1972, Henein et al. 2021).
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In summary, investigating mutations of flavivirus conserved residues in the EDI-EDII
hinge region and the EDI-EDIII linker in animal models will provide the knowledge critical for
the attenuation and immunogenicity of candidate flavivirus LAVS. If successful, such mutations
can potentially achieve a superior breadth of attenuating effect compared to mutations in the E
protein discovered to date. Despite the significant effort, very few published mutations in the E
protein have shown utility for vaccine development across a broad range of flaviviruses. Based on
the E-L107F mutation in the E protein of the JEV 14-14-2 strain, several site-directed mutagenesis
studies were undertaken to engineer broadly effective attenuating mutations among the flavivirus
conserved residues in the fusion loop. Although the attenuated phenotype is translatable to DENV-
2 and WNV, mutations of the flavivirus-conserved residues in the fusion loop are unstable and can
revert to the wild-type sequence. Therefore, mutations of the flavivirus conserved residues in the
fusion loop may not be suited for the rational design of LAVs for a broad range of flaviviruses.
Multiple site-directed mutagenesis studies have also targeted residues within the upper lateral
surface of EDIII, the receptor binding region for all flaviviruses. While the attenuated phenotype
was observed in the neuroinvasive disease mouse model for several mosquito-borne encephalitic
flaviviruses, e.g., JEV, WNV, and the immunocompromised mouse model for YFV, it is unclear
if mutations in the EDIII can be applied to the rational design of candidate flavivirus LAVs, as the
YFV E-T380R mutation was shown to enhance the mosquito competence phenotype in Ae.
aegypti.

1.5 Central hypothesis, model systems, and rationale of this project

A. Central hypothesis
Compared to mutations within the fusion loop and EDIII identified from empirically

derived LAVs or serially passaged mutants, our approach targets the flavivirus conserved residues
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in the EDI-EDII hinge region and EDI-EDIII linker. Our approach is supported by the structural
biology and biophysics of the flavivirus E protein and has the potential to provide a defined
molecular basis for attenuation. The central hypothesis of this project is that mutations of the
flavivirus-conserved residues in the EDI-EDII hinge region and the EDI-EDIII linker will
reach the balance between attenuation and immunogenicity in mice. We used two model
systems to test this hypothesis: WNV and YFV.

B. Model system #1: West Nile virus

We selected WNV as our model system to represent neurotropic flaviviruses. Importantly,
a two-plasmid reverse genetics system of the WNV NY99 strain is available to support engineering
mutations in the E protein. The NY99 strain is the first isolate of WNV following its emergence
in North America. Both the biological isolate and recombinant virus of WNV NY99 have been
extensively characterized in several mouse models to support the investigation of attenuating effect
of each mutation.

Both outbred and inbred mice are susceptible to the challenge of WNV via various routes
of inoculation. The intraperitoneal (IP) and intracerebral (IC) challenges of outbred Swiss mice
led to lethal neurotropic disease, reflecting the mouse neuroinvasive and neurovirulence of WNV,
respectively. Outbred Swiss mice are susceptible to both the IP and IC challenge with the WNV
NY99 strain, each of which exhibits a 50% lethal dose (LDso) lower than 0.5 plaque forming unit
(PFU) (Beasley et al. 2002). The low LDsg is essential for selecting attenuating mutations by
supporting high-dose challenges, e.g., 1000 LDso or greater. Another frequently used
neuroinvasive and neurovirulence mouse model for WNV is inbred C57BL/6 mice. The
subcutaneous challenge of C57BL/6 mice with WNV NY99 strain can lead to uniform lethality at

or above 100 PFU (Diamond et al. 2003, Sitati and Diamond 2006). We chose the neuroinvasive
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disease model of outbred Swiss mice to investigate the attenuation process of WNV due to the
number of published studies using this model, including the fully attenuated E-NS1
deglycosylated, NS4B, NS5 mutants (Crabtree et al. 2005, McElroy et al. 2006a, Davis et al. 2007,
Whiteman et al 2011, Wicker et al. 2012, Zist et al. 2013, Kaiser et al. 2019a).

Additionally, an outbred mouse strain is more economical and will support the evaluation
of each mutant with a sample size that reaches the statistical power accepted by the field
(Whiteman et al. 2010, Wicker et al. 2012, Kaiser et al. 2019a). As a proof-of-concept, we
demonstrated that mutations can attenuate the mouse neuroinvasive phenotype of WNYV in outbred
Swiss mice first. The hypothesis could then be tested in the mouse viscerotropic disease model of
wild-type YFV due to the cost and logistical challenge of obtaining the immunocompromised
AG129 mice (see section 1.5.C).

Broadly, WNV is an important encephalitic flavivirus in the U.S. and many other countries
across six major continents. In the U.S. alone, the healthcare cost for hospitalized WN cases and
individuals with permanent sequelae is estimated to exceed 56 million dollars annually. There is
growing interest in revisiting the development of an effective WN vaccine (Barrett 2014, Gould et
al. 2023). Our rationale is that the mutations proven to attenuate the mouse neuroinvasive
phenotype of WNV will not only advance our understanding of the structure-function of the E
protein but also provide the knowledge to support the rational design of candidate WN LAVs.

C. Model system #2: yellow fever virus

We chose the wild-type YFV Asibi strain as a model system to represent viscerotropic
flaviviruses. Few flaviviruses can consistently produce viscerotropic diseases in mice. Our team
has access to the reverse genetics system of the YFV Asibi strain. It has collaborated on the wild-

type YFV viscerotropic disease mouse model using immunocompromised AG129 mice.
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It is essential to distinguish the viscerotropic and neurotropic disease mouse models for
YFV. Both wild-type YFV strains and the 17D vaccine strain can cause neurotropic disease in
outbred and inbred mice following the IC challenge. However, YFV does not exhibit
neurotropism, and the neurotropic disease mouse model does not recapitulate human YF. At least
two genotypes of wild-type YFV strains have been shown to cause viscerotropic disease in
immunocompromised mouse strains that lack type-I and type-11 interferon receptors (Meier et al.
2009). The AG129 mice have previously been shown to succumb to the IP challenge with wild-
type YFV Asibi strain at 1,000 PFU, making it an ideal model to investigate the attenuating effect
of mutations in the E protein. Our rationale is that the attenuating mutations identified in the wild-
type YFV Asibi strain will show that mutations of flavivirus conserved residues in the interdomain
regions of the E protein can produce attenuated phenotype translatable between at least two
flaviviruses. Notably, the mutations can potentially be applied to the rational design of candidate
second-generation recombinant YF LAVs, which can potentially be compatible with modern cell

culture technologies.
1.6 Specific aims of this project

This project selected eight flavivirus-conserved residues in the EDI-EDII hinge region and
eight flavivirus-conserved residues in the EDI-EDIII linker for site-directed mutagenesis. As a
proof-of-concept, we chose WNV and YFV as model systems to demonstrate that flavivirus-
conserved amino acids within the respective interdomain regions are crucial for the structure-
function of the E protein and the virulence phenotype in mice in three independent but related
specific aims. The rationale is that mutations that demonstrate the attenuating effect on WNV

and/or YFV can be translated to support the rational design of other candidate flavivirus LAVS.
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Specific Aim _#1: Determine the attenuating effect of mutations of the flavivirus-conserved

hydrophobic residues in the EDI-EDII hinge region using the WNV neuroinvasive disease mouse
model.

In specific aim #1, we focused on examining amino acid substitutions of the eight flavivirus
conserved hydrophobic amino acids in the EDI-EDII hinge region of WNV about the structure-
function of the E protein involved in the membrane fusion process and the mouse neuroinvasive
phenotype, using a cDNA infectious clone of the NY99 strain (WNV NY99ic) (Kinney et al.
2006). The eight flavivirus conserved residues assessed for this study are the E-A54, E-1130, E-
1135, E-1196, E-Y201, E-A269, E-V272, and E-L281 residues. Few published studies have
comprehensively analyzed the eight flavivirus-conserved hydrophobic amino acids in the EDI-
EDII hinge region, and even fewer have demonstrated that mutations of these residues can
attenuate the virulence phenotype of flaviviruses in vertebrate hosts (Butrapet et al. 2011). Our
working hypothesis is that amino acid substitutions of at least the flavivirus-conserved
hydrophobic residues in the EDI-EDII hinge region will impair the structure-function of the E
protein and consequently attenuate the neuroinvasive mouse phenotype of WNV. As such, we
have undertaken the site-directed mutagenesis of each flavivirus conserved hydrophobic residues
in the EDI-EDII hinge region. We have selected the single mutations that exhibit attenuating
effects in the neuroinvasive disease mouse model. Further, we evaluated 19 amino acid
substitutions of the selected residues to identify mutations that can balance full attenuation and
immunogenicity.

Specific Aim #2: Investigate the attenuating effect of mutation of the flavivirus conserved residues

of the EDI-EDIII linker using the WNV neuroinvasive disease mouse model.
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In specific aim #2, we target the eight flavivirus conserved residues in the EDI-EDIII linker
for the engineering of mutations that can impair the structure-function of the E protein and
attenuate the mouse neuroinvasive phenotype of WNV. The eight flavivirus conserved amino acids
in the EDI-EDIII linker include the WNV E-L295, E-L297, E-K298, E-G299, E-T301, E-Y302,
E-V304, and E-C305 residues. Only one single publication examined the structural and functional
importance of the DENV-2 E-G296, E-S298, and E-Y299 residues, which are equivalent to WNV
E-G299, E-T301, and E-Y302 residues, respectively. Further, the attenuating effect of each
mutation remains unknown (de Wispelaere and Yang 2012). As such, our working hypothesis is
that amino acid substitutions of at least one flavivirus-conserved residue will fully attenuate the
mouse neuroinvasive phenotype of WNV NY99ic. To test this hypothesis, we undertook alanine
screening of the flavivirus-conserved E-L295, E-L297, E-K298, E-G299, E-T301, E-Y302, E-
V304, and E-C305 residues to select putative residues for engineering of attenuating mutations,
followed by engineering of alternative amino acid substitutions of the selected E protein residues
and evaluating the attenuating effect of selected mutations.

Specific Aim #3: Investigate the translation of attenuating effect between WNV and YFV through

site-directed mutagenesis of flavivirus-conserved hydrophobic residues in the EDI-EDII hinge
region.

In specific aim #3, we undertook site-directed mutagenesis of the flavivirus conserved YFV
E-A54, E-1130, E-V130, E-V188, E-Y194, E-A261, E-V264, and E-L276 residues to demonstrate
that mutations of flavivirus conserved hydrophobic residues in the EDI-EDII hinge region can
attenuate the virulence phenotype of multiple flaviviruses in mice. As a proof of concept, we chose
the wild-type YFV viscerotropic disease model in the immunocompromised AG129 mice to

determine the attenuating effect of the respective mutations (Meier et al. 2009). Our working
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hypothesis is that at least one single mutation of the flavivirus-conserved hydrophobic amino
acids will attenuate the virulence phenotype of the wild-type YFV Asibi strain rescued from a
cDNA infectious clone. We recovered the single YFV mutants containing amino acid substitutions
of flavivirus-conserved residues in the EDI-EDII hinge region, followed by identifying mutations

that have attenuating effects in the mouse viscerotropic disease model.
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Chapter 2 - Materials and Methods

The research described in this dissertation utilized the reverse genetics system of WNV
and YFV to introduce single-site mutations into the E protein gene, followed by the
characterization of mutants in cell culture and mouse models. Section 2.1 contains information on
the Escherichia coli competent cells used for manipulation of the plasmids encoding the
complementary DNA (cDNA) of WNV NY99 strain and YFV Asibi strain, as well as the
eukaryotic cell lines used for recovery and characterization of WNV. Section 2.2 provides
information on the molecular cloning procedures used to modify the WNV and YFV E gene
sequence, followed by the recovery of the recombinant wild-type parental strain and individual
mutants. Section 2.3 describes the characterization of the WNV and YFV mutants in cell culture.
Mouse models used to compare the virulence phenotype of the WNV mutants and YFV mutants
with the respective parental wild-type strains are described in Section 2.4. All statistical methods
are summarized in Section 2.5. Section 2.6 describes the molecular visualization software used for
creating the protein models used in this dissertation.

The WNV EDI-EDII hinge region mutants E-A54S, E-1130N, E-1135N, E-1196N, E-
Y201P, E-A269S, E-V272T, and E-L281N described in Section 2.2.A, were originally published
in Ashley Bilyeu’s K-State Master’s thesis and further analyzed in this dissertation. The
procedures used in Ashley Bilyeu’s K-State Master’s thesis include the plaque assay described in
Section 2.3.B and the mouse neuroinvasive disease model in Section 2.4.A and 2.4.C (Bilyeu

2023).
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2.1 Cell lines and competent cells

A. Bacterial competent cells

E. coli strain XL1-Blue was obtained from Agilent Technologies. The XL1-Blue was
recommended for the manipulation of the WNV cDNA infection clone consisting of the pWN-AB
and pWN-CG plasmids, following previously published procedures (Beasley et al. 2005, Kinney
et al. 2006). Stocks were made from 16-hour overnight cultures in 2x YT media (1.6% tryptone,
1% yeast extract, 0.5% NaCl) and were preserved in 10% glycerol at -80°C. The competent cells
were propagated in 2X YT broth at 37°C and 300 r.p.m. Competent cells transformed with WNV
plasmids were propagated in 2X YT broth with ampicillin at the appropriate concentration. Details
of the transformation and cloning procedures are listed in Section 2.2. The E. coli strain MC1061
was obtained from Dr. Ilya Frolov’s laboratory. The MC1061 strain was the E. coli strain that was
originally used in the construction of the YFV 17D cDNA infectious clone (PANCR-FLYF17Dx),
allowing for stable maintenance of the full-length YFV genome (Brednebeek et al. 2003). The
same plasmid was modified to encode the genome sequence of the wild-type YFV Asibi strain,
giving rise to the pANCR-FLYFAsibi infectious clone. Competent cells for chemical
transformation were propagated in 2X YT broth at 37°C and 300 r.p.m. Competent cells
transformed with YFV full-length infectious clones were propagated in a mixture of 90% terrific
broth (1.2% tryptone, 2.4% yeast extract, 0.4% glycerol) and 10% terrific broth salt solution (0.17
M KH2PO4 and 0.72 M K2HPO,), supplemented with ampicillin at appropriate concentrations.

B. Mammalian cells

Two mammalian cell lines were used in this dissertation work: BHK-21 cells derived from

baby hamster (Mesocrecitus auratus) kidney cells and African green monkey (Cercopithecus

aethiops) Vero cells. Both cell lines were maintained in minimum essential media (MEM) «
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supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin,
2 mM L-glutamine, and MEM vitamin solution at 37°C with 5% CO..
C. Mosquito cells

The mosquito cell line C6/36 cells were derived from the larva of Asian tiger mosquitoes
(Ae. albopictus). These cells were maintained in media containing an equal volume of high-glucose
Dulbecco’s Modified Eagle Medium and Mitsuhashi and Maramorosch insect media supplement
in addition to 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine at
28°C.

2.2. Reverse genetics systems and molecular cloning procedures

A. West Nile virus cDNA infectious clone and PCR-site-directed mutagenesis

The cDNA infectious clone of WNV NY99 strain used to engineer mutations by site-
directed mutagenesis was previously described in published studies (Kinney et al. 2006, Beasley
et al. 2005) and was provided to us by Dr. Claire Huang’s laboratory at the Centers for Disease
Control and Prevention in Fort Collins, CO. The WNV genome was encoded in two plasmids,
utilizing a derivative of the plasmid pBRUC-139S. The pWN-AB plasmid encodes a ® 2.5 T7
promoter preceding the WNV genomic region between nucleotides 1 to 2495, which encodes the
5’ untranslated region (UTR), the structural proteins (C, prM, and E), and the first 30 bases of non-
structural protein 1 (NS1). The pWN-CG plasmid contains the WNV genomic region between
nucleotides 2495 to 11029, which encodes the remainder of NS1 starting from
the NgoMIV restriction enzyme cut site at nucleotide 2495, NS2A, NS2B, NS3, NS4A, NS4B,
NS5, and the 3" UTR. Ligation of the pWN-AB and pWN-CG plasmids will constitute the whole
WNV genome. All plasmids were low-copy plasmids propagated using XL1-Blue E. coli cells in

2X YT broth supplemented with ampicillin at 50 pg/mL (Figure 2-1).
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(5309) Ascl Xbal (5574) (11,306) Xbal
(5276) NgoMIV

pWN-CG “I MiuI (2754)

NgoMIV (2772)

11,319 bp

Figure 2-1: Plasmid maps of pWN-AB and pWN-CG
Image was generated from SnapGene molecular biology software.

All amino acid substitutions were engineered within two interdomain regions of the E
protein. Polymerase chain reaction (PCR) site-directed mutagenesis was undertaken to introduce
mutations into these two regions using the InFusion cloning method (Takara). Specifically, we
engineered amino acid substitutions of 1) the eight flavivirus-conserved hydrophobic residues in
the EDI-EDII hinge region and 2) the eight flavivirus-conserved residues in the EDI-EDIII linker

(Table 2-1).
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Table 2-1: Amino acid sequences of the flavivirus EDI-EDII hinge regions and EDI-EDIII
linker among different flaviviruses

The properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively
charged), blue (positively charged), and black (unique). The numbering corresponds to the amino
acid positions in the WNV E protein. Underlines and bolded residues are highly conserved
residues. GenBank access numbers: WNV-AF253491, YFV-AY640589, JEV-M18370, SLEV-
AY289618 DENV-1-KM204119, DENV-2-AF038403, DENV-3-M93130, DENV-4-AY947539,

ZIKV-MW143022, TBEV-U27495, and POWV- L06436.

EDI EDII Hinge Region EDI-EDIII
Motif #1  Motif #2 Motif #3 Motif #4 Linker
(51-54)  (130-135) (191-201) (269-281) (295-305)
WNV ANLA  ILKENI EPRSGIDTNA-Y AIPVEFS---SNTVKL LOLKGTTYGVC
JEV SQLA  IQPENI EPRSGLNTEA-F AIVVEYS---S-SVKL LALKGTTYGMC
YFV DGPA  VDQTKI QVQTAVDFGNSY AMRVTKDTNDNNLYKL LTLKGTSYKMC

DENV-1 TNPA  VQYENL SPRTGLDENE-M ATEIQTS---GT-TTI LTLKGMSYVMC
DENV-2 KQPA  VQPENL SPRTGLDENE-M ATEIQMS—--SG-NLL LOLKGMSYSMC
DENV-3 TQLA  VQHENL SPRTGLDENE-M ATEIQTS---GG-TSI LELKGMSYAMC
DENV-4 KEVA  VQIENL EPRSGIDENE-M ATEVDSG---DG-NHM LRIKGMSYTMC
ZIKV SNMA  IQPENL EPRTGLDFSD-L ALEAEMD---GAKGRL LRLKGVSYSLC
TBEV ~ ENPA  YDANKI RVASGVDLAQTV VPVAHIE---GTKYHL LKMKGLTYTMC

POWV  ESPA  ¥YDSTKI KVASGIDVAQTV VPLASVE---GOKYHL LKLKGTTYSMC

The respective hydrophobic residues in the EDI-EDII hinge region are present in four
different motifs and were each replaced with an amino acid with a structurally similar side chain
but a lower hydrophobicity (Table 2-2). We undertook the alanine screening of the six flavivirus
conserved amino acids in the single motif of the EDI-EDIII linker to select residues that can

tolerate alanine substitutions, followed by the engineering of alternative amino acid substitutions
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at the respective flavivirus conserved residues. Residues crucial for the structure-function of the E
protein were identified based on the characterization of infectivity in cell culture and the virulence

phenotype in the outbred Swiss mice neuroinvasive disease model (Beasley et al. 2002, Beasley et

al. 2005)
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Table 2-2: Hydrophobicity of the amino acids
The amino acids are listed from the most hydrophobic (phenylalanine at a hydrophobicity index

of 100) to the least (aspartic acid at a hydrophobicity index of -55).

Amino Acid Amino Acid Abbreviations Hydrophobicity Biochemical

Index Properties
Phenylalanine Phe F 100 Aromatic
Isoleucine lle I 99 Aliphatic
Tryptophan Trp W 97 Aromatic
Leucine Leu L 97 Aliphatic
Valine Val \ 76 Aliphatic
Methionine Met M 74 Aliphatic
Tyrosine Tyr Y 63 Aromatic
Cysteine Cys C 49 Polar
Alanine Ala A 41 Aliphatic
Threonine Thr T 13 Polar
Histidine His H 8 Basic
Glycine Gly G 0 Unique
Serine Ser S -5 Polar
Glutamine Gln Q -10 Polar
Arginine Arg R -14 Basic
Lysine Lys K -23 Basic
Asparagine Asn N -28 Polar
Glutamic Acid Glu E -31 Acidic
Proline Pro P -46 Unique
Aspartic Acid Asp D -55 Acidic

There are two alanine residues present in the EDI-EDII hinge region of WNV E protein,
i.e., the E-A54 and E-A269 residues (hydrophobic index: 41), which were changed to serine

(hydrophobic index: -5) by the G1126U and G1771U nucleotide substitutions, respectively. The
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E-1130, E-1135, and E-1196 residues (hydrophobic index: 99) and E-L281 residue (hydrophobic
index: 97) were replaced with asparagine (hydrophobic index: -28). The codons encoding the E-
1130, E-1135, and E-1196 residues were each engineered with a single U—A transversion in the
second nucleotide of the codon, i.e., genome positions 1355, 1370, and 1553, respectively. The E-
L281N mutation required three nucleotide changes in the codon, including U1807A, U1808A, and
G1809C. The E-V272 residue (hydrophobic index: 76) was mutated to threonine (hydrophobic
index: 13) by two nucleotide substitutions at the first and second bases in the codon: G1780A and
U1781C. Tyrosine has the lowest hydrophobicity among all amino acids that contain an aromatic
ring in the side chain. Therefore, the E-Y201 residue (hydrophobic index: 63) was changed to
proline, which maintains the ring structure in the side chain and exhibits lower hydrophilicity at
physiological pH (hydrophobic index -46) (Monera et al. 1995, Kovacs et al. 2006). The E-Y201P
mutation involved the change of the first and second positions in the codon, including U1567C

and A1568C (Table 2-3).

113



Table 2-3: Mutations of the eight conserved hydrophobic residues in the WNV EDI-EDI|I
hinge region.
This table was modified from a table originally published in Ashley Bilyeu'’s K-State Master’s

thesis (Bilyeu 2023).

) Amino acid substitution Nucleotide substitutions in the genome
Location in the E protein 1st codon 2nd codon 3rd codon
Motif #1 A54S G1126U
Motif #2 1130N U1355A

1135N U1370A
Motif #3 1196N U1553A
Y201P U1567C A1568C
Motif #4 A269S G1771U
V272T G1870A U1871C
L281IN U1807A U1808A G1809C

Further, 19 alternative amino acid substitutions of the E-A54 and E-Y201 residues were
evaluated due to the attenuating effect of the E-A54S and E-Y201P mutations (Tables 2-4 and
2.5). The single-site E-A54l, E-A54E, E-Y201C, and E-Y201D mutants were selected to
investigate the neuroinvasive phenotype in outbred Swiss mice, following the characterization in
cell culture. Specifically, the E-A54 residue was replaced with isoleucine and glutamate by
introducing the C1127A and G1126A+C1127U nucleotide changes, respectively. The E-Y201
residue was replaced with cysteine and aspartic acid by introducing the A1568C+C1569U and
U1567G nucleotide changes, respectively. In addition, we also undertook codon optimization of
the E-Y201P mutation based on the codon bias of WNV, creating a three-nucleotide substitution
of U1567C, A1568C, and C1569A. This configuration of the nucleotides of the codon is present

in 64% of all proline residues found in the WNV genome.
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Table 2-4: Mutations of the E-A54 residues in the WNV EDI-EDII hinge region for

optimization of attenuation.

) _ o Nucleotide substitutions in the genome
) Amino acid substitution -
Location ) ) position
in the E protein

1st codon 2nd codon 3rd codon

A54C G1126U C1127G A1128U
A54D C1127A A1128U
AS4E Cl127A
A54F G1126U Cl127U Al1128U
A54G C1127G
A54H G1126C C1127A A1128U
A541 G1126A Cl127U
A54K G1126A Cl127A

Motif £1 ASL G1126C C1127U
A54M G1126A C1127U A1128G
A54N G1126A Cl127A Al1128U
A54P G1126C Al1128U
A54Q G1126C C1127A
A54R G1126A C1127G
A54T G1126A
A54V Cl127U
AS4W G1126U C1127G A1128G
A5S4Y G1126U C1127A A1128U
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Table 2-5: Mutations of the E-Y201 residues in the WNV EDI-EDII hinge region for

optimization of attenuation.

Amino acid Nucleotide substitutions in the genome position
Location substitution in
the E protein 1st codon 2nd codon 3rd codon

Y201A U1567G A1568C

Y201C A1568G C1569U

Y201D U1567G A1568C

Y201E U1567G C1569A

Y201F A1568U C1569U

Y201G U1567G A1568G

Y201H U1567C

Y2011 U1567A A1568U

Y201K U1567A C1569G
Motif 3 Y201L A1568U C1569G

Y201M U1567A A1568U C1569G

Y201N U1567A

Y201Q U1567C C1569G

Y201R U1567C A1568G

Y201S A1568C

Y201T U1567A A1568C

Y201V U1567G A1568U

Y201W A1568G C1569G

Y201P U1567C A1568C C1569A

(Optimized)

We have also undertaken alanine screening of eight flavivirus-conserved residues in the
WNV EDI-EDIII linker, including E-L295, E-L297, E-K298, E-G299, E-T301, E-Y302, E-V304,

and E-C305 residues (Table 2-6). Due to the comparatively small size of the glycine and alanine
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amino acids, the E-G299 residue was also replaced with proline to induce a more profound
phenotypic change.
Table 2-6: Mutations of the eight conserved hydrophobic residues in the WNV EDI-EDIII

linker.

) _ o Nucleotide substitutions in the genome
) Amino acid substitution -
Location ) ) position
in the E protein

1st codon 2nd codon 3rd codon
L295A U1849G U1850C
L297A C1855G U1856C
K298A A1858G A1859C
G299A G1862C
Motif #1 G299P G1861C G1862C
T301A A1867G
Y302A U1870G A1871C
V304A u1877C
C305A U1879G G1880C

The E-L295 and E-V304 residues were further substituted with 18 alternative amino acid
substitutions due to the reduced infectivity and retention of the nucleotide substitutions encoding
the E-L295A and E-V304A mutations (Tables 2-7 and 2.8). The E-L295 residue was further
analyzed when replaced with phenylalanine, serine, threonine, and valine by introducing the
G1851U, U1850C+G1851C, U1849A+U1850C, and U1849G+G1851U nucleotide changes
respectively. The E-V304 residue was further analyzed when replaced with asparagine by

introducing the G1876A+U1877A nucleotide changes.
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Table 2-7: Mutations of the E-L295 residues in the WNV EDI-EDIII linker for optimization

of attenuation.

) _ o Nucleotide substitutions in the genome
) Amino acid substitution -
Location ) ) position
in the E protein

1st codon 2nd codon 3rd codon
L295C U1850G G1851C
L295D U1849G U1850A G1851C
L295E U1849G U1850A
L295F G1851C
L295G U1849G U1850G
L295H U1849C U1850A G1851C
L2951 U1849A G1851U
L295K U1849A U1850A
Motif £1 L295M U1849A
L295N U1849A U1850A G1851C
L295P U1849C U1850C
L295Q U1849C U1850A
L295R U1849A U1850G
L295S U1850C G1851C
L295T U1849A U1850C
L295V E-L295 G1851U
L295W U1850G
L295Y U1850A G1851C
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Table 2-8: Mutations of the E-V304 residues in the WNV EDI-EDIII linker for optimization

of attenuation.

Amino acid Nucleotide substitutions in the genome position
Location substitution in
the E protein 1st codon 2nd codon 3rd codon

V304C G1876U ul1877G

V304D U1877A C1878U

V304E U1877A C1878G

V304F G1876U

V304G U1877G C1878G

V304H G1876C U1877A

V3041 G1876A

V304K G1876A U1877A C1878G

V304L G1876C C1878G
Motif #1 V304M G1876A C1878G

V304N G1876A U1877A

V304P G1876C u1877C

V304Q G1876C U1877A C1878G

V304R G1876C ul1877G

V304S G1876U u1877C

V304T G1876A u1877C

V304W G1876U u1877G C1878G

V304Y G1876U U1877A

V304C G1876U ul1877G

The mutations were first introduced into the pWN-AB plasmid by PCR site-directed
mutagenesis with Phusion Flash high-fidelity PCR Master Mix, followed by removal of
methylated DNA template using Dpnl digestion at 37°C for 60 minutes (Thermo Scientific). Each

PCR reaction contained a set of overlapping primers unique to each mutation (Table 2-9). The
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PCR reactions themselves were comprised of a total of 50 pL, consisting of 25 puLL of 2X Phusion
Flash high-fidelity PCR Master Mix, 1 uL of plasmid template, 1.5 uL of 10 uM sense and
antisense primers, and 21 uL of nuclease-free water. The cycling parameters of the reaction were
denaturation at 98°C for 30 seconds, 25 cycles of denaturation at 98°C for 10 seconds, primer
annealing at primer-specified temperatures for 30 seconds, and elongation at 72°C for 3 minutes,
and finally, incubation at 72°C for 10 minutes. After digestion with 1 uL of Dpnl to degrade any
methylated template plasmid present in the reaction, the digested amplicons were separated on a
1% agarose gel, followed by guanidine thiocyanate purification using the Zymoclean Gel DNA

Recovery kit (Zymo Research) or the PCR Cleanup and Gel Extraction Kit (Takara).
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Table 2-9: Overlapping primer sets for site-directed mutagenesis of WNV mutants

Primer Name

Forward Primer (5' to 3')

Reverse Primer (3’ to 5')

WNV E A54C
WNV E A54D
WNV E A54E

WNV E A54F

WNV E A54G
WNV E A54H
WNV E A54l

WNV E A54K
WNV E A54L
WNV E A54M
WNV E A54N
WNYV E A54P
WNYV E A54Q
WNV E A54R
WNYV E A54S
WNV E A54T
WNYV E A54V
WNV E A54W
WNYV E A54Y
WNV E 1130N
WNV E 1135N
WNV E 1196N
WNV E Y201A
WNV E Y201C
WNV E Y201D
WNV E Y201E
WNV E Y201F
WNV E Y201G
WNV E Y201H
WNV E Y201I
WNV E Y201K
WNV E Y201L

GCGGCCAACCTGTGTGAGGTCC
GCGGCCAACCTGGATGAGGTCC
CGGCCAACCTGGAAGAGGTCCG
GCGGCCAACCTGTTTGAGGTCCGC
CGGCCAACCTGGGAGAGGTCC
CGGCCAACCTGCATGAGGTCCG
AGGCGGCCAACCTGATAGAGGTCC
GCGGCCAACCTGAAAGAGGTCCG
GCGGCCAACCTGCTAGAGGTCC
GGCGGCCAACCTGATGGAGGTCC
GGCGGCCAACCTGAATGAGGTCC
GCGGCCAACCTGCCAGAGGT
GCGGCCAACCTGCAAGAGGTCC
GGCGGCCAACCTGAGAGAGGTCC
CCAACCTGTCAGAGGTCCGCAGTTATTG
GGCGGCCAACCTGACAGAGGTC
GCGGCCAACCTGGTAGAGGTCC
CGGCCAACCTGTGGGAGGTCC
GCGGCCAACCTGTATGAGGTCCG
AATAGGAAGAACCAACTTGAAAGAG
CTTGAAAGAGAATAACAAGTACGAAGT
ACCACGGTCAGGGAATGACACCAAT
ATTGACACCAATGCAGCCTACGTGATG
TTGACACCAATGCATGTTACGTGATGA
GATTGACACCAATGCAGACTACGTGATG
ATTGACACCAATGCAGAGTACGTGATGA
TTGACACCAATGCATTTTACGTGATGA
ATTGACACCAATGCAGGCTACGTGATG
GGGATTGACACCAATGCACACTACGTGATGA
GGGATTGACACCAATGCACACTACGTGATGA
GATTGACACCAATGCAAAGTACGTGATGA
TTGACACCAATGCATTGTACGTGATGA

AATAACTGCGGACCTCACACAGGTTGGCC
ATAACTGCGGACCTCATCCAGGTTGGC
TAACTGCGGACCTCTTCCAGGTTGGC
GCAATAACTGCGGACCTCAAACAGGTTGGC
TAACTGCGGACCTCTCCCAGGTTGG
ATAACTGCGGACCTCATGCAGGTTGGC
TAACTGCGGACCTCTATCAGGTTGGCCG
TAACTGCGGACCTCTTTCAGGTTGGCC
TAACTGCGGACCTCTAGCAGGTTGGC
ATAACTGCGGACCTCCATCAGGTTGGCCG
CAATAACTGCGGACCTCATTCAGGTTGGCC
AACTGCGGACCTCTGGCAGGTTGGCC
AACTGCGGACCTCTTGCAGGTTGGC
TAACTGCGGACCTCTCTCAGGTTGGCC
GCGGACCTCTGACAGGTTGG
AACTGCGGACCTCTGTCAGGTTGGC
TAACTGCGGACCTCTACCAGGTTGGC
AATAACTGCGGACCTCCCACAGGTTGGC
ATAACTGCGGACCTCATACAGGTTGGCC
TATTCTCTTTCAAGTTGGTTCTTCC
CTTGAAAGAGAATAACAAGTACGAAGT
TGCATTGGTGTCATTCCCTGACCG
CAGTCATCACGTAGGCTGCATTGGT
CAACAGTCATCACGTAACATGCATTGGT
CAGTCATCACGTAGTCTGCATTGGTG
AACAGTCATCACGTACTCTGCATTGGT
AACAGTCATCACGTAAAATGCATTGGT
ACAGTCATCACGTAGCCTGCATTGGTG

CCAACAGTCATCACGTAGTGTGCATTGGTGTCAA
CCAACAGTCATCACGTAGTGTGCATTGGTGTCAA

AACAGTCATCACGTACTTTGCATTGGTG
AACAGTCATCACGTACAATGCATTGGT
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Primer Name

Forward Primer (5' to 3')

Reverse Primer (3’ to 5')

WNV E Y201M
WNV E Y201N
WNV E Y201P
WNV E Y201Q
WNV E Y201R
WNV E Y201S
WNV E Y201T
WNV E Y201V
WNV E Y201W
WNV E A269S
WNV E V272T
WNV E L281N
WNV E L295A
WNV E L295C
WNV E L295D
WNV E L295E
WNV E L295F
WNV E L295G
WNV E L295H
WNV E L295]

WNV E L295K
WNV E L295M
WNV E L295N
WNV E L295P
WNV E L295Q
WNV E L295R
WNV E L295S
WNV E L295T
WNV E L295V
WNV E L295W
WNV E L295Y
WNV E L297A
WNV E K298A
WNV E G299A

GATTGACACCAATGCAATGTACGTGATGA
GGATTGACACCAATGCAAACTACGTGAT
TGACACCAATGCACCCTACGTGATG
ATTGACACCAATGCACAGTACGTGATG
GGATTGACACCAATGCACGCTACGTGATGA
TTGACACCAATGCATCCTACGTGATG
ATTGACACCAATGCAACCTACGTGATG
ATTGACACCAATGCAGTCTACGTGATG
GGGATTGACACCAATGCATGGTACGTGATGACTG
AAGCTTTGGCTGGATCCATTCCTGT
TTGGCTGGAGCCATTCCTACGGAATTTTCAAGC
GCAACACTGTCAAGAACACGTCGGGTC
GATGGAAAAAGCGCAGCTGAAG
TGAAGATGGAAAAATGCCAGCTGAAGG
GTGAAGATGGAAAAAGACCAGCTGAAGG
AGTGAAGATGGAAAAAGAGCAGCTGAAGG
TGAAGATGGAAAAATTTCAGCTGAAGGG
GTGAAGATGGAAAAAGGGCAGCTGAAG
GTGAAGATGGAAAAACACCAGCTGAAGG
GTGAAGATGGAAAAAATTCAGCTGAAGG
GTGAAGATGGAAAAAAAGCAGCTGAAG
GTGAAGATGGAAAAAATGCAGCTGAA
GTGAAGATGGAAAAAAACCAGCTGAAGG
GTGAAGATGGAAAAACCGCAGCTGAAGG
AGTGAAGATGGAAAAACAGCAGCTGAAG
GTGAAGATGGAAAAAAGGCAGCTGAAGG
TGAAGATGGAAAAATCCCAGCTGAAGG
GTGAAGATGGAAAAAACGCAGCTGAAGG
GTGAAGATGGAAAAAGTTCAGCTGAAGG
GTGAAGATGGAAAAATGGCAGCTGAAGG
TGAAGATGGAAAAATACCAGCTGAAGG
AAAATTGCAGGCGAAGGGAACA
TTGCAGCTGGCGGGAACAAC
CAGCTGAAGGCAACAACCTATGG

AACAGTCATCACGTACATTGCATTGGTG
ACAGTCATCACGTAGTTTGCATTGGTG
CAGTCATCACGTAGGGTGCATTGGTG
CAGTCATCACGTACTGTGCATTGGTG
AACAGTCATCACGTAGCGTGCATTGGTGT
CAGTCATCACGTAGGATGCATTGGT
CAGTCATCACGTAGGTTGCATTGGT
GTCATCACGTAGACTGCATTGGTGT
TCCAACAGTCATCACGTACCATGCATTGGTGTCA
TTCCACAGGAATGGATCCAGCCAAA
GTGTTGCTTGAAAATTCCGTAGGAATGGCTCCAG
TCAAATGACCCGACGTGTTCTTGACAGTG
CTTCAGCTGCGCTTTTTCCATC
TTCCCTTCAGCTGGCATTTTTCCAT
GTTCCCTTCAGCTGGTCTTTTTCCAT
TTCCCTTCAGCTGCTCTTTTTCCATC
TGTTCCCTTCAGCTGAAATTTTTCCA
CCCTTCAGCTGCCCTTTTTCCAT
GTTCCCTTCAGCTGGTGTTTTTCCAT
GTTCCCTTCAGCTGAATTTTTTCCATC
TCCCTTCAGCTGCTTTTTTTCCAT
CCCTTCAGCTGCATTTTTTCCAT
GTTCCCTTCAGCTGGTTTTTTTCCAT
GTTCCCTTCAGCTGCGGTTTTTCCATC
TTCCCTTCAGCTGCTGTTTTTCCAT
GTTCCCTTCAGCTGCCTTTTTTCCATC
GTTCCCTTCAGCTGGGATTTTTCCA
GTTCCCTTCAGCTGCGTTTTTTCCATC
GTTCCCTTCAGCTGAACTTTTTCCAT
GTTCCCTTCAGCTGCCATTTTTCCAT
GTTCCCTTCAGCTGGTATTTTTCCA
TGTTCCCTTCGCCTGCAATTTT
GTTGTTCCCGCCAGCTGCAA
CCATAGGTTGTTGCCTTCAGCTG
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Primer Name

Forward Primer (5' to 3')

Reverse Primer (3’ to 5')

WNYV E G299P
WNV E T301A
WNV E Y302A
WNV E V304A
WNV E V304C
WNV E V304D
WNV E V304E
WNV E V304F
WNV E V304G
WNV E V304H
WNYV E V304I

WNV E V304K
WNV E V304L
WNV E V304M
WNYV E V304N
WNV E V304P
WNV E V304Q
WNV E V304R
WNV E V304S
WNV E V304T
WNV E V304W
WNYV E V304Y
WNV E C305A

GCAGCTGAAGCCAACAACCTAT
GAAGGGAACAGCCTATGGCG
GGAACAACCGCTGGCGTCTGTT
CCTATGGCGCCTGTTCAAAGG
GGAACAACCTATGGCTGCTGTTCAAAG
GAACAACCTATGGCGATTGTTCAAAGG
GAACAACCTATGGCGAGTGTTCAAAGG
GGAACAACCTATGGCTTCTGTTCAAAG
GAACAACCTATGGCGGGTGTTCAAAGG
GGAACAACCTATGGCCACTGTTCAAAG
GGAACAACCTATGGCATCTGTTCAAA
GGAACAACCTATGGCAAGTGTTCAAAGG
GGAACAACCTATGGCCTGTGTTCAAAGG
GGAACAACCTATGGCATGTGTTCAAAGG
GGAACAACCTATGGCAACTGTTCAAAG
GGAACAACCTATGGCCCCTGTTCAAAG
GGAACAACCTATGGCCAGTGTTCAAAGG
GGAACAACCTATGGCCGCTGTTCAAAG
GGAACAACCTATGGCTCCTGTTCAAAG
GGAACAACCTATGGCACCTGTTCAAAG
GGAACAACCTATGGCTGGTGTTCAAAGG
GGAACAACCTATGGCTACTGTTCAAAG
CTATGGCGTCGCTTCAAAGGC

ATAGGTTGTTGGCTTCAGCTGC
CGCCATAGGCTGTTCCCTTC
AACAGACGCCAGCGGTTGTTCC
CCTTTGAACAGGCGCCATAGG
AAGCCTTTGAACAGCAGCCATAGG
GAAAGCCTTTGAACAATCGCCATAGGT
AAAGCCTTTGAACACTCGCCATAGG
GCCTTTGAACAGAAGCCATAGGT
AAAGCCTTTGAACACCCGCCATAGG
AAAGCCTTTGAACAGTGGCCATAGG
AAGCCTTTGAACAGATGCCATAGG
GAAAGCCTTTGAACACTTGCCATAGGTT
GAAAGCCTTTGAACACAGGCCATAGGTT
GAAAGCCTTTGAACACATGCCATAGGTT
AAAGCCTTTGAACAGTTGCCATAGG
AAAGCCTTTGAACAGGGGCCATAGG
GAAAGCCTTTGAACACTGGCCATAGGTT
AAAGCCTTTGAACAGCGGCCATAGG
AAAGCCTTTGAACAGGAGCCATAGG
AAAGCCTTTGAACAGGTGCCATAGG
GAAAGCCTTTGAACACCAGCCATAGGTT
AAAGCCTTTGAACAGTAGCCATAGG
GCCTTTGAAGCGACGCCATAG

Re-combination of two ends of the linearized PCR product was conducted using InFusion
cloning. Upon digestion with the vaccinia DNA exonuclease present in the InFusion Enzyme Mix
from Takara at 42°C for 20 minutes, the overlapping ends of the cDNA were recombined to create
a circular plasmid (Figure 2-2). The purified DNA fragments contain complementary ends, joined
together by brief chilling on ice. The resulting circular form of DNA was then heat-shock

transformed into XL1-Blue cells pre-chilled in BF2 buffer (0.1M MOPS, 0.05M CaCl, and 0.01M
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RbCI at a pH of 6.5). Individual colonies were selected on 2X YT agar plates supplemented with
2000x concentration of ampicillin, and propagation of the plasmids occurred in 10 ml 2X YT broth
supplemented with ampicillin followed by the miniprep purification method. The mutations were

confirmed by Sanger sequencing.
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Figure 2-2: In-fusion cloning reaction to insert single amino acid mutation
Image was generated in PowerPoint.

The pWN-AB and pWN-CG plasmids were combined to create a full-length WNV genome
using the following procedures (Figure 2-3). Ten pg of the mutated pWN-AB plasmid was digested
with Ascl (New England Biolabs) and NgoMIV (New England Biolabs), followed by the treatment
with Quick calf intestinal alkaline phosphatase (CIP) (New England Biolabs). Approximately
30ug of the pWN-CG plasmid was first digested with Mlul-HF (New England Biolabs) and treated
with Quick CIP. The digested pWN-AB and pWN-CG plasmids were purified using the
Nucleospin® column. The purified pWN-CG plasmid was subsequently digested with NgoMIV,
followed by an additional round of purification. The digested pWN-AB and pWN-CG plasmids
were ligated with T4 DNA ligase at room temperature for two hours, followed by inactivation at

70°C for 15 minutes. The ligated fragment was digested with Xbal (New England Biolabs) and
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proteinase K, then purified using the phenol-chloroform extraction and ethanol precipitation

method.

pWN-AB WNV genome from pWN-CG
Plasmid backbone.
. - Cut with Mlul
) gut ‘trV]t'I}tl?SCI'aEdCTIEOMW - Treat with Quick CIP
- Treat with Quic - Cut with NgoMIV

——

Ascl NgoMIV NgoMIV Mlul

\

Ligation with T4 DNA ligase

Ascl NgoMIV Mlul

l

Cut with Xbal

*

Xbal NgoMIV Xhal

l

In vitro transcription

Figure 2-3: Molecular cloning strategy for combining WNV infectious clone plasmids pWN-
AB and pWN-CG.
Image was generated in PowerPoint.

The viral genome was produced by in vitro transcription with a G(5")ppp(5")A RNA cap
structure analog (New England Biolabs) using the Ampliscribe T7 High Yield Transcription kit

(Lucigen) at 37°C for one hour. Transfection of RNA transcript was conducted by electroporation
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(Huang et al. 2010). Briefly, 10 uL of RNA transcripts were transfected into four million Vero
cells suspended in 400 pL of ice-cold Dulbecco’s phosphate buffer saline without Mg?*/Ca?* using
the BioRad GenePulser® system with one pulse of single wave condition at 225 volts for 25 msec
in a4 mm cuvette. Electroporated cells were allowed to recover on ice for 15 minutes and seeded
in a T75 flask with pre-warmed media. The virus was harvested four days after transfection when
cytopathic effects became apparent in 70-80% of cells. All in vitro and in vivo experiments were
performed using virus stocks harvested from transfected Vero cells without additional passage,
except for sequence analysis of the genetic stability of the viruses.
B. Yellow fever virus cDNA infectious clone and PCR site-directed mutants

The cDNA infectious clones of the YFV Asibi strain were established in previously
published studies (Bredenbeek et al. 2003, McElroy et al. 2005). All YFV plasmids were selected
based on the ampicillin resistance (Figure 2-4). The subcloned plasmid, known as pPGEM® YFV-
Asibi-prM+E, is based on the pPGEM® T Easy system and includes part of the YFV genome from
nucleotide 473 to 2970. This plasmid includes the last nine nucleotides of the capsid, all of prM
and E, and the first 518 bases of NS1. The pGEM plasmids were propagated in 2X YT broth
supplemented by ampicillin at 100 pg/ml. The full-length cDNA infectious clones based on the
low-copy number pANCR system were propagated in terrific broth supplemented by ampicillin at

50 pg/ml.
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Figure 2-4: Plasmid maps of the YFV subcloned plasmid and the YFV infectious clone
Image was generated in SnapGene molecular biology software.

The wild-type YFV Asibi strain is a model system to determine whether or not mutations
of flavivirus conserved hydrophobic EDI-EDII hinge region mutations utilized in the WNV model.
Eight amino acid residues were identified in YFV to be highly conserved across flaviviruses and
comparable to WNV mutations from specific aim #1. All eight residues were replaced with amino
acids with decreased hydrophobicity but similar biochemical structures.

The E-A54S and E-A261S residues (hydrophobic index: 41) were changed to serine
(hydrophobic index: -5) by the G1133T and G1754T nucleotide substitutions, respectively. The
E-V130, E-V188, and E-V264 residues (hydrophobic index: 76) were mutated to threonine
(hydrophobic index: 13). This was achieved by the same two nucleotide changes for all three
mutations: a G—> A substitution at the first nucleotide of the codon and a U->C substitution at the
second nucleotide of the codon. The nucleotide substitutions were at genome position 1361 and

1362 for E-VV130T, 1535 and 1536 for E-VV188T, and 1763 and 1764 for E-V264T. The E-1135
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(hydrophobic index: 99), E-L273, and E-L276 (hydrophobic index: 97) were replaced with
asparagine (hydrophobic index: -28). The E-1135N mutation required a single nucleotide change
in the codon: U1377A. The E-L273N mutations were introduced with the C1790A and U1791A
nucleotide substitutions. The E-L276N mutation required three nucleotide changes in the codon,
including C1799A, U1800A, and A1801U (Table 2-10).

Table 2-10: Mutations of the eight conserved hydrophobic residues in the YFV EDI-EDII

hinge region.

) _ o Nucleotide substitutions in the genome
) Amino acid substitution o
Location ) ] position
in the E protein

1st codon 2nd codon 3rd codon

Motif #1 A54S G1133T
Motif #2 V130T G1361A U1362C

135N U1377A
Motif #3 V188T G1535A U1536C
Motif #4 A261S G1754T

V264T G1763A U1764C

L273N C1790A U1791A

L276N C1799A U1800A A1801U

A molecular cloning strategy using a shuttle plasmid was designed for the mutation of the
YFV infectious clone (Figure 2-5). The mutations were first introduced into the pPGEM® YFV-
Asibi-prM+E plasmid by polymerase chain reaction (PCR) site-directed mutagenesis with Phusion
Flash high-fidelity PCR Master Mix (Thermo Scientific). Each PCR reaction contained a set of
overlapping primers unique to each mutation (Table 2-11). The general reaction setup and cycling
parameters were identical to the setup described in section 2.2.A. The amplicons were digested

with the Dpnl restriction endonuclease at 37°C for 60 minutes to remove the template with the
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methylated wildtype sequence. The PCR product was circularized with the InFusion cloning
method (Takara) and was transformed into MC1061 cells. Propagation of the plasmids occurred
in 10 ml 2X YT broth supplemented with ampicillin, followed by the alkaline-lysis miniprep
purification method. The mutations were confirmed by Sanger sequencing.

Table 2-11: Overlapping primer sets for site-directed mutagenesis of YFV mutants

Primer Forward Primer (5’ to 3') Reverse Primer (3' to 5')

Name
YFV E A54S GCCATTGATGGACCTTCTGAGGCG CTTTCCTCGCCTCAGAAGGTCCATCA
YFV E V130T GAGTTTGTTTGAGACTGATCAGACCA TGGTCTGATCAGTCTCAAACAAACTC
YFV E 1135N GATCAGACCAAAAATCAGTATGTCATCAG CTGATGACATACTGATTTTTGGTCTGATC
YFV E V188T AGGTGCAAACTGCGACGGACTTTG CTGTTACCAAAGTCCGTCGCAGTTTGC
YFV E A261S CTTACCGGCTCAATGAGGGT ACCCTCATTGAGCCGGTAAG
YFV E V264T GCGCAATGAGGACTACAAAGGAC GTCCTTTGTAGTCCTCATTGCGC
YFV E L273N ATGACAACAACAATTACAAACTACATGG CCATGTAGTTTGTAATTGTTGTTGTCAT
YFV E L276N ACCTTTACAAAAATCATGGTGGACAT CATGTCCACCATGATTTTTGTAAAGGT

The mutated pPGEM® T Easy-Asibi plasmids were digested with the BspEl (New England
Biolabs) and Mlul (New England Biolabs) at 37°C for 60 minutes to generate the insert for cloning
into the corresponding position in the cDNA infectious clones of the Asibi strain. The Asibi
infectious clone was also digested with BspEIl and Mlul at 37°C for 60 minutes before purifying
the plasmid fragments using phenol-chloroform extraction and ethanol precipitation. Before the
ligation reaction, the digested subcloned plasmids and infectious clone fragments were separated
by electrophoresis with 0.8% agarose gels. The DNA fragments were excised from the agarose
gels and purified with the Zymoclean Gel DNA Recovery kit (Zymo Research) or PCR cleanup
and gel extraction kit (Takara). The inserts and vectors were quantified by O.D. 260 and ligated

together at the molar ratio of 9:1 at 4 °C overnight with T4 DNA ligase to generate the full-length
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cDNA infectious clones of YFV mutants before being transformed into MC1061 cells. The
mutants were selected by propagating individual colonies in 10ml 2X YT broth, purified by the
miniprep purification method, and confirmed by Sanger sequencing. The full-length mutants were
transformed into MC1061 cells and propagated in 250 ml terrific broth containing ampicillin at 50

ug/ml. The plasmids were purified by alkaline lysis (Nucleobond® Xtra Maxi kit, Takara).

— -

PCR site-
directed
mutagenesis and
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Dpnl InFusion Reaction
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T4 DNA ligase

l

Figure 2-5: Molecular cloning strategy for combining inserting the mutated YFV fragment
from pGEM plasmids into the YFV infectious clone

Image was generated in PowerPoint.



C. Procedures for the recovery of recombinant WNV and YFV mutants

The transformation of all WNV and YFV cDNA infectious clones and subcloned plasmids
was performed by the permeabilization of the bacterial cells MC1061 and XL1-Blue treated with
calcium chloride (CaCl,) and heat-shock transformation.

The overnight starting culture of both MC1061 and XL1-Blue cells was made by
inoculating ~5 pL of the glycerol stock from the -80°C freezer into 5 ml of 2X YT broth. The
cultures were then propagated at 37°C for 16 hours at 300 r.p.m. The optimal log phase culture
was prepared by transferring 1 mL of the overnight culture into 50 mL of 2X YT broth, which was
then incubated in a shaking incubator at 37°C for 1 hour at 300 r.p.m. The cells were chilled on
ice for 10 minutes before being placed in a centrifuge and were pelleted down at 4,000 r.p.m. for
10 minutes at 4°C. The cells were resuspended in 10 mL ice-cold BF1 buffer (0.01M MOPS and
0.01M rubidium chloride (RbCI) at a pH of 7.0) and centrifuged again at 4,000 r.p.m. for 10
minutes at 4°C. The pellet was gently resuspended in 10 mL ice-cold BF2 buffer (0.1M MOPS,
0.05M CacCly, and 0.01M RDbCI at a pH of 6.5) and placed on ice for at least 20 minutes.

During this time, the plasmid DNA was prepared for transformation. For the transformation
of WNV pWN-AB and YFV pGEM® T Easy-Asibi plasmids that underwent PCR site-directed
mutagenesis, InFusion cloning was performed. The reaction was set up with 2 pLL of 5X InFusion
Enzyme Mix, 80-120 ng of inverse PCR product, and enough nuclease-free water to fill the
reaction to 10 pL. The reaction was incubated at 50°C for 20 minutes before being chilled on ice
before transformation. For transformation of the ligation of the YFV mutated fragment from
pGEM® T Easy-Asibi into the YFV infectious clone backbone, the two fragments were ligated
together at the molar ratio of 9:1. The reaction contained 1 pL of 10X T4 ligation buffer, 1 uL of

T4 ligase, and enough nuclease-free water to fill the reaction to 10 pL after addition of the cDNA
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fragments. The reaction was incubated in a water bath at 4°C for 16 hours overnight and heat-
inactivated at 70°C for 15 minutes before being chilled on ice before transformation.

The competent cells were pelleted down at 4,000 r.p.m. for 10 minutes at 4°C and
resuspended in 220 uL of BF2 buffer per transformation reaction for up to 8 reactions. Cells for
each transformation were aliquoted into pre-chilled 15 ml conical tubes and mixed with 3 puL of
dimethyl sulfoxide (DMSO) and 5 pL of plasmid DNA reactions from cither the InFusion reaction
or the ligation before being chilled on ice for 30 minutes. The mixture of competent cells and
plasmids reactions were then heat-shocked at 43.5°C for 45 seconds. The cells could recover on
ice for 5 minutes before being gently resuspended in 3 ml of 2X YT broth. The cells were incubated
at 37°C for 1 hour at 300 r.p.m. Transformed bacteria were centrifuged at 4,000 r.p.m. for 10
minutes and plated on 2X YT agar supplemented with ampicillin at 50 pg/ml for pWN-AB and
YFV infectious clone and 100 pg/ml for pPGEM® T Easy-Asibi.

The plates were incubated overnight at 37°C until individual colonies could be recognized.
The individual colonies were suspended in 10 mL of 2X YT broth and the appropriate ampicillin
concentration for all cDNA plasmids. The colonies were then incubated at 37°C for 16 hours at
300 r.p.m. before miniprep purification. Large-scale cultures for maxiprep purification were made
in 250 mL cultures. During the day, individual colonies were suspended in 10 mL of media for 6-
8 hours at 37°C and 300 r.p.m. before 1 mL of culture was transferred to a new 250 mL culture
that was incubated at 37°C for 16 hours overnight at 300 r.p.m. All cultures were grown in 2X YT
broth except for large-scale maxiprep cultures for the YFV infectious clone, which were grown in

terrific broth.
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D. Purification of plasmids

Two alkaline lysis methods of plasmid purification were used in this project. The miniprep
purification was performed with overnight cultures from transformed E. coli cells in 10 mL of 2X
YT broth. Plasmids from these preps were used for Sanger sequencing verification. Depending on
the plasmid, the larger maxiprep stocks were performed with 250 mL overnight cultures in either
2X YT or terrific broth. These stocks were used to prepare the plasmids for in vitro transcription
and electroporation.

The overnight minipreps were performed using the ZymoPURE® Plasmid Miniprep Kit
(Zymo Research) with slightly modified procedures. The overnight cultures were centrifuged at
4,000 r.p.m for 10 minutes. The bacterial pellet was resuspended in 250 pL of the red resuspension
buffer (P1) with RNase and lysed with 250 pL of the blue lysis buffer (P2). The reaction was gently
inverted 4-6 times before sitting at room temperature for 2-3 minutes. After lysis, 250 pL of the
yellow neutralization buffer (P3) was added before inverting 4-6 times to mix the solution. The
reaction was left at room temperature for 5 minutes to allow the reaction to neutralize completely,
and the color had changed entirely to yellow; the tubes were centrifuged at 13,000 r.p.m for 10
minutes. In a new tube, the supernatant from the lysis reaction was combined with 275 pL of
Binding Buffer added for every 600 pL of lysed reaction. The mixture was then transferred to a
spin column and centrifuged at 13,000 r.p.m for 1 minute. The flow through was discarded, and
800 uL of Wash 1 was added to the column before centrifuging at 13,000 r.p.m for 1 minute. The
flow through was discarded, and 800 pL of Wash 2 was added to the column before centrifuging
at 13,000 r.p.m for 1 minute. The flow through was discarded, and 200 uL of Wash 2 was added
to the column before centrifuging at 13,000 r.p.m for 1 minute. After discarding the flow through,

the column was centrifuged again at 13,000 r.p.m for 1 minute to remove an excess wash solution
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from the column. The column was transferred to a new 1.5 mL Eppendorf tube, and 50 uL of
nuclease-free water was added. The column was centrifuged at 13,000 r.p.m for 1 minute before
the column was discarded, and the water flow through with plasmid was stored in the -20°C
freezer.

The Nucleobond® Xtra Maxi kit (Takara) was used to purify plasmids with modified
procedures. The 250 mL bacterial culture was centrifuged at 4,000 r.p.m. for 10 minutes at 4°C.
The pellet was then resuspended in 24 mL of Resuspension Buffer (RES) before being lysed with
24 mL of Lysis Buffer (LYS). The solution was inverted several times to mix the solutions and
allowed to sit at room temperature for 3-4 minutes. After lysis, 24 mL of Neutralization Buffer
(NEU) was added, and the solution was inverted several times gently until the dark blue color of
the LYS buffer became a clear, light-yellow liquid. Centrifuge the lysed solution 4,000 r.p.m. for
10 minutes at 4°C. While the solution was pelleted, the gravity column filters were set up and
secured before 25 mL of Equilibration Buffer (EQU) was used to wet the column before the lysed
solution was added.

Additionally, 50 mL conical tubes were obtained, and a thin piece of autoclaved gauze was
secured over the tube’s opening with paper clips. After centrifugation, the lysed solution was
transferred and filtered through the autoclaved gauze and into the 50 mL conical tube to remove
the cell debris that could clog the gravity column filter. The lysed solution was transferred to the
gravity filter column, and the flow through was discarded. Once the column stopped dripping
liquid, 15 mL of EQU buffer was added, and the flow-through was discarded.

The fabric filter was discarded once the column stopped dripping, leaving only the silica
column behind. Twenty-five mL of Wash Buffer (WASH) was added to the column, and the flow-

through was discarded. After the column had stopped dripping, a 50 mL conical tube with 10.5
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mL of isopropanol inside was placed under the column. Fifteen mL of Elution Buffer (ELU) was
added to the column, and the flow through was collected in the 50 mL conical tube. After the
column stopped dripping, the solution in the 50 mL conical tube was vortexed briefly to make and
precipitated plasmid dissolve in the solution. The solution was pelleted by centrifugation at 13.000
r.p.m for 30 minutes at 4°C. The plasmid pellet was washed twice with 70% ethanol and
centrifuged at 13.000 r.p.m for 30 minutes at 4°C. After the second wash, the ethanol was removed
from the tube, leaving only the pellet behind. The pellet was air-dried for 20-30 minutes before
resuspending in 100 pL of nuclease-free water. The plasmid solution was stored in the -20°C

freezer.

E. Ligation and linearization of WNV two-plasmid reverse genetics system

The WNV infectious clone system required the deconstruction and reassembly of the two
plasmids pWN-AB and pWN-CG to obtain an entire linear genome of WNV NY99 that could be
used for in vitro transcription.

The two WNV plasmids were initially cut with restriction enzymes and exposed to Quick
CIP, which nonspecifically catalyzes the DNA and RNA’s dephosphorylated 5’ and 3’ ends. The
PWN-AB plasmid was cut with Asc1 and NgoMIV and exposed to Quick CIP simultaneously. This
reaction cuts the plasmid at the end of the WNV NS1 sequence and linearizes the plasmid, so the
plasmid backbone comes before the WNV genome. The addition of Quick CIP in this reaction
ensured the ends of the DNA were dephosphorylated and could not accidentally reattach to any
partially digested DNA that remained in the solution; this reaction was 50 uL, including 10 ug of
PWN-AB plasmid, 5 pL of 10X CutSmart Buffer, 5 uL of Ascl, 5 pL of NgoMIV, 5 pL of Quick
CIP, and enough nuclease-free water to full to 50 pL. The pWN-CG plasmid was only cut with

one restriction enzyme, Mlul, initially to linearize the plasmid and was exposed to Quick CIP to

135



dephosphorylate the ends of the DNA. The pWN-CG reaction was also 50 pL, including 30 pg of
PWN-CG plasmid, 5 pL of 10X CutSmart Buffer, 5 uL of Mlul, 5 puL of Quick CIP, and enough
nuclease-free water to fill to 50 uL. Both reactions were incubated at 37°C for 1.5 hours before
being purified with the PCR cleanup and gel extraction kit (Takara).

After purification, the pWN-CG plasmid was digested again with the restriction
enzyme NgoMIV, which will generate a complementary restriction site on the 5’ end of the
linearized pWN-CG plasmid and allow ligation with the 3’ end of the pWN-AB plasmid. Notably,
the digestion with the NgoMIV created a phosphate group, which enables the formation of a
phosphodiester bond with the last nucleotide on the 3’ end of pWN-AB digested with NgoMIV.
The setup for this reaction included the entire volume of the initial pWN-CG reaction, 10 pL of
10X CutSmart Buffer, 5 uLL. of NgoMIV, and enough nuclease-free water to fill the reaction to 100
uL. The reaction was incubated at 37°C for 1.5 hours before being purified with the PCR cleanup
and gel extraction Kit (Takara).

The pWN-AB and pWN-CG plasmids were ligated at a 1:2 molar ratio. This reaction would
create a linear DNA molecule containing the full-length WNV genome. This reaction included 2
ug of pWN-AB plasmid cut with Ascl and NgoMIV, 8 pg of pWN-CG plasmid cut
with Mlul and NgoMIV, 20 pL of 10X T4 ligase buffer, 3 uL of T4 ligase, and enough nuclease-
free water to fill the reaction to 200 pL. The reaction was incubated at room temperature for 2
hours, followed by inactivation of T4 DNA ligase at 70°C for 15 minutes. The DNA template was
then digested with the restriction enzyme Xbal to 1) create a run-off site for the T7 DNA-
dependent RNA polymerase used for the in vitro transcription reaction and 2) to remove the
duplicated T7 promoter sequence at the 3’ end of the DNA molecular. The remaining single T7

promoter drives in vitro transcription of the full-length WNV genome. This reaction included 40
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uL of 10X CutSmart Buffer, 6 uL of Xbal, 200 uL of the WNV ligation reaction, and 154 pL of
nuclease-free water, then incubated at 37°C for 1.5 hours. The nuclease digestion was terminated
by adding 5 pL of proteinase K and incubation at 37°C for 1-2 hours.

To prepare the DNA template for in vitro transcription, the protease K digestion reaction
of the DNA plasmid was purified using phenol-chloroform extraction and ethanol precipitation
method. The 400 pL reaction was mixed with 400 pL of phenol:chloroform:isoamylalcohol
25:24:1 solution (Life Technologies) by vortexing at 3,000 r.p.m. for 15 seconds until the solution
became completely cloudy. The solution was centrifuged at 13,000 r.p.m. for 5 minutes to separate
the aqueous and phenol solutions. The aqueous layer was transferred to a clean tube, and any
excess phenol was removed by adding 400 pL of chloroform:isoamylalcohol 24:1 (Amresco). The
solution was vortexed at 3,000 r.p.m. for 15 seconds and then at 13,000 r.p.m. for 5 minutes. The
aqueous layer was precipitated with 880 uL. of 100% ethanol and 40 pL. of 3M sodium acetate pH
4.2 at -80°C for at least 20 minutes and pelleted at 13,000 r.p.m. for 30 minutes at room
temperature. The DNA pellet was collected and washed once with 400 uL of 70% ethanol solution
by centrifugation at 13,000 r.p.m. for 5 minutes. All of the solution was removed from the tube,
and the pellet was air-dried for 20-30 minutes to remove any remaining ethanol. The pellet was
resuspended in 100 puL nuclease-free water and subjected to in vitro transcription.

F. Linearization of YFV infectious clone

Following Sanger sequencing confirmation of the mutant YFV infectious clone,
linearization was performed to generate a linear form of the plasmid to provide the termination site
for the SP6 DNA-depended RNA polymerase. The digestions were then purified using phenol-
chloroform purification and ethanol precipitation methods. The digestion was performed with 5

ug of YFV ¢DNA infectious clone plasmid, 4 pL of 10X CutSmart Buffer, 1 uL of Nrul, and
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enough nuclease-free water to fill the reaction to 40 pL. The reaction was incubated at 37°C for 1
hour.

Purification with phenol-chloroform purification and ethanol precipitation was conducted
in the same manner as will the WNV infectious clone but with slight modifications. Initially, 60
uL of nuclease-free water was added to the restriction enzyme digestion reaction and mixed with
100 pL of phenol:chloroform:isoamylalcohol 25:24:1 solution by vortexing. After centrifugation,
at 13,000 r.p.m. for 5 minutes, the aqueous layer was transferred to a new tube and mixed with
100 pL of chloroform:isoamylalcohol 24:1 by vortexing. After centrifugation, at 13,000 r.p.m. for
5 minutes, the aqueous layer was transferred to a new tube and mixed with 220 pL of 100% ethanol
and 10 pl of 3M sodium acetate pH 4.2. The plasmid DNA was stored at -80°C for at least 20
minutes, followed by centrifugation at 13,000 r.p.m. for 30 minutes at ambient temperature. The
pellet was collected and washed with 400 uL of 70% ethanol solution by centrifugation at 13,000
r.p.m. for 5 minutes. All of the solution was removed from the tube, and the pellet was air-dried
for 20-30 minutes to remove any remaining ethanol. The pellet was resuspended in 12 pL nuclease-
free water and subjected to in vitro transcription.

G. Invitro transcription

The in vitro transcription of WNV cDNA infectious clones described in the study is
regulated by the T7 promoter sequence before the viral genome sequence. It is used to generate
the positive-sense viral RNA transcript that acts as a template for viral protein synthesis and
replication following the transfection of Vero cells. All reactions for WNV in vitro transcription
were performed using the Ampliscribe T7 High Yield Transcription Kit (Lucigen) with
modifications to the procedure. The reactions were performed by combining 300 ng of the purified

WNV infectious clone plasmid, 9 uL. capping NTP-1/5A (25% of 100 mM CTP, 25% of 100 mM
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GTP, 25% of 100 mM UTP, 5% of 100 mM ATP, and 20% nuclease-free water), 3 uLL of 100 mM
dithiothreitol (DTT), 3 puL of T7 enzyme solution, 10 uL of 10X Reaction Buffer, 2.25 uL of
G(5)ppp(5)A RNA cap structure analog (New England Biolabs), and enough water to fill the
reaction to 30 pL. It is important to note that a cap analogy with an adenosine nucleotide cap is
used due to a @ 2.5 T7 promoter. The reaction was incubated at 37°C for 1 hour before being
aliquoted into three separate 10 uL aliquots.

The in vitro transcription of YFV cDNA infectious clones described in the study is
regulated by the SP6 promoter sequence before the viral genome sequence. All the YFV in
vitro transcription reactions were performed and modified from the procedures of the
MMESSAGE mMACHINE® SP6 Transcription kit (Life Technologies). The reactions were
assembled with 9 pL of linear YFV infectious clone plasmid, 3 pL of 20 mM GTP, 2.1 puL of
Enzyme Mix, 15 pL of 2X Cap/NTP, and 3 pL of 10X Reaction Buffer and then incubated at 37°C
for 1 hour. After incubation, the reactions were aliquoted into three separate 10 pL aliquots.

H. Rescue of recombinant WNV and YFV

Rescue of the recombinant WNV and YFV was undertaken via transfection of Vero cells
with RNA transcripts of the respective viruses. Due to the current manufacturing guidelines for
recombinant LAVs, Vero cells were used to recover the WNV and YFV mutants (Guy et al.
2010a). Approximately three million Vero cells were seeded in tissue-culture-treated T150 flasks
two days before electroporation to ensure the cultures could reach 80-90% confluence. Each flask
was rinsed with 20 mL of Dulbecco’s phosphate buffer saline (DPBS) without Ca®* or Mg?*
(Cellgro) and treated with 3 mL of 0.25% trypsin-EDTA (Life technologies). The cells were
incubated at 37°C for 4 minutes to allow for the cells to detach from the surface of The flask,

followed by suspension with 7 mL of MEM-a media supplemented with 10% FBS. The cells were
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centrifuged at 1,200 r.p.m. for 5 minutes at 4°C. The cells were resuspended in 10 mL of pre-
chilled DPBS and briefly vortexed before being centrifuged at 1,200 r.p.m. for 5 minutes at 4°C.
Three washes were performed with pre-chilled DPBS to remove dead cells that can release
ribonucleases.

After the final centrifugation, each pellet was resuspended in 400 pL of pre-chilled DPBS
before being mixed with 10 pL of the viral RNA transcript. The mixture was immediately
transferred to a pre-chilled 4 mm electroporation cuvette (Fisher Scientific) and electroporated
using the BioRad GenePulser® system. The electroporation was performed using a single pulse at
140 volts for 25 msec. The cuvette was then placed on ice for 2 minutes to recover before being
rinsed with 800 pL of pre-warmed MEM-a media three times. After each wash, the fluid in the
cuvette was transferred to the T75 flask containing 7.5 mL of fresh MEM-a media.

During the wash steps and before the final centrifugation in ice-cold DPBS, the total
number of cells in each flask was determined using the Countess3 Automated Cell Counter
(ThermoFisher Scientific). Approximately 100 pL of the resuspended cells were sampled and
mixed with 100 puL of 0.5% Trypan Blue-PBS solution (ThermoFisher Scientific). After the final
centrifugation, the cell pellet was resuspended in enough ice-cold DPBS to have a concentration
of 1,000,000 cells/mL. Four hundred pL of the resuspended cells were mixed with 10 pL of the
viral RNA transcript. The mixture was immediately transferred to a pre-chilled 4 mm
electroporation cuvette (BioRad) and electroporated using the BioRad GenePulser® system. The
electroporation was performed using a single pulse at 225 volts for 25 msec. The cuvette was then
placed on ice for 15 minutes to recover before being rinsed with 800 puL of pre-warmed MEM-a
media three times. After each wash, the fluid in the cuvette was transferred to the T75 flask

containing 7.5 mL of fresh MEM-a media.
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Transfected Vero cells were maintained at 37°C with 5% CO2. All WNV mutants were
cultured in BSL-2 for four days. All YFV mutants were propagated in BSL-3 for seven days. The

incubation periods are based on when cytopathic effects become apparent in 70-80% of cells.

2.3 Characterization of WNV and YFV mutants in cell culture

A. Nucleotide sequencing analysis

Confirmation of the presence of the selectively engineered amino acid substitutions was
first confirmed by Sanger sequencing. Next-generation sequencing (NGS) methods further
analyzed each viral RNA population.

Sanger sequencing and NGS used total RNA extract from 250 pL of virus stock, using the
Direct-zol RNA Miniprep Plus kit (Zymo Research) with slightly modified procedures. Each 250
uL sample of virus stock was mixed with 750 uL of TRIzol LS Reagent (ThermoFisher) and 1 mL
of 100% ethanol. The mixture was transferred to a spin column and centrifuged at 13,000 r.p.m.
for 1 minute. The flow through was discarded, and 400 pL of RNA Wash Buffer was added to the
column before centrifuging at 13,000 r.p.m. for 1 minute. The flow-through was discarded, and 80
uL of a DNase solution (75 uL of DNase Digestion Buffer and 5 uL of DNase) was added to each
column. The DNase solution in the column was incubated at room temperature for 15 minutes.
Next, 400 uL of RNA PreWash Buffer was added to the column and centrifuged at 13,000 r.p.m.
for 1 minute. The flow through was discarded, and 400 uL. of RNA PreWash Buffer was added to
the column before centrifuging at 13,000 r.p.m. for 1 minute. The flow through was discarded, and
700 pL of RNA Wash Buffer was added to the column before centrifuging at 13,000 r.p.m. for 1
minute. The flow-through was discarded, the column was transferred to a new 1.5 mL Eppendorf

tube, and 40 pL of nuclease-free water was added. The column was centrifuged at 13,000 r.p.m.
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for 1 minute before the column was discarded, and the water flow through with the RNA was
stored in the -80°C freezer.

Sanger sequencing was undertaken to determine the consensus sequence of each
electroporated virus (P0) of WNV and YFV and up to five passages (P5) of WNV. Oligonucleotide
fragments that corresponded to parts of prM and E genes of WNV (Figure 2-6) or YFV (Figure 2-
7) were used to amplify the RNA via RT-PCR the mutated regions of the viruses to create a cDNA
fragment from the viral RNA that could be sequenced as previously described. (Beasley et al.

2003).

WNV sequencing fragment 2

WNV sequencing fragment 1

0 401 1101 1816 2504
5’ UTR Capsid pt™M Ik NS1

Figure 2-6: Sanger sequencing cDNA fragments for verification of WNV mutations
The image represents the full 5'UTR, capsid, prM, and E proteins of the YFV genome and the first
part of NS1. The numbering is based on the WNV NY99 sequence. The image was generated in

PowerPoint.
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YFV sequencing fragment 2

YFV sequencing fragment 1

0 641 981 1916 2470

5°UTR Capsid prM g NS1

Figure 2-7: Sanger sequencing cDNA fragments for verification of YFV mutations
The image represents the full 5'UTR, capsid, prM, and E proteins of the YFV genome and the first
part of NS1. The numbering is based on the YFV Asibi sequence. The image was generated in
PowerPoint.

The RT-PCR reaction utilized the PrimeScript® One-Step RT-PCR Kit Ver.2 (Takara).
Each reaction consisted of 2 uL of PrimeScript® 1 step Enzyme Mix, 25 pL of 2X 1 step buffer,
2 uL of 10 uM forward primer, 2 uL of 10 uM reverse primer, 15 uL of nuclease-free water, and
4 uL of viral RNA template. The cDNA fragment was produced by activating the enzymes at 50°C
for 30 minutes, denaturization at 94°C for 2 minutes, 30 cycles of denaturization at 94°C for 30
seconds, and primer annealing at 50°C for 30 seconds, and elongation at 72°C for 1 minute, before
finally cooling the reaction at 4°C for 5 minutes. The resulting cDNA was isolated by 1% agarose
gel electrophoresis and purified by the Zymoclean Gel DNA Recovery kit (Zymo Research) or
PCR cleanup and gel extraction kit (Takara). The Sanger sequencing samples were sent to Genewiz
and Plasmidsaurus, and the results were compared to mutated plasmid maps created in the
SnapGene software to confirm the mutations had remained.

Further, NGS was performed by Dr. Alan Barrett’s laboratory at the University of Texas
Medical Branch to investigate the RNA population of the PO virus or passage one (P1) stocks of

the WNV NY99ic strain and the respective mutants rescued in two independent replicates. The
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NGS libraries were constructed using random hexamer primers and sequenced on the NextSeq550
platform using a paired-end 75nt base protocol (Carpio et al. 2023). The sequencing files from
each virus were randomly down-sampled to 3500 reads per nucleotide position to determine the
consensus sequence, identify single nucleotide variants (SNVs) that exceed 1% frequency, and
calculate Shannon Entropy using previously published methods (Kaiser et al. 2019a, Kaiser et al.
2019b).

B. Determination of infectivity and multiplication kinetics

Two methods were utilized to determine the viral infectivity of the WNV and YFV
mutants: plaque assay and 50% tissue culture infectious dose method (TCIDsyo).

The plaque assays were performed to determine the infectivity of the PO and P1 viruses by
determining the genome copy-to-plaque-forming units (PFU) ratios. These ratios allow us to
measure the number of viral particles in each sample that can complete a full infectious cycle.
Plates with 24 wells were seeded with 8*10* cells per well and incubated at 37°C for 1 day. Fifty
uL of 10-fold dilutions of the virus, going from dilutions 10° to 10, were inoculated into the pre-
seeded 24-well plates before being incubated at 37°C for 1 hour. Every 15 minutes of the hour
incubation, the plates were shaken to ensure an even spread of the virus over the cells and
maximum absorption of the virus. The plates were maintained in cell culture media supplemented
with 1.5% carboxymethylcellulose and maintained at 37°C with 5% CO..

For WNV plates, the plaque assays were incubated for 5 days before the plates were fixed
for 30 minutes with 10% formol saline and then stained with 1% crystal violet solution (1% crystal
violet, 40% methanol, 60% distilled water). For YFV plates, the plaque assays were incubated for
7 days. Each well was washed twice with 1 mL of DPBS. After the second wash, 100 pL of 12

mM of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were added to each
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well. The plates were incubated for 1 hour at 37°C. All liquid was removed from the wells and the
number of plaques was counted using a light box.

The multiplication kinetics of WNV and YFV mutants in Vero and BHK-21 cells were
determined by TCIDso. One hundred puL of culture supernatant was collected from the respective
cell lines infected at a multiplicity of infection of 0.1 every 24 hours and was inoculated into 96-
well microtiter plates in duplicate and 10-fold serially diluted from 10° to 1071°. Following dilution,
100 pL of Vero cells (2*10° cells/ml) were added into each well. The plates were then incubated
at 37°C for 7 days. Samples of 100 pL were collected each day before replacing the missing media
with 100 pL of fresh media.

Cultures of Vero cells infected with WNV were stained with 0.5% amido black solution
containing 35% of isopropy! alcohol and 10% of glacial acetic acid, and their titers were calculated
using the Muench-Reed method. Cultures of Vero cells infected with YFV were inactivated with
200 uL per well of acetone (75% ice-cold acetone and 25% phosphate-buffered saline (PBS)) for
15 minutes. The solution in the wells was then discarded, and the plates were dried to prepare them
for indirect immunofluorescent assay. After drying, the plates were placed at 37°C for 5 minutes
to warm the plate. The primary antibody (MA93 mouse anti-YFV hyperimmune serum) was
diluted 200-fold in PBS. Forty pL of the diluted primary antibody was added to each well and then
incubated at 37°C for 40 minutes. The plates were then washed twice with 200 puL of PBS per well.
The secondary antibody (Alexa Fluor 488 goat anti-mouse 1gG (H+L)) was diluted 200-fold in
PBS supplemented with 0.005% Evans blue counter stain. Forty puL of the diluted secondary
antibody was added to each well and then incubated at 37°C for 40 minutes. Each well was then
washed twice with 200 pL of PBS and once with 200 pL of deionized water. The fluid was

removed by gentle decanting, followed by adding one drop of mounting media consisting of
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glycerol-PBS 9:1 mixture supplemented with anti-fading agent 1,4-diazobicyclo-(2,2,2-octane) at
25 mg/ml pH 8.6. Infectivity was then scored using an Olympus XP71 fluorescent microscope.
C. Genome-PFU ratio analysis

To eliminate the background RNA inoculum introduced by transfection, the genome-to-
PFU ratios of the respective mutants were determined by infecting Vero cells with PO stocks.
Approximately 2*10° cells were seeded to each well of a 6-well plate. The virus stocks were
diluted to 2*10* PFU/mL in 250 pL. The plates were incubated at 37°C for 60 minutes to allow
virus absorption into the cells, followed by removing the inoculum and two washes with DPBS
before adding 4 mL of fresh culture media into each well. The plates infected with WNV and YFV
were then incubated at 37°C for 3 and 5 days, respectively. Supernatant from each well was stored
at -80°C. The timing of harvesting the virus was established according to the highest infectivity
achieved by the wild-type parental strain of the respective viruses.

One aliquot of each sample was titrated by plaque assay as described in section 2.3.B. The
total RNA was extracted from a separate aliquot using the Direct-zol RNA Miniprep Plus kit
(Zymo Research) described in section 2.3.A. Viral RNA in each sample was analyzed by
quantitative RT-PCR using the pan-flavivirus mFU1 and CFD2 primer set and a virus-specific
probe conjugated with 6-carboxyfluorescein at the 5’ terminus (WNV-specific probe: 5'-
TGCGTGAAGTTGGCACCCGGCCT-3; YFV-specific probe: 5'-
TCAGAGACCTGGCTGCAATGGATGGT-3') (Chao et al. 2007). Each reaction included 2 uL
of RNA extract that was amplified with 5 pL of 2x iTaq universal probe master mix, 0.5 pL of 10
uM mFU1, 0.5 pL of 10 uM CFD2, 0.2 uL of 10 uM TagMan WNYV probe, 0.25 uL of iScript
reverse transcriptase, and 1.55 pL of nuclease-free water. The reactions were incubated under the

following parameters: reverse transcription at 50°C for 20 minutes, hot-start activation at 95°C for
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3 minutes, and 45 cycles of denaturation at 95°C for 15 seconds and annealing and amplification
at 48°C for 3 minutes with continuous fluorescence detection. The quantity of viral RNA in each
sample was calculated using the standard curve generated from serially diluted RNA templates
derived from the in vitro transcription of the respective viral genomes. A Ct value of 33 was used
as the cut-off for detecting the viral genome (Lyons et al. 2018).
D. Serial passaging of WNV mutants

Serial passage of WNV mutants in Vero cells was undertaken to determine the stability of
the engineered amino acid substitutions. The PO stock of the respective mutants and the wild-type
parental virus was inoculated into a monolayer of Vero cells (2*10° cells, moi=0.1) in triplicate,
adsorbed at 37°C for 60 minutes, washed twice with DPBS, replenished with 4 ml of fresh media,
and incubated for three days and harvested to generate three biological replicates of the P1 stock.
The procedure was repeated up to passage 5 (P5).

E. Hemagglutination activity of WNV mutants

Stocks of each WNV mutant were prepared in C6/36 cells and infected at a moi of 0.001,
resulting in P1 virus stocks. These stocks were then used for hemagglutination (HA) assay. Gander
erythrocytes (Innovative Research) were used for all HA assays, following the protocol as
previously described (Clarke and Casals 1958). Each mutant and WNV NY99ic wild type were
serially diluted in a 2-fold dilution, and their optimal pH for HA activity was determined between
pH 5.8 and pH 7.4 in 0.2 pH increments. Nine pH solutions were created for the HA assay. They
involved a combination of borate saline (0.5M borate, 1.5M NaCl, and 1M NaOH at a pH of 9),
disodium phosphate solution (0.15M NaCl and 0.2M disodium phosphate (Na2HPO4) at a pH of

4-5), and sodium dihydrogen phosphate solution (0.15M NaCl and 0.2M sodium dihydrogen
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phosphate (NaH2POs) at a pH of 8.5-9.5. The quantities required for each of the three solutions in
order to create the proper pH solution are listed in Table 2-12.

Table 2-12: Buffer quantities for simulated hemagglutination in various pH environments

Volume (mL) of Volume (mL) of
) Volume (mL) of
Final pH 0.15M NaCl and 0.15M NaCl and _
0.5M borate saline
0.2M NazHPO4 0.2M NaH2PO4
5.8 3.0 97.0 100
6.0 125 87.5 100
6.2 22.0 78.0 100
6.4 32.0 68.0 100
6.6 45.0 55.0 100
6.8 55.0 45.0 100
7.0 64.0 36.0 100
7.2 72.0 28.0 100
7.4 79.0 21.0 100

In 96-well plates, each WNV mutant was 2-fold serially diluted between 2 and 4096-fold.
Each dilution was performed at the nine borate pH solutions constructed using Table 2-12. Fifty
uL borate pH solution was added to each well. Then 50 pL of C6/36 grown virus was added to the
first well and underwent a 2-fold dilution. The 5% gander erythrocytes were diluted 10-fold,
followed by adding 50 puL of gander erythrocytes to each well. The plates were then covered and
incubated at 37°C for up to 60 minutes, depending on the development of hemagglutination
activity. The HA titers were calculated based on the reciprocal of the highest dilution leading to
complete agglutination. The optimal pH for the HA activity of each WNV mutant was determined

by the pH yielding the highest HA titer.
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2.4 Virulence phenotype of WNV and YFV mutants in mice

A. WNV neuroinvasive disease mouse model

Groups of four-week-old outbred Swiss Webster mice (Charles River) were used to
investigate the neuroinvasive phenotype of WNV mutants. Previous studies have shown 3- to 4-
week-old Swiss Webster are an effective animal model for WNV studies. The outbred Swiss
Webster mice are susceptible to WNV NY99ic, and they will succumb to neuroinvasive disease
after being challenged intraperitoneally with a lethal dose (LDso) of 0.5 PFU (Beasley et al. 2002,
Beasley et al. 2005). Therefore, a high dose of infectious wild-type WNV (1000 LDso) was chosen
to determine the attenuating effect the WNV E protein mutants had on the neuroinvasive
phenotype. The WNV mutants or the wild-type WNV NY99ic were each injected into groups of
five male and five female mice via the intraperitoneal (IP) route and monitored for 14 days (Figure
2-8). Animals were euthanized after 20% or greater weight loss compared to the starting weight
reached or the onset of neurotropic diseases such as paralysis. Brain samples were collected from
all mice after euthanizing, and blood samples were collected via cardiac stick from all mice that
survived to the end of the 14-day study. All animal experiments were conducted in compliance
with the National Institute of Health Guide for the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use Committee within Kansas State University

under protocol number 4322.
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Observations made for 20% weight loss and neurotropic disease symptoms ‘
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Figure 2-8: Mouse study design for outbred Swiss Webster mice intraperitoneally injected
with WNV
Image used with permission from Ashley Bilyeu'’s 2023 Master’s thesis (Bilyeu 2023).
B. Wild-type YFV viscerotropic disease mouse model

Due to the logistical difficulties and high cost of acquiring immunocompromised AG129
(IFN o/B/y R™7) mice (Marshall Bioresources), all work related to the wild-type YFV viscerotropic
disease mouse model was undertaken by scientists at Bioqual, Inc. Briefly, groups of 6-week-old
AG129 mice were bred at Bioqual Inc. and used to investigate the virulence phenotype of YFV
mutants. Previous studies have shown that AG129 mice are highly susceptible to wild-type YFV,
succumbing within 6-7 days, making them an effective model for YFV studies. Additionally,
AG129 mice develop a viscerotropic disease similar to human YF instead of the encephalitis signs
typically observed in mice (Meier et al. 2009). A high dose of infectious wild-type YFV was
chosen to determine the attenuating effect of YFV E protein mutants on the viscerotropic
phenotype. The YFV mutants and the wild-type YFV Asibi strain were each injected into groups
of four male and four female mice at 1,000 PFU via the intraperitoneal (IP) route and monitored

for 21 days (Figure 2-9). Animals were euthanized after 20% or greater weight loss compared to
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the starting weight reached or the onset of viscerotropic disease. Blood samples were collected via

cardiac sticks from all mice after being euthanized.

5

o
>

Observations made for 20% weight loss and viscerotropic disease symptoms ‘

oo UL L]
infection

w [P

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Challenge Study end
(per mutant) Euthanize
Female: n=4 remaining

Male: n=4 mice

Figure 2-9: Mouse study design for immunocompromised AG129 mice intraperitoneally
injected with YFV
The image was generated in PowerPoint.

All experiments at Bioqual Inc. complied with the National Institute of Health Guide for
the Care and Use of Laboratory Animals and approved by the KSU Institutional Animal Care and
Use Committee (Protocol number: 21-49).

C. Analysis of mouse tissues

The brain of each mouse was collected following euthanasia to quantify tissue viral load.
Each brain sample was resuspended in 1 mL of 1x L-15 media supplemented with 10% FBS, 100
U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, and 10% tryptose phosphate buffer
and stored at -80°C. The tissue was homogenized using a Qiagen TissueLyzer 11 set to a frequency
of 26 Hz for 4 minutes to collect the viral RNA from the brain tissue. After homogenization, the
samples were pelleted down by centrifugation at 13,000 r.p.m. for 10 minutes.

RNA from the homogenized tissue supernatant was extracted using the Direct-zol RNA

miniprep plus columns (Zymo Research). The viral RNA was also used to confirm the virus did
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not revert to the virulent wild-type sequence using the Sanger sequence. Briefly, the RNA extract
was reverse transcribed to cDNA fragments and amplified by the E gene-specific primers using
the PrimeScript® One-Step RT-PCR Kit Ver.2 (Takara). Each amplicon was separated by agarose
gel electrophoresis, extracted using the PCR cleanup and gel extraction kit (Takara), and submitted
for Sanger sequencing as conducted in section 2.3.A. The results were compared to mutated
plasmid maps created in the SnapGene software to confirm the mutations had remained. The
remainder of the RNA was used to quantify the tissue viral load using quantitative RT-PCR using
the same procedure depicted in section 2.3.D. As previously described, any Ct value above 33 was
considered negative detection (Lyons et al. 2018).

Serum samples were collected from the surviving mice at 14 dpi to determine serum-
neutralizing antibody activity by 50% plaque reduction neutralization test (PRNTso) as previously
described (Roehrig et al. 2008). The serum samples were heat-inactivated at 56°C for 30 minutes
and 2-fold serially diluted. The dilutions were mixed with approximately 100 PFU of WNV NY99
and incubated at 37°C for 1 hour before being inoculated into 24-well plates seeded the day before
with 2*10° cells/well. At 5 dpi, the plates were fixed for 30 minutes with 10% formol saline and
then stained with 1% crystal violet solution. The PRNTsg titer was calculated by the reciprocal of

the highest dilution that created a 50% reduction in plague number compared to the virus control.
2.5 Statistical analysis

This project was generated with continuous and categorical data. Infectivity, genome-PFU
ratio, and mouse brain viral load of WNV mutants were compared against WNV NY99ic using
one-way analysis of variance (ANOVA). Multiplication kinetics of WNV mutants in Vero and
BHK-21 cells and infectivity of serially passaged WNV mutants were analyzed using two-way

ANOVA. A pairwise comparison between each mutant and the parental wild-type WNV NY99ic
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control was performed using Dunnett’s test. Survival outcomes of mice challenged with WNV
mutants were compared using the Kaplan-Meier survival curve. All statistical analysis was

performed using the Prism 9 program (GraphPad Software).
2.6 Generation of 3D protein models with PyMOL

All crystal structure images used in this dissertation were generated using the open-source
molecular visualization software PyMOL. The base structure for every image was obtained from
the Protein Data Bank (PDB), a database of three-dimensional structures of large biological
molecules such as proteins and nucleic acids. Every crystal structure image this dissertation uses
is annotated with the source PDB molecule, i.e., PDB ID: 10AN. The PyMOL software allows for
easy identification of important domains and residues of particular proteins, including altering the
amino acid sequence to depict different single-site mutations. However, PyMOL is not a protein
folding simulation despite altering the amino acid sequence. Changing the amino acids does not
change the location of individual a-helices and B-sheets. Therefore, each image is an estimated

structure based on the source PDB crystal structure.
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Chapter 3 - Engineering of Attenuating Mutations in the WNV EDI-

EDII Hinge Region

The results presented in this chapter involved multiple collaborative projects. The WNV
NY99 infectious clone was obtained from Dr. Claire Huang’s laboratory at the Centers for Disease
Control and Prevention in Fort Collins, CO. Modifications of this clone and analysis of the
mutations in the WNV EDI-EDII hinge region in vitro were performed with the assistance of
Ashley Bilyeu and Adrienne Pohl in Dr. Vanlandingham’s laboratory at Kansas State University.
The plaque assay infectivity titers of the eight mutations tested in Section 3.2.A were originally
published in Ashley Bilyeu’s 2023 Master’s thesis and further analyzed in this dissertation (Bilyeu
2023). The next-generation sequencing in Section 3.2.E was performed by Dr. Alan Barrett’s
laboratory at the University of Texas Medical Branch and further analyzed by Bailey Maloney in
Dr. Vanlandingham’s laboratory at Kansas State University. The in vivo mouse study of the eight
mutations tested in Section 3.2.F was originally published in Ashley Bilyeu’s K-State Master’s
thesis and further analyzed in this dissertation (Bilyeu 2023). The mouse studies and analyses in
Section 3.2.1 were performed in collaboration with several members of Dr. Vanlandingham’s
laboratory, with the exception of the PRNTs titers of the E-A54E and E-A541 mutants in Section
3.2.1, which Dr. Claire Huang’s laboratory performed. Specific credits to each individual who

contributed to or conducted each experiment are summarized in Table 3-1.

154



Table 3-1: Acknowledgements for collaborative projects in Chapter 3

Collaborators from Kansas State University: Natalia Costa Ball — NCB, Ashley N Bilyeu — ANB,
Bailey E Maloney — BEM, Emily K Mantlo — EKM, So Lee Park — SLP, Adrienne E Pohl — AEP,
Danielle R D Saunders — DRS, and Alexis D. Schneider — ADS

Collaborators from the University of Texas Medical Branch: Alan D T Barrett — ADB and
Kassandra L Carpio — KLC

Collaborator from the Centers for Disease Control and Prevention: Claire Y H Huang — CYH

Key Experiments Relevant Figures and Tables  Collaborators
Modification and recovery Table 3-6 BEM, ANB, CYH
of WNV mutants Table 3-12 BEM, ANB, AEP, CYH
Table 3-13 BEM, AEP, CYH
Characterization of WNV  Figure 3-10 BEM, ANB
mutants in cell culture Figure 3-12 ADB, KLC
Tables 3-8, 3-9
Figure 3-18 BEM, ANB, AEP
Figure 3-21 BEM, AEP
Characterization of WNV  Figure 3-13 BEM, ANB, SLP, DRS
mutants in mouse Tables 3-10, 3-11
neuroinvasive disease Figure 3-15 ANB
model Figures 3-23, 3-26 BEM, NCB, AEP, SLP
Tables 3-14, 3-15, 3-16, 3-17
Figure 3-25 CYH
Figure 3-28 BEM, NCB, AEP, EKM, ADS

Tables 3-18, 3-19
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3.1 Introduction

A. Configuration of the EDI-EDII hinge region
The EDI-EDII hinge region is crucial for the conformational change of the E protein from
dimer in the virion to trimer inserted into the host cell because the hinge effect at the EDI-EDI|I

domain interface controls the formation of the E protein trimer (Figures 3-1 and 3-2).

EDI-EDII EDII
EDI Hinge Region (dimerization domain) EDIII

(central domain) g .
; ‘ C/\,.\/\ TN ) (receptor-binding domain)
) A

EDIII EDI -
(receptor-binding domain) EDII ' 'EDI-EDII (central domain)
(dimerization domain) Hinge Region

Figure 3-1: The crystal structure of the flavivirus E protein dimer of DENV-2 with EDI-EDI|I
hinge region (PDB ID: 10AN)
The three domains are red for EDI, yellow for EDII, and blue for EDIII. The EDI-EDII hinge

region is labeled with cyan. The image was generated in PyMOL.

156



EDIII
EDI (receptor-binding domain)

(central domain)

EDII
(dimerization domain)

hinge region

Figure 3-2: The crystal structure of a flavivirus E protein trimer of TBEV in the post-fusion
conformation after transition from a dimer to a trimer (PDB ID: 1URZ)

The three domains are red for EDI, yellow for EDII, and blue for EDIII. The EDI-EDII hinge
region is labeled with cyan. The only available crystal structure of the flavivirus E protein in the
trimer formation is for TBEV. All other crystal structures from PDB are monomers in post-fusion
conformation. The image was generated in PyMOL.

The EDI-EDII hinge region consists of four motifs encoded by a discontiguous sequence.
Comparison of the DENV-2 E protein dimer and trimer suggests the EDI-EDII hinge region
connects the AoCoDoEoFo and BoloGoHo B-sheets of EDI to the "gfeah" 3-sheet at the base of EDII.
The dimer-to-trimer transition of the E protein rearranges the relative orientation of the "gfeah" j3-

sheet of EDII about the structurally central EDI. Specifically, the A¢CoDoEoFo and BoloGoHo B-
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sheets are integral to the molecular architecture of EDI (Figure 3-3) (Zhang et al. 2012). Both -
sheets are configured almost parallel, with one facing the extracellular space, away from the virion,
and one facing the viral membrane. The AoCoDoEoFo B-sheet faces externally toward the
extracellular space. It contains four B-strands CoDoEoFo with a short Ao B-strand parallel to the Co
B-strand. The GoHoloBo B-sheet faces toward the viral membrane (Kuhn et al. 2002, Zhang et al.

2004).

Figure 3-3: Configuration of the EDI B-sheets in DENV- 2 E protein (PDB ID: 10AN)
Image was generated in PyMOL.

The new orientation of EDII facilitates the dissociation of the E protein dimer into two
copies of monomers. Every two copies of E monomers can be assembled to form the E protein
dimer. Notably, the orientation of the “gfeah” B-sheet will expose the fusion loop located at the tip

of the “bed” B-sheet within EDII from the protected position in the dimeric conformation (Figure
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3-4). Therefore, the EDI-EDII hinge region plays an essential role in the molecular basis of the
conformational change of the E protein from dimer in the virion to trimer inserted into the host

cell (Rey et al. 1995, Allison et al. 2001).

Figure 3-4: Configuration of the EDII B-sheets and a-helices in DENV-2 E protein (PDB ID:
10AN)
Image was generated in PyMOL.

The EDI-EDII hinge region comprises two [3-sheets that move during the conformational
change of the E protein from a dimer to a trimer (Figure 3-5). The first is the gfeah B-sheet,
comprised of B-strands that include parts of the EDI-EDII hinge region and the EDII domain. The
second B-sheet is the kIDo B-sheets which is comprised of two B-strands in the EDI-EDII hinge

region and one B-strand in the EDI domain (Modis et al. 2003).
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Figure 3-5: The relative location of the kIDo and the gfeah B-sheets in the crystal structure of
the WNV E protein monomer in the pre-fusion structural conformation (PBD ID: 2HGO)
EDI is labeled in red, EDII in yellow, and the EDI-EDII hinge region is labeled in cyan. Two f-
sheets comprise the EDI-EDII hinge region: kIDO (left) and the gfeah (right) -sheets. The image
was generated in PyMOL.

During the conformational change of the E protein, the gfeah f-sheet rotates along the axle
of the fg hairpin to change the orientation of EDII and expose the fusion loop (Bressanelli et al.
2004). The rotation of the gfeah B-sheet triggers the rearrangement of the three B-strands in the
kIDo B-sheet, resulting in the formation of hydrogen bonds between | and Do -strands in the E
protein trimer (Modis et al. 2004). Additionally, the k B-strand moves away from the 1 B-strand,

resulting in a change from being parallel to each other to being perpendicular (Figure 3-6).
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Figure 3-6: Conformational change of the klDo and the gfeah B-sheets in the post-fusion
crystal structure of the EDI-EDII hinge region in the DENV-2 E protein (PBD ID: 10K8)
EDI is labeled in red, EDII in yellow, and the EDI-EDII hinge region is labeled in cyan. The dotted
white lines depict the conformational change of the kl hairpin from two S-strands parallel to each
other to being situated perpendicular. The green arrow shows the gfeah [-sheet's rotation about
the fg hairpin's axil. The image was generated in PyMOL.
B. Attenuation of the flavivirus EDI-EDII hinge region

Previous research has examined single-site mutations in the EDI-EDII hinge region that
exhibit the attenuated phenotype. For example, the E-S2771 mutation was previously shown to
fully attenuate the neuroinvasive phenotype of Murray Valley encephalitis virus (MVEV) in Swiss

Webster mice (Hurrelbrink and McMinn 2001). While the MVEV E-S2771 mutant exhibited a loss
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of HA activity, this is indicative of interference with the membrane fusion process. The MVEV E-
S277 resides in the 4" motif of the EDI-EDII hinge region and is part of the Ser-Ser-Ser/Asn-Thr
consensus sequence, which is conserved in the JEV serocomplex. The Ser-Ser-Ser/Asn-Thr
consensus sequence resides in the hydrophilic B-turn that links the k and 1 B-sheets of the Kl hairpin
and therefore provides the first evidence that the molecular hinge region can serve as a determinant
of neurovirulence (Hurrelbrink and McMinn 2001).

In a study by Leslie Goo, another EDI-EDII hinge region mutation in WNV attenuated the
neurovirulence phenotype in mice (Goo et al. 2017). The WNV E-T198F mutant resides in the 3"
motif of the EDI-EDII hinge region, and it exhibited an increased exposure of the fusion loop,
resulting in increased sensitivity to neutralizing antibodies. The E-T198F mutant changed the
conformational flexibility of the E protein, which had no substantial impairment of WNV growth
Kinetics in vitro. However, testing in mice revealed a reduction in viremia early after infection,
before WNV-specific antibodies become detectable, suggesting the early suppression of infection
led to the attenuation of the neuroinvasive phenotype in mice. Testing of mutations in the
equivalent residues in DENV-1 (E-F193T) and ZIKV (E-F198T) revealed similarly increased
accessibility to the fusion loop for neutralizing antibodies DENV-1, but not in ZIKV (Goo et al.
2017). This study showed that producing an attenuated phenotype through mutation of the EDI-
EDII hinge region could apply to more than one flavivirus. However, these mutations are located
at virus-specific residues. The MVEV E-S2771 and WNV E-T198F mutants are located at residues
that share some amino acid homology within their serocomplexes but are not conserved across all
serocomplexes. Therefore, it is unclear whether these mutations benefit vaccine development.
Ideal mutations in these regions for the development of candidate flavivirus vaccines would be in

residues that are conserved among all the serocomplexes of flaviviruses.
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C. Amino acid sequence homology of four motifs that constitute the EDI-EDII
hinge region

This dissertation looks at eight flavivirus-conserved hydrophobic residues in the EDI-EDII
hinge region of WNV to probe the importance of the hydrophobic pocket for the structure-function
of the E protein involved in the membrane fusion process. Further, mutations at these residues that
can attenuate the mouse neuroinvasive phenotype without compromising the immunogenicity will
apply to the rational design of candidate WN LAVSs. Each of these eight residues resides within
the four molecular hinge peptides, loosely packed structures that connect the EDI and EDII
domains of the flavivirus E protein (Modis et al. 2004, Kanai et al. 2006). The E-A54S mutation
resides within the 1% motif of the EDI-EDII hinge region between the Do B-strand of EDI and the
“a” B-strand of EDII. The first motif of the EDI-EDII hinge region consists of four residues, each
exhibiting different levels of amino acid sequence plasticity (Table 3-2). The first two amino acids
equivalent to WNV E-A51 and E-N52 residues are highly variable. The only serocomplex where
conservation of the sequence of these two residues was observed was in the TBEV serocomplex,
which encodes the E-E51 and E-N52 residues. The amino acid equivalents to WNV E-L53 and E-
A54 residues showed a conserved amino acid sequence within each serocomplex: JEV
serocomplex (E-L53 and E-A54), YFV serocomplex (E-P53 and E-A54), DENV serocomplex (E-
P53 and E-A54), and TBEV serocomplex (E-P53 and E-A54). Therefore, we selected the WNV

E-A54 residue for the site-directed mutagenesis analysis.
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Table 3-2: Sequence of the 1%t motif of the EDI-EDII hinge region between flaviviruses

The properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively

charged), blue (positively charged), and black (unique). The numbering corresponds to the amino

acid positions in the WNV E protein. Highly conserved hydrophobic amino acids are labeled with

bold text and underlined. The numbering of amino acids in the motif is based on the WNV NY99

sequence.
Serocomplex Virus Strain Sequence of 1% Motif (E 51-54)
JEV WNV NY99 ANLA
JEV SA1l4 SQLA
JEV SA14-14-2 SQLA
KNV MRM61C ANLA
SLEV MS1-7 TELA
YFV YFV Asibi DGPA
YFV 17D DRPA
DENV DENV-1 Hawaii TNPA
DENV-2 New Guinea C KQPA
DENV-3 H87 TQLA
DENV-4 H241 KEVA
TBEV TBEV Neudoerfl ENPA
OHFV Bogluvovska ENPA

The 2" motif of the EDI-EDII hinge region resides between the Eg strand of EDI and the

e B-strand of EDII (Table 3-3). This motif exhibits a large amount of sequence plasticity except

for the amino acids at the amino- and carboxyl-terminus. The three residues (130, 133, and 135 in

WNV E protein) contain conserved residues across different flaviviruses. The amino acid

equivalents to the WNV E-1130 residue exhibit hydrophobic biochemical properties, including

isoleucine in the JEV serocomplex, valine in the YFV and DENV serocomplexes, and tyrosine in
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the TBEV serocomplex. Similarly, the amino acid equivalents to the WNV E-1135 residue exhibit
hydrophobic biochemical properties, including isoleucine in the JEV, YFV, and TBEV
serocomplexes and leucine in the DENV serocomplex. To a lesser extent, the amino acid
equivalents to the WNV E-E133 residue also showed to have conserved biochemical properties
within the different serocomplexes, with glutamic acid in the JEV and DENV serocomplexes and
polar threonine and asparagine in the YFV and TBEV serocomplexes, respectively. Therefore, we
selected the WNV E-1130 and E-1135 residues for site-directed mutagenesis based on the
flavivirus-conserved hydrophobic biochemical properties of the equivalent residues and the high

conservation for specific amino acids.
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Table 3-3: Sequence of the 2"d motif of the EDI-EDII hinge region between flaviviruses

The properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively

charged), blue (positively charged), and black (unique). The numbering corresponds to the amino

acid positions in the WNV E protein. Highly conserved hydrophobic amino acids are labeled with

bold text and underlined. The numbering of amino acids in the motif is based on the WNV NY99

sequence.
Serocomplex Virus Strain Sequence of 2" Motif (E 130-135)
JEV WNV NY99 ILKENI
JEV SA14 IQPENI
JEV SA14-14-2 IOPENI
KNV MRM61C ILKENI
SLEV MS1-7 ILRENI
YFV YFV Asibi VDOTKI
YFV 17D VDOTKI
DENV DENV-1 Hawaii VOYENL
DENV-2 New Guinea C VOPENL
DENV-3 H87 VOHENL
DENV-4 H241 VOIENL
TBEV TBEV Neudoerfl YDANKI
OHFV Bogluvovska YDANKI

The 3" motif of the EDI-EDII hinge region resides between the Ho B-strand of EDI and the

f B-strand of EDII. Most of the residues in this motif exhibit less sequence plasticity than some

residues in the 1 and 2" motifs, with three residues (194, 196, and 201 in WNV E protein)

containing residues with conserved biochemical properties across different flaviviruses (Table 3-

4). The amino acid equivalents in the WNV E-1196 residue exhibit conservation of hydrophobic

amino acids, including a mixture of leucine and isoleucine in the JEV and DENV serocomplexes
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and valine in the YFV and TBEV serocomplexes. Similarly, the amino acid equivalents to the
WNV E-Y201 residue exhibit hydrophobic biochemical properties, including tyrosine and
phenylalanine in the JEV and YFV serocomplexes, methionine in the DENV serocomplex, and
valine in the TBEV complex. Alternatively, while still maintaining conserved biochemical
properties, the WNV E-194 residue shoed to conserved polar amino acids with serine for the JEV
and TBEV serocomplexes, threonine for the YFV serocomplex, and a combination of serine and
threonine for the DENV serocomplex. Therefore, we selected the WNV E-1196 and E-Y201
residues for site-directed mutagenesis based on the flavivirus highly conserved hydrophobic

biochemical properties of the equivalent residues.
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Table 3-4: Sequence of the 3" motif of the EDI-EDII hinge region between flaviviruses

The properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively
charged), blue (positively charged), and black (unique). The numbering corresponds to the amino
acid positions in the WNV E protein. Highly conserved hydrophobic amino acids are labeled with

bold text and underlined. The numbering of amino acids in the motif is based on the WNV NY99

sequence.

Serocomplex Virus Strain Sequence of 3 Motif (E 191-201)

JEV WNV NY99 EPRSGIDTNA-Y

JEV SAl4 EPRSGLNTEA-F

JEV SA14-14-2 EPRSGLNTEA-F

KNV MRM61C EPRSGIDTNA-Y

SLEV MS1-7 EARSGINTED-Y

YFV YFV Asibi QVQTAVDFGNSY

YRV 17D QVQTAVDFGNSY

DENV DENV-1 Hawaii SPRTGLDFNE-M

DENV-2 New Guinea C SPRTGLDFNE-M

DENV-3 H87 SPRTGLDFNE-M

DENV-4 H241 EPRSGIDFNE-M

TBEV TBEV Neudoerfl RVASGVDLAQTV

OHFV Bogluvovska RVASGVDLAQTV

The 4™ motif of the EDI-EDII hinge region is the longest motif of the four and shows the
greatest sequence and structure diversity. This motif resides between the B a-helix of EDII and the
lo B-strand of EDI. Within that region is another p-sheet known as the ki hairpin. The 4™ motif
consists of 12 to 13 residues for most flaviviruses except for YFV, which consists of 16 residues
(Table 3-5). This motif exhibits a large amount of sequence plasticity except for three amino acid

residues: the WNV E-A269, E-VV272, and E-L281 residues. All three residues exhibit conserved
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hydrophobic biochemical properties across all the serocomplexes. Specifically, the WNV E-A269
residue and its equivalent residues are the most highly conserved residues, with all of the
serocomplexes exhibiting an alanine except for the TBEV serocomplex, which has a mixture of
alanine and valine. The WNV E-V272 and E-L281 residues exhibit more hydrophobic amino acids
between the different serocomplexes than the WNV E-A269 residue. The equivalent residues to
the WNV E-V272 residue have a valine in the YFV serocomplex, alanine in the TBEV
serocomplex, a mixture of valine and alanine in the JEV serocomplex, and a mixture of isoleucine
and valine in the DENV serocomplex. The amino acid equivalents to the WNV E-L281 residue
conserve the amino acid leucine across the JEV, YFV, and TBEV serocomplexes but have a
mixture of leucine, isoleucine, and methionine in the DENV serocomplex. Therefore, we selected
all three WNV residues (E-A269, E-V272, and E-L281) for site-directed mutagenesis based on the
highly conserved hydrophobic biochemical properties of the equivalent residues and the high

conservation of specific amino acids.
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Table 3-5: Sequence of the 4" motif of the EDI-EDII hinge region between flaviviruses

The properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively
charged), blue (positively charged), and black (unique). The numbering corresponds to the amino
acid positions in the WNV E protein. Highly conserved hydrophobic amino acids are labeled with

bold text and underlined. The numbering of amino acids in the motif is based on the WNV NY99

sequence.

Serocomplex Virus Strain Sequence of 4" Motif (E 269-281)

JEV WNV NY99 ATPVEFSSN---TVKL

JEV SAl4 AIVVEYSS----SVKL

JEV SA14-14-2 ATVVEYSS----SVML

KNV MRM61C AIPVEFSSN---TVKL

SLEV MS1-7 ATIPATVSSS---TLTL

YFV YFV Asibi AMRVTKDTNDNNLYKL

YRV 17D AMRVTKDTNDNNLYKL

DENV DENV-1 Hawaii ATEIQTSG----TTTI

DENV-2 New Guinea C ATEIQMSS----GNLL

DENV-3 H87 ATEIQTSG----GTSI

DENV-4 H241 ATEVDSGD----GNHM

TBEV TBEV Neudoerfl VPVAHIEG---TKYHL

OHFV Bogluvovska APLAHIEG---TKYHL

Each WNV mutant resides at integral locations within the EDI-EDII hinge region (Figure
3-7). Three of the mutations reside directly next to the gfeah B-sheet of the EDII domain, with the
E-A54S mutant next to the “a” B-strand, the E-I130N mutant next to the ¢ p-strand, and the E-
Y201P mutant next to the f B-strand. One mutant resides directly next to the CoDoEoFo B-sheet of
EDI on the opposite side of the EDI-EDII hinge region than the gfeah p-sheet. The E-1135N mutant

resides next to the Eo B-strand. While most of the highly conserved hydrophobic residues of the 1%
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through 3™ motifs reside at the very edges of the EDI-EDII hinge region, one mutant in the 3™
motif resides in the middle of the motif, directly between the Ho B-strand of EDI and f -strand of
EDII: the E-1196N mutant. The final three mutants, E-A269S, E-V272T, and E-L281N, reside
within the Kkl hairpin. Together, these eight residues interact to form the hydrophobic pockets that

allow the E protein to undergo a hinge-like conformational change.

1 i \
I135N  I130N A54S

Figure 3-7: Locations of the eight flavivirus conserved hydrophobic residues in the EDI-EDII
hinge region of the WNV E protein monomer
Each location of the eight flavivirus conserved residues in the EDI-EDII hinge region is based on
the pre-fusion conformations of the WNV E protein shown in magenta (PDB 1D:2HGO0). The E
protein monomer is colored red (EDI), yellow (EDII), blue (EDIII), and cyan (EDI-EDII hinge
region). The image was generated in PyMOL.

In summary, the EDI-EDII hinge region has been shown to control the neuroinvasive
phenotype of different flaviviruses in mice. Attenuating mutations found previously are virus-
specific and have little application in vaccine development for other flaviviruses. Our goal is to

identify residues and attenuating mutations that could affect a broad range of flaviviruses and
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eventually be used to design candidate LAVSs. For this study, we engineered mutations of the eight
flavivirus conserved residues in the EDI-EDII hinge region to probe the hydrophobic pocket's
importance for the E protein’s structure and function. The virulence phenotype of each mutant in
mice was tested to determine whether or not these mutations can support the rational design of

candidate WNV LAVS.

3.2 Results

A. Recovery and infectivity of WNV EDI-EDII mutants

Each of the eight flavivirus conserved amino acids in the EDI-EDII hinge region was
mutated using site-directed mutagenesis of the WNV NY99 infectious clone plasmid, including
the E-A54S, E-1130N, E-1135N, E-1196N, E-Y201P, E-A269S, E-V272T, and E-L281N residues.
These eight mutations and the data in Section 3.2.A and 3.2.F were originally published in Ashley
Bilyeu’s K-State Master’s thesis and further analyzed in this dissertation (Bilyeu 2023). Each
mutant was rescued by transfection of Vero cells with the viral genome derived from in
vitro transcription. Plaque assay performed using culture supernatant collected four days after
transfection showed the eight single-site mutants could be categorized into three phenotypes:

viable and stable, lethal, and reversion phenotypes (Table 3-6).
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Table 3-6: Viability and stability of WNV EDI-EDII mutants
The WNV NY99ic plasmids were obtained from Dr. Claire Huang’s laboratory. Modifications

and recovery of WNV EDI-EDII hinge region mutants were conducted by Bailey Maloney and

Ashley Bilyeu.
) ) o Compensatory
Location Mutation Viability )
Mutations
Motif #1 A54S Viable None detected
_ [130N Lethal n/a
Motif #2
135N Lethal n/a
_ 1196N Lethal n/a
Motif #3 _
Y201P Viable None detected
A269S Viable None detected
Motif #4 V272T Viable None detected
L281IN Viable Reversion

The single E-1130N, E-1135N, and E-1196N mutants are lethal to WNV NY99ic, as
observed with three attempts of transfection. None of the biological replicates of the E-1130N, E-
135N, and E-1196N mutations produced viable viruses detectable by plaque assay (limit of
detection 10 PFU/mI). Despite the lack of infectivity, the cell culture supernatant from each
transfection experiment contained viral RNA detectable by reverse transcription-polymerase chain
reaction (RT-PCR). RNA extracts of the E-1130N and E-1135N mutants retained the nucleotide
substitutions in the inoculum. It is unclear whether or not viral replication occurred.

Interestingly, two repeats of transfection with RNA transcript encoding the E-1196N
mutant genome produced the WNV NY99ic sequence, indicating the E-1196N mutant multiplied
at a low level and quickly reverted to the wild-type sequence. The E-L281N mutant that encoded

the change of all three codons produced viable viruses. However, Sanger sequencing revealed the
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E-L281N mutant reverted to the wild-type sequence in all three independent transfections,
suggesting that the E-L281 residue is crucial for the structure-function of the WNV E protein. In
contrast, amino acid substitutions of the E-A54, E-Y201, E-A269, and E-V272 residues were
tolerated. The E-A269S and E-V272T mutants each retained the engineered nucleotide
substitutions in all of the biological replicates but had no demonstrable difference in the infectivity

in comparison with the wild-type NY99ic virus (exceeding 8logioPFU/mI) (Figure 3-8).

p = 0.0001

loggpfu/mi

4- 1
J

WNV NY99ic  E-A54S E-Y201P E-A2695 E-v272T

Figure 3-8: Infectivity of WNV mutants containing single mutations in the EDI-EDII hinge
region
Infectivity of WNV NY99ic and triplicate isolates of the four single mutants, following transfection
of Vero cells. Infectivity between WNV NY99ic and each mutant was compared using one-way
ANOVA followed by Dunnett’s pairwise comparison. The graph was originally published in Ashley
Bilyeu’s 2023 Master’s thesis (Bilyeu 2023). Recovery of mutant viruses and plaque assays was
conducted by Bailey Maloney.

The E-Y201P mutation on the third motif of the EDI-EDII hinge region showed a 5400-
fold reduction in infectivity compared with the WNV NY99ic (p=0.0001) (Figure 3-8). The
average titer of the E-A54S mutant was approximately 7.5log10PFU/ml + 0.5 and 2.5-fold lower

compared to the WNV NY99ic (p=0.43). Neither the E-Y201P nor the E-A54S mutation
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developed any reversion to the wild-type sequence in the consensus sequence determined by
Sanger sequencing.
Overall, the results demonstrated that six of the eight flavivirus conserved hydrophobic
amino acids in the EDI-EDII hinge region are important for the structure-function of WNV E
protein, including the E-A54, E-1130, E-1135, E-1196, E-Y201, and E-L281 residues. The
importance of the E-1130, E-1196, E-Y201, and E-L281 residues has not been previously reported
(Butrapet et al. 2011).
B. Reduction in multiplication kinetics of WNV E-A54 and E-Y201 mutants in Vero
and BHK-21 cells
Further, we hypothesized that mutations impair the E protein's structure-function will
reduce the multiplication kinetics of WNV-NY99ic in cell culture. The E-A54S, E-Y201P, E-
A269S, and E-V272T mutants were each inoculated onto a monolayer of Vero cells or BHK-21
cells (moi: 0.1), followed by daily sampling for up to 7 dpi. As seen in Figure 3-9, the infectivity
of WNV-NY99ic in Vero cells can be discerned in the linear (0-2 dpi) and plateau phases (3-7 dpi)
with peak titers at approximately 8.5 log1oTCIDso/ml (3-4 dpi). The infectivity of WNV-NY99ic
in BHK-21 cells can be discerned in the linear (0-5 dpi) and plateau phases (6-7 dpi) with peak
titers at approximately 8.5 log10TCIDso/ml (5-6 dpi). The E-A54S and E-Y201P mutants exhibited

reduced infectivity compared to the wild-type NY99ic.
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Figure 3-9: Growth curves of WNV mutants over 7 days in Vero and BHK-21 cells
Average titers were calculated in Vero and BHK-21 cells infected at a moi of 0.1. Data points from
duplicate replicates represent the mean viral titer, and error bars represent the standard deviation
of three biological replicates. The asterisk sign indicates the significant difference (p<0.05)
detected by two-way ANOVA followed by Dunnett’s pairwise comparison at a specific time. The
image was generated in GraphPad. Growth curves were conducted by Bailey Maloney.

The multiplication kinetics of the E-Y201P mutant in Vero cells was reduced by up to
1,000-fold compared to WNV NY99ic between 1 and 7 dpi (0.0005< p< 0.047) and only reached
about 6 log10TCIDso/ml compared to the 8-9 log10TCIDso/ml of WNV NY99ic. The infectivity of
the E-Y201P mutant did not differ significantly from WNV NY99ic in BHK-21 cells (0.08< p<
0.65). The general trend showed the reduced infectivity of the E-Y201P by over 13-fold between
2 and 5 dpi, averaging about 5log10TCIDso/ml. The multiplication kinetics of the E-A54S mutant,
when compared to the wild-type WNV NY99ic, exhibited no demonstrable differences in both
Vero and BHK-21 cells before 3 dpi during the initial log phase of infection. However, the
infectivity of the E-A54S mutant differed from WNV NY99ic in Vero cells during the plateau
phase of infection, reaching statistical significance at 4 and 7 dpi with a 3.7-fold (p=0.0001) and

10-fold (p=0.02) reduction in infectivity, respectively.
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Similarly, the infectivity of the E-A54S mutant was approximately 13-fold lower than
WNV NY99ic in BHK-21 cells during the plateau phase of infection, leading to a significant
reduction in infectivity at 6 dpi (p=0.04). In both Vero and BHK-21 cells, the growth of the E-
A54S mutant averaged about 7.5log10TCIDso/ml during the plateau phase of infection. The E-
Ab54S and E-Y201P mutants exhibited reduced infectivity compared to NY99ic, resembling the
attenuated WNV mutants previously reported (Wicker et al. 2006, Whiteman et al. 2010,
Whiteman et al. 2011). The comparable results of the E-A54S and E-Y201P mutants in both BHK-
21 and Vero cells indicate that the reduction in multiplication kinetics is not a cell-type-specific
event. The E-A269S and E-V272T mutants showed comparable multiplication kinetics to WNV
NY99ic, exceeding 8 log1oTCIDso/ml in Vero cells between 3 and 7 dpi and BHK-21 cells between
5and 7 dpi.

C. Single E-A54S and E-Y201P mutations impair WNV infection in cells

We compared the genome-PFU ratio or the particle-PFU ratio of each mutant with WNV-
NY99ic to investigate whether or not reduced infectivity is due to the release of noninfectious
virus particles into the cell culture supernatant (Figure 3-10). Viral titers and RNA extract from
the P1 virus harvested from Vero cells at four dpi were compared to establish the genome-PFU
ratio. The E-A54S and E-Y201P mutants exhibited significant increases in genome-PFU ratios
compared to WNV-NY99ic. In contrast, there is no demonstrable difference in the genome-PFU

ratio of the E-A269S mutant or the E-V272T mutant compared to WNV-NY99ic.
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Figure 3-10: PFU-genome ratio of WNV EDI-EDII hinge region mutants

Genome-PFU ratios of WNV NY99ic and the triplicate replicates of the four mutants were grown
in culture supernatants of Vero cells infected at a moi of 0.1 and harvested at 3 dpi. Data points
represent the average genome copy-to-PFU ratios, and error bars represent the standard
deviation of two biological replicates prepared from Vero cells infected with WNV NY99ic or each
mutant at moi of 0.1. Comparison of genome copy-to-PFU ratio was performed using one-way
ANOVA followed by Dunnett’s pairwise comparison. The image was generated in GraphPad. The
PFU-genome ratios were conducted by Bailey Maloney and Ashley Bilyeu.

The genome-PFU ratio of the E-A54S and E-Y201P mutants was 25-fold (p=0.0052) and
28-fold (p=0.0046) higher than WNV NY99ic, respectively, with ratios averaging 320,000. This
result indicates that the E-A54 and E-Y201P mutants can each be assembled and secreted in cell
culture to produce virions that can act as immunogens. However, many of the virions are not
infectious. In contrast, the genome-PFU ratios of the E-A269S mutant nor the E-V272T mutant
remained at approximately 10,000.

Since the EDI-EDII interdomain movement initiates the formation of the E protein trimer,

which in turn leads to the hemagglutination (HA) activity of flaviviruses, we examined the HA
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titer of each WNV mutant at a range of pH between pH 5.8 and pH 7.4. The hemagglutination
activity of flaviviruses is due to the binding and membrane fusion with the erythrocytes mediated
by the E protein, including WNV. The membrane fusion process takes place due to the free energy
supplied by the protonation of endosomes. Therefore, we hypothesize that reducing the optimal
pH for hemagglutination activity will show that mutations of the flavivirus-conserved hydrophobic
amino acids in the EDI-EDII hinge region can interfere with membrane fusion activity. The WNV
NY99ic exhibited the highest HA titer at neutral pH of 7.0 - 7.2, which was also the optimal pH
for the HA activity of the E-A54S, E-A269S, and E-V272T mutants (Table 3-7). In comparison,
the E-Y201P mutation exhibited a noticeable reduction in the optimal pH for the HA activity to
pH 6.6-6.8. Collectively, both the E-A54S and E-Y201P mutations interfere with the formation of
infectious viruses, and the E-Y201 residue is crucial for the conformational change of the E protein
from dimer to trimer as shown by alteration of the optimum pH for HA activity

Table 3-7: Optimal pH for the HA activity of WNV NY99ic and each single mutant

The geometric mean HA titer of WNV NY99ic and triplicate replicates of each mutant were
determined by two biological replicates of HA test at gradient pH between pH 5.75 and pH 7.4

using 0.5% gander erythrocytes. The hemagglutination assays were conducted by Bailey Maloney.

Virus Optimal pH for HA activity
WNV NY99ic 7.0-7.2
E-A54S 7.2
E-Y201P 6.6-6.8
E-A269S 6.8-7.2
E-V272T 7.0
EL281N 6.8-7.2
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D. Serial passage of E-A54S and E-Y201P mutants in Vero cells
The E-A54S, E-Y201P, E-A269S, and E-V272T mutants were each serially passaged in
Vero cells at a moi of 0.1 for five passages. Cell culture supernatant was harvested at 3 dpi of each
passage during the beginning of the plateau phase of the multiplication curve of WNV-NY99ic in

Vero cells (Figure 3-11).
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Figure 3-11: Serially passaged WNV EDI-EDII hinge region mutants over 5 passages
Data points represent the average titers and error bars represent the standard deviation of three
biological replicates prepared from Vero cells infected with WNV NY99ic or each mutant at moi
of 0.1. Infectivity at each passage was compared by two-way ANOVA and Dunnett’s pairwise
comparison. The image was generated in GraphPad. The serial passaging experiments were
conducted by Bailey Maloney.

Comparing the reduced infectivity observed in passages 0 (P0) and 1 (P1), the infectivity
of the E-Y201P mutant became comparable to virus titers to WNV NY99ic after the second
passage in Vero cells. A compensatory mutation occurred at nucleotide position 1568, where the
engineered cysteine mutation transitioned to uracil. This nucleotide change resulted in the loss of

the proline mutation and a leucine substitution in the consensus sequence of the 201 residues of
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the WNV E protein. The leucine mutation at the E-Y201 residue indicated that the hydrophobic
residue is important to the structure and function of the E protein as the leucine mutation in P2
resulted in a large hydrophobic amino acid was preferred over proline, which is lower in
hydrophobicity. In contrast, the E-A54S mutation was retained after five passages despite
exhibiting similar reductions in infectivity to the E-Y201P mutation. Neither the E-A269S nor the
E-V272T mutant reverted to the wild-type sequence or accumulated compensatory mutations after
five passages in Vero cells.
E. Next-generation sequencing of WNV mutants

To investigate the stability of the RNA population of the mutants, we undertook next-
generation sequencing (NGS) of WNV NY99ic and the four single mutants that retained the
respective nucleotide substitutions engineered by PCR site-directed mutagenesis in the consensus
sequence. All of the NGS experiments were performed by Dr. Alan Barrett’s laboratory at the
University of Texas Medical Branch and further analyzed in the Vanlandingham laboratory. The
NGS analysis included virus stocks in two different passages: the PO stocks from transfected Vero
cells and the P1 stock from one single passage in Vero cells (moi: 0.1). Two replicates of WNV
NY99ic, and each of the mutants was rescued independently to obtain confirmatory data between
different biological isolates. One additional mutant was tested as an internal control. The E-L281N
mutation was an EDI-EDII mutation with three individual nucleotide mutations that were
confirmed to all revert to the wild-type consensus sequence. In contrast to the retention of the
single E-A54S, E-Y201P, E-A269S, and E-V272T amino acid mutations in the consensus
sequence in the PO stocks, there was evidence of selective pressure within the E-L281N mutant
viral RNA population. The PO stock of the E-L281N mutant showed to have no detectable single

nucleotide variants (SNVs) encoding for the asparagine (N) mutation (AAC) at the E-L281
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residue, and the consensus sequence of all three nucleotides became identical to the wild-type
WNV NY99ic (AAC to GUU).

We compare the SNVs identified in the E-A54S, E-Y201P, E-A269S, and E-V272T
mutants and WNV NY99ic stocks, using the 1% cutoff accepted to the field (Carpio et al. 2023)
(Figure 3-12 and Tables 3-8 and 3.9). Two biological isolates of the WNV NY99ic showed
comparable levels of SNVs in their PO and P1 viruses, with 12 SNVs ranging from 1.0 to 34.6%
in the PO virus and 15 SNVs from 1.1 to 38.9% in the P1 virus. These data are comparable to the
SNVs exhibited by the E-L281N mutant that reverted to the wild-type sequence (PO: 14 SNVs
from 1.0 to 34.7%, P1: 13 SNVs from 1.0 to 36.5%.). The four EDI-EDII hinge region mutants
that did not revert to the wild-type sequence exhibited similar NGS results to the wild-type: E-
Ab54S (P0: 7 SNVs from 1.0 to 25.2%, P1: 5 SNVs from 1.0 to 21.0%.), E-Y201P (PO: 31 SNVs
from 1.1 to 4.0%, P1: 32 SNVs from 1.1 to 9.6%.), E-A269S (P0: 28 SNVs from 1.0 to 9.9%, P1:
28 SNVs from 1.1 to 9.3%.), and E-V272T (PO: 24 SNVs from 1.0 to 14.4%, P1: 24 SNVs from
1.2 to 16.0%.). None of the SNVs identified in the four mutants were detected at positions of
nucleotides involved in the mutations. Most SNVs detected in the PO stocks were present in the
P1 stocks of WNV NY99ic and the respective mutants (Table 3-9). Since the SNVs are comparable
between the two passages of the virus and between the mutants and wild-type viruses, this indicates

that the mutations will not change the RNA population of WNV significantly.

182



—_—
<)
—
—_—
(=2
N—

40+ - 30
40~ - 30 o x
x % ‘,? 1M

= B = 30- o
= 30+ » 2 * -20 2
2 . - 20 E N . <
> x © 20- o
2 204 2] - e
s E 2 Lo 3
g’ 2 @ 10 R [
: T T
[ 8 ¥ 2

Figure 3-12: Single nucleotide variants of recovered PO and P1 WNV mutants

The SNV profiles of each virus's two PO stocks and two P1 stocks are summarized in (a) and (b),
respectively. Each x represents an SNV above 1% of the RNA population in the left y-axis. Grey
bars denote the SNV count of each virus on the right y-axis. The image was generated in

GraphPad. The next generation sequencing was performed by Kassandra Carpio in Dr. Alan

Barrett’s laboratory.
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Table 3-8: Summary of SNVs >1% identified in the PO stocks of WNV NY99ic and the

respective mutants

The WNV NY99ic and the WNV mutants were tested in two replicates. Each SNV denotes the

location in the WNV genome, the original nucleic acid base, the mutated nucleic acid base, the

protein the base is located in, the compensatory mutation (if applicable), and the frequency of

occurrence. The next generation sequencing was performed by Kassandra Carpio in Dr. Alan

Barrett’s laboratory.

Virus  Replicate Genomic Original Variant Genome Residue Frequency
Position Base Base Region  Change (%)
WNV 1 5166 G A NS3 - 2.1
NY99ic 10888 u A 3UTR - 13
2 414 A C Capsid - 1.5
491 A U prM K9M 23.7
546 A G prM - 34.6
808 A G prM T115A 3.1
2421 U G E FA85L 1.0
3061 C G NS1 L198V 7.3
3786 A C NS2A - 5.1
5166 G A NS3 - 2.9
6203 G A NS3 R531K 1.0
8738 A U NS5 Q353L 11.8
9072 C U NS5 - 4.5
10888 U A 3'UTR - 1.7
E-A54S 1 5166 G A NS3 - 1.9
8077 U C NS5 F133L 13.6
2 2732 U C NS1 VE88A 1.3
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Virus  Replicate Genomic Original Variant Genome Residue Frequency
Position Base Base Region  Change (%)
E-A54S 2 3612 A G NS2A - 11
4483 G NS2B N89D 25.2
4690 A U NS3 T27S 11
5166 G A NS3 - 2.5
5997 C U NS3 - 5.2
E-Y201P 1 546 A G prM - 1.2
866 A U prM Y134F 1.2
1920 A U E - 11
1968 A G E - 1.3
2313 A C E - 2.9
3477 A G NS1 - 1.9
4920 C U NS3 - 2.6
4950 A C NS3 - 1.5
5166 G A NS3 - 14
5369 A G NS3 N253T 1.7
5917 A G NS3 T436A 1.3
6203 G A NS3 R531K 11
6634 U C NS4A - 1.1
8352 A C NS5 - 1.1
10370 C U NS5 T8971 2.5
10421 A C 3'UTR - 2.9
10913 A C 3'UTR - 2.6
2 831 A G prv - 2.9
1684 A G E M240V 1.3
2679 A G NS1 - 1.2
2745 A G NS1 - 3.5
3205 A G NS1 T246A 3.2
4641 A G NS3 - 4.0
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Virus  Replicate Genomic Original Variant Genome Residue Frequency
Position Base Base Region  Change (%)
E-Y201P 2 5166 G A NS3 - 1.7
5812 G A NS3 D401N 1.3
6117 A U NS3 - 11
6203 G A NS3 R531K 1.3
7662 A G NS4B - 3.2
7 A U NS5 I133F 1.2
7794 A C NS5 - 1.2
8361 C A NS5 - 1.6
8889 A G NS5 - 1.4
10769 A G 3'UTR - 33
E-A269S 1 1774 A C E 1270L 9.9
2982 C U NS1 - 9.5
5166 G A NS3 - 2.0
9126 A G NS5 - 1.0
2 406 A G Capsid K104E 3.2
683 C U prM AT3V 1.7
710 C A prM T82N 1.8
1162 A G E S66G 2.3
2234 A G E D423G 2.7
2313 A C E - 2.2
2679 A G NS1 - 1.1
4396 A C NS2B 160L 3.2
4614 A C NS3 - 1.5
4965 A G NS3 - 1.9
5166 G A NS3 - 2.2
5250 A G NS3 1213M 14
5346 A U NS3 - 1.2
5571 A C NS3 - 3.4
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Virus  Replicate Genomic Original Variant Genome Residue Frequency

Position Base Base Region  Change (%)

E-A269S 2 6912 A G 2K - 1.7
6996 C U NS4B - 55

7707 A G NS5 - 2.4

8523 C A NS5 N281K 14

9637 U A NS5 F653I 2.0

10306 A C NS5 - 2.7

10408 C U 3'UTR - 2.1

10650 A G 3'UTR - 1.5

10740 A C 3'UTR - 1.0

10750 C U 3'UTR - 14

10778 A G 3'UTR - 4.4
E-V272T 1 217 A C Capsid K41Q 143
1907 C U E T3141 1.6

2052 U C E - 2.3
2581 A G NS1 T38A 14.4

4238 U C NS2B V7A 3.7

5166 G A NS3 - 2.1

7626 U C NS4B - 2.0

10888 U A 3'UTR - 1.1

2 106 A G Capsid K4E 1.4

287 C A Capsid ABAE 3.9

913 A C prM M150L 5.3

1311 A C E - 1.9

1800 U C E - 2.3

2427 A C E - 1.8

3593 C G NS2A L24V 4.6

3677 A G NS2A Y51C 6.0

4497 A C NS2B - 5.4

187



Virus  Replicate Genomic Original Variant Genome Residue Frequency
Position Base Base Region  Change (%)
E-V272T 2 5166 G A NS3 - 1.8
6263 U C NS3 V551A 11
7420 A C NS4B M169L 14.0
8164 A G NS5 1162V 3.4
9628 A U NS5 T650S 1.0
9660 C A NS5 - 1.5
9861 A G NS5 - 2.8
10350 A C NS5 - 3.3
10888 U A 3'UTR - 1.8
E-L281N 1 4292 A C NS2B D25A 1.2
4481 U C NS2B M88T 54
4719 A U NS3 - 15.1
5166 G A NS3 - 2.0
5325 A G NS3 - 13.0
8457 C U NS5 - 14
8769 G A NS5 - 7.0
10888 U A 3'UTR - 1.5
2 2222 C U E A419V 2.3
3961 A C NS2A 1146L 34.7
3964 A C NS2A T147P 6.4
5166 G A NS3 - 1.9
5938 A G NS3 1443V 2.0
6646 U C NS4A - 1.0
9724 U G NS5 S682A 5.5
10888 U A 3'UTR - 1.3

188



Table 3-9: Summary of SNVs >1% identified in the P1 stocks of WNV NY99ic and the
respective mutants.

The WNV NY99ic and the WNV mutants were tested in two replicates. Each SNV denotes the
location in the WNV genome, the original nucleic acid base, the mutated nucleic acid base, the
protein the base is located in, the compensatory mutation (if applicable), and the frequency of
occurrence. The next generation sequencing was performed by Kassandra Carpio in Dr. Alan

Barrett’s laboratory.

Virus Repeat Genomic Major Variant Gene  Residue Frequency
Position Base Base Region  Change (%)
WNV 1 414 A C Capsid - 1.6
NY99ic 491 A U prM K9M 28.7
546 A G prMm - 38.9
808 A G prM T115A 5.2
3061 C G NS1 L198N 6.9
3786 A C NS2A - 4.7
5116 G A NS3 - 15
6203 G A NS3 R531K 1.1
8738 A U NS5 Q353L 3.1
9072 C U NS5 - 4.5
2 638 C G prM A58G 1.4
1274 A C N103T 2.8
1708 A U T248S 1.1
1863 A G - 1.4
5166 G A NS3 - 1.7
6203 G A NS3 R531K 14
9584 A G NS5 N103T 2.1
E-A54S 1 5166 G A NS3 - 14
6203 G A NS3 R531K 1.0

189



Virus Repeat Genomic Major Variant Gene  Residue Frequency

Position Base Base Region  Change (%)

E-A54S 1 8077 U C NS5 F133L 7.9
2 4483 A NS2B N89D 21.0
5166 G A NS3 - 1.6

5997 C U NS3 - 51

E-Y201P 1 866 A U prM Y134F 1.3
1568 C A P201H 2.9

1920 A U - 14

2145 C A - 1.2

2313 A C - 2.9

3477 A G NS1 - 2.4

4920 C U NS3 - 2.7

4950 A C NS3 - 1.3

5166 G A NS3 - 1.7

5369 A G NS3 N253S 1.2

6203 G A NS3 R531K 1.1

6321 A C NS3 - 1.1

8815 A G NS5 T379A 11

10370 C U NS5 T897I 2.4

10421 A C 3'UTR - 1.9

10833 A G 3'UTR - 24

10913 A C 3'UTR - 2.3

2 831 A G prM - 2.5
1568 C U P201L 9.6

1568 C A P201H 8.0

1684 A G M240V 6.9

2679 A G NS1 - 14

2745 A G NS1 - 3.2

2858 A G NS1 N130S 55
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Virus Repeat Genomic Major Variant Gene  Residue Frequency
Position Base Base Region  Change (%)
E-Y201P 2 2991 C U NS1 - 3.6
3205 A G NS1 T246A 2.1
4641 A G NS3 - 4.1
5166 G A NS3 - 1.8
5812 G A NS3 D401IN 1.5
7662 A G NS4B - 5.4
8356 U A NS5 S226T 14
8361 C A NS5 - 1.3
8889 A G NS5 - 2.0
10769 A G 3'UTR - 2.3
E-A269S 1 1774 A C E 1270L 9.2
2982 C U NS1 - 9.3
5166 G A NS3 - 14
6203 G A NS3 R531K 11
2 406 A G Capsid K104E 2.5
683 C U prM A73V 1.6
1162 A G S66G 2.3
1491 A C - 1.2
2234 A G D423G 1.2
2313 A C - 2.6
2679 A G NS1 - 1.3
4396 A C NS2B 160L 35
4614 A C NS3 - 11
4965 A G NS3 - 3.5
5166 G A NS3 - 14
5250 A G NS3 1213M 1.3
5346 A U NS3 - 11
5571 A C NS3 - 3.8
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Virus Repeat Genomic Major Variant Gene  Residue Frequency
Position Base Base Region  Change (%)
E-A269S 2 6203 G A NS3 R531K 1.5
6912 A G 2K - 2.1
6996 C U NS4B - 5.0
7707 A G SN5 - 1.8
8523 C A NS5 N281K 1.8
9637 U A NS5 F653lI 2.9
10306 A C NS5 - 2.7
10369 A C NS5 T897P 14
10408 C U 3'UTR - 1.6
10650 A G 3'UTR - 1.3
10740 A C 3'UTR - 11
10778 A G 3'UTR - 5.7
E-V272T 1 217 A C Capsid K41Q 11.0
1907 C U E T341l 1.7
2052 U C E - 2.3
2581 A G NS1 T38A 10.0
4238 U C NS2B V7A 3.5
5166 G A NS3 - 1.3
6203 G A NS3 R531K 1.3
7626 U C NS4B - 2.3
2 106 A G Capsid K4E 1.9
287 C A Capsid ABGAE 4.2
913 A C prM M150L 5.8
1311 A C E - 2.2
1800 U C E - 3.2
2427 A C E - 15
3595 C G NS2A L24V 2.7
3677 A G NS2A Y51C 2.6
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Virus Repeat Genomic Major Variant Gene  Residue Frequency

Position Base Base Region  Change (%)
E-V272T 2 4497 A C SN2B - 4.1
5166 G A NS3 - 1.6

6203 G A NS3 R531K 1.2

6263 U C NS3 V551A 1.6

7420 A C NS4B M169L 16.0

8164 A G NS5 1162V 3.6

9628 A U NS5 T650S 1.7

9660 C A NS5 - 1.5

9861 A G NS5 - 3.5

10350 A C NS5 - 2.4

E-L281N 1 4481 U C NS2B M88T 4.4
4719 A U NS3 - 14.4

5166 G A NS3 - 1.2

5325 A G NS3 - 14.2

6203 G A NS3 R531K 1.0

8457 C U NS5 - 1.6

8769 G A NS5 - 6.4

2 2222 C U E A419V 3.2
3961 A C NS2A 1146L 36.5

3964 A C NS2A T147P 1.3

5166 G A NS3 - 1.0

5938 A G NS3 1443V 1.3

6203 G A NS3 R531K 1.3

6646 U C NS4A - 14

9724 U G NS5 S682A 1.3

Neither the E-Y201P nor the E-A54S mutant contained SNVs indicative of reversion to

the wild-type sequence or any compensatory mutations in the PO stocks. Therefore, using the PO
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stocks to determine the attenuating effect of the E-A54S or E-Y201P mutations on the mouse
neuroinvasive phenotype of WNV NY99ic is scientifically sound (see section 3.3.F). The E-Y201P
mutation was engineered by changing the first and second nucleotides of the codons at positions
1567 and 1568. Interestingly, one of the two P1 stocks of the E-Y201P mutant contained two SNVs
that resulted in a nonsynonymous mutation at the target residue. The C1568U mutation appeared
in 9.6% of reads, and the C1568A transversion occurred in 8.0%. During the passage experiment
from section 3.2.D, the second passage of the virus (P2) resulted in the C1568U mutation that gave
rise to a leucine residue that became a consensus mutation. The C1568A transversion encoding a
histidine residue was not selected for further passages. The selection of the C1568U mutation
further confirms a hydrophobic amino acid in the E-Y201 residue is important for the structure-
function of the E protein. Both the PO and P1 stocks of the E-A269S mutant developed an SNV.
The A1774C mutation was present in > 9% of reads, which encodes an E-1270L mutation in the
viral RNA population, but the mutation is not present in the consensus sequence, at least for the
PO and P1 virus stocks. The E-1270L mutation is directly neighboring the E-A269S, making it a
compensatory mutation due to the structural and functional change caused by the E-A269S
mutation. So, in addition to the E-A54, E-1130, E-1135, E-1196, E-Y201, and E-L281 residues
proved to have the structural and functional importance of the E protein, the E-A269 residue is
also crucial for the hinge effect at the EDI-EDII domain interface.
F. Attenuation of the mouse neuroinvasive phenotype of WNV by E-A54S and E-
Y201P mutants

The neuroinvasive phenotype of each mutant was compared with WNV NY99ic in four-

week-old outbred Swiss mice that were intraperitoneally challenged with 500 PFU of WNV

(Figure 3-13). Each mutant was tested in ten mice (five female and five male mice) to demonstrate
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sex is not a biological variable that can affect the outcome. All data in section 3.2.F was originally
published in Ashley Bilyeu’s K-State Master’s thesis and further analyzed in this dissertation
(Bilyeu 2023). The E-A54P and E-Y201P mutations attenuated the mouse neuroinvasive

phenotype of WNV NY99ic, while the E-A269S and E-V272T mutants showed uniform lethality.
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Figure 3-13: Attenuation of the neuroinvasive phenotype of WNV in four-week-old mice
Groups of five male and five female mice received the IP challenge with each WNV mutant or
WNV NY99ic at 500 PFU. The survival of mice receiving the E-A54S, E-Y201P, E-A269S, E-
V272T mutants, or the parental WNV-NY99ic is depicted. The Kaplan-Meier survival curve
showed differences in survival outcomes and average survival time, and Dunnett’s pairwise
comparison followed one-way ANOVA. The image was generated in GraphPad. The mouse
neuroinvasive disease study was conducted by Bailey Maloney, Ashley Bilyeu, So Lee Park, and
Danielle Saunders.

Infection with the wild-type WNV NY99ic led to uniform lethality between 6 and 8 dpi.
Significantly, no mortality was observed in mice challenged with the E-Y201P mutant (p<0.0001).
Therefore, the E-Y201P mutation fully attenuated the neuroinvasive phenotype in mice challenged

with 500 PFU. The E-A54S mutation exhibited a partially attenuated phenotype, as 20% of mice
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survived up to the end of the study at 14 dpi and had an extended average survival time of 9.8 days
compared to the 6.9 days for the wild-type mice (p<0.01) (Table 3-10). The average survival time
was determined by the day post-infection when mortality was observed. The neuroinvasive
phenotype of the E-A269S and E-V272T mutants was indistinguishable from wild-type WNV
NY99ic and similarly caused 100% mortality between 6 and 8 dpi.

Table 3-10: Average survival times of mice infected with WNV EDI-EDII mutants

This table details the average survival time post-infection for each group of inoculated mice and
the standard deviation seen within the respective group. The average survival time of each group
was calculated using 14 days as the end point of the study. The table was originally published in
Ashley Bilyeu’s 2023 Master’s thesis (Bilyeu 2023). The mouse neuroinvasive disease study was

conducted by Bailey Maloney, Ashley Bilyeu, So Lee Park, and Danielle Saunders.

Group Average Survival Time (days) Standard Deviation
WNV NY99 (wt) 6.9 0.6
E-A54S 9.8 2.5
E-Y201P >14 n/at
E-A269S 7.1 0.3
E-V272T 6.7 0.5

An important indicator of the onset of West Nile neurotropic disease in mice, sometimes
before the start of symptoms, is weight loss. The weights of each of the mice were measured during
the morning of each day of the study (Table 3-11). The wild-type mice showed an increase in
weight until 5 to 6 dpi, during which WNV likely began to multiply and disseminate from the

peritoneal cavity. After 5 to 6 dpi, the weights began to decrease, and symptoms started to show.

! No endpoint data was retrieved in this mouse group so no standard deviation could be calculated.
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By the morning of 8 dpi, the mice had all died. The female mice in the wild-type group lost weight
initially following inoculation, potentially due to the configuration of the ventilated cages that can
be challenging for young female mice to access water. However, weight gain within this group of
females was consistent after the cages’ reconfiguration until 5 dpi, when two began to show weight
loss. Similar to the males, all females had begun to show weight loss by 6 dpi. The mice challenged
with the E-Y201P mutant steady increases in weight throughout the study, with weight gains of
65 to 108% of their initial weight at 0 dpi. The E-Y201P group was the only group of mice that
did not experience weight loss after 5 dpi, similar to the wild-type mice, and they were the only
group where the peak weight of all ten mice was the same as their final weight. The E-A54S-
challenged mice exhibited weight loss, with the males losing weight at 5 to 6 dpi and 7 to 9 dpi.
The one male that survived began to gain weight again at 9 dpi, and the one female that survived
began to gain weight again at 12 dpi, potentially showing a recovery from the WNYV infection. The
mice challenged with E-A269S and E-V272T exhibited similar weight loss to the wild-type, with

initial weight loss starting at 6 to 7 dpi.
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Table 3-11: Individual weights for mice infected with WNV EDI-EDII mutants

The weight of each mouse was measured in grams every morning of the study at about 8:30 am.
The starting weight is the mouse's weight on the morning of 0 dpi before challenging the mice with
WNV. The peak weight is the heaviest weight each mouse attained during the study. The final
weight is the mouse's weight the morning the mice were euthanized or the morning of the end of
the study at 14 dpi. “M” represents the male mice, and the notation “F” represents the female
mice. Grey coloring represents a mouse that was euthanized or found dead prior to the end of the
study, and white represents a mouse that survived to 14 dpi. This table was modified from a table
originally published in Ashley Bilyeu’s 2023 Master’s thesis (Bilyeu 2023). The mouse
neuroinvasive disease study was conducted by Bailey Maloney, Ashley Bilyeu, So Lee Park, and

Danielle Saunders.

Starting  Peak Final Starting  Peak Final
Group Mouse Weight Weight Weight Mouse Weight Weight Weight
(Male) (Female)

(9) (9) (9) (9) (9) (9)

1M 15.9 21.2 18.2 1F 9.3 11.9 10.3

WNV 2M 12.9 17.55 14.5 2F 11 14.9 10.9
NY99 3M 14.2 20.0 16.5 3F 9.3 12.1 10.0
(wt) 4M 15.5 21.3 17.7 4F 9.3 11.1 9.0
5M 20.5 26.5 215 5F 8.5 10.2 8.7

1M 18.0 25.2 22.3 1F 10.7 14.6 12.4

2M 16.0 23.2 21.0 2F 10.3 16.1 14.8

A54S 3M 15.7 28.7 29.7 3F 10.5 12.9 11.2
4M 18.3 25.3 20.4 4F 11.8 14.1 13.8

5M 14.6 22.5 17.0 5F 12.2 14.2 11.7

1M 14.6 30.3 30.3 1F 6.6 17.2 17.2

Y201P 2M 16.2 29.4 29.4 2F 8.5 21.8 21.8
3M 15.4 29.0 29.0 3F 9.3 19.6 19.6
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Starting  Peak Final Starting  Peak Final
Mouse _ _ ) Mouse _ _ ]
Group Weight Weight Weight Weight Weight Weight
(Male) (Female)
(9) (9) (9) (9) (9) (9)
4M 15.1 28.6 28.6 4F 10.8 23 23
Y201P
5M 15.6 25.7 25.7 5F 10.1 19.8 19.8
1M 15.0 304 17.0 1F 11.3 15.6 15.5
2M 16.2 22.6 19.8 2F 7.5 10.3 9.5
A269S 3M 17.0 24.2 20.7 3F 9.0 12.4 10.2
4M 15.1 21.6 19.2 4F 8.8 10.9 8.7
5M 14.6 20.4 16.0 5F 7.7 9.9 8.2
1M 15.7 21.9 19.9 1F 7.6 11.2 9.3
2M 18.0 25.6 21.0 2F 9.3 12.4 10.4
V272T 3M 14.8 19.8 19.8 3F 9.7 15.2 13.3
AM 14.9 16.3 16.3 4F 8.9 14.1 115
5M 14.0 15.7 15.7 5F 11.6 17.4 145

Disease symptoms were initially observed in the wild-type WNV NY99ic mice at 6 dpi.
The first signs included hunched spinal posture, inhibited motor movements, ruffled fur, a lack of
escape attempts from human handling, and quiescence. Symptoms progressed quickly to show
signs of neurological disease such as leaning to one side, depression, uncoordinated movement,
paralysis, and one observed seizure case in one of the E-A269S challenged mice. In addition to a
lack of weight loss, all E-Y201P mice exhibited no signs of disease during the study. The lack of
symptoms of WNV neurotropic disease provides evidence that the E-Y201P mutation can fully
attenuate the neuroinvasive phenotype of WNV in mice. The E-A54S mice started showing signs
of disease at 7 dpi. The one male mouse that survived showed no signs of disease at any point in
the study. The one female mouse that survived showed minor signs of disease from 8 to 14 dpi,

such as ruffled fur and a slightly hunched posture but remained bright, alert, and responsive the
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entire study. The mice challenged with E-A269S and E-V272T exhibited a similar onset of disease
symptoms compared to the wild-type, at 6 dpi, before quickly showing neurological signs of
disease.

As no mortality was observed in mice challenged with the E-Y201P mutant, there was no
viral RNA above the limit of detection in the brains collected at day 14 dpi (Figure 3-14),
suggesting that the E-Y201P mutant can fully attenuate the neuroinvasive phenotype of WNV in
outbred Swiss mice up to 500 PFU. Although eighty percent of mice succumbed to the
neuroinvasive disease caused by the E-A54S mutant, none of the surviving mice showed detectable
brain viral load at 14 dpi. Further, there was a 14-fold reduction of brain viral load in mice
receiving the IP challenge with the E-A54S mutant and developed lethal neuroinvasive disease
(6.5*10%2 genome copies/gram of tissue) in comparison with wild-type WNV NY99ic (9.3*10'3
genome copies/gram of tissue) (p<0.01). Although the E-A269S and E-V272T mutants caused
100% mortality, viral RNA load was significantly reduced in mouse brains collected between 6 to
8 dpi. Because the mouse brains were infected with WNV NY99ic, the reduced brain viral loads
suggest that both the E-A269S mutation and the E-VV272T mutation still exhibit attenuating effects
on the mouse neuroinvasive phenotype of WNV. However, the attenuation level is insufficient to
prevent the onset of lethal disease. Specifically, mice challenged with the E-A269S mutant and the
E-V272T mutants exhibited 5-fold (1.7*10'% genome copies/gram of tissue) (p=0.002) and 4-fold
reduction (2.2*10'° genome copies/gram of tissue) (p=0.004) in brain viral load in comparison

with WNV NY99ic, respectively.
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Figure 3-14: Viral RNA loads in mice infected with WNV EDI-EDII hinge region mutants
Brain viral load of mice challenged with WNV NY99ic or the respective singles was compared by
one-way ANOVA and Dunnett’s pairwise comparison. The dashed line indicates the limit of
detection. The graph was originally published in Ashley Bilyeu’s 2023 Master’s thesis (Bilyeu
2023). The RT-gPCR was conducted by Bailey Maloney.

The E gene was also amplified from the total mouse brain RNA extract using RT-PCR and
gene-specific primers. The consensus sequence of the E-A54S, E-A269S, and E-V272T mutants
demonstrated that none of the three mutants reverted to the wild-type sequence.

We undertook PRNTsp to determine the immunogenicity of the fully attenuated E-Y201P
mutant and the partially attenuated E-A54S mutant, using serum samples collected at 14 dpi, i.e.,
the study's endpoint. Both the E-Y201P and E-A54S mutants elicited neutralizing antibody
responses in surviving mice. Nine mice (90%, 9/10) that survived the IP challenge with the E-
Y201P mutant showed 1:10 or greater serum PRNT50 titer with a geometric mean of serum
PRNTsq titer of 43.2 (Figure 3-15). Similarly, both mice that survived the IP challenge with the E-

A54S mutant also had a detectable serum-neutralizing activity with a geometric mean of serum
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PRNTs5o titer of 160. Although the sample size for the E-A54S mutants is small, the fully attenuated
E-Y201P mutant exhibited lower immunogenicity than the partially attenuated E-A54S mutant,

presumably due to the different levels of viral replication.

Geometric
400~ mean titer: 160

300

Geometric
mean titer: 43.2

PRN T50 titer

E-A54S E-Y201P

Figure 3-15: Serum-neutralizing antibodies in mice receiving the IP challenge with the E-
A54S or E-Y201P mutant.
PRNTSsg titers were determined using the biological isolates of the WNV NY99 strain. The dashed
line indicates 1:10 serum PRNTso titer. The image was generated in GraphPad. The
PRNTso assays were conducted by Ashley Bilyeu.

As a proof-of-concept, the fully attenuated E-Y201P mutant and the partially attenuated E-
A54S mutant show at least two flavivirus-conserved hydrophobic amino acids in the EDI-EDII
hinge region of WNV can be targets for the engineering of attenuating mutations. The infectivity
of the E-Y201P mutant is low and may be insufficient for manufacturing candidate WN LAVS.
The E-A54S mutation cannot fully attenuate the neuroinvasive phenotype of WNV in mice.
Nevertheless, both the E-A54 and E-Y201 residues are worthwhile investigating for engineering
mutations that can potentially reach the balance of attenuation and immunogenicity. As such, two

independent approaches were evaluated to optimize the E-A54 and E-Y201 mutants. Firstly, we
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evaluated all 19 alternative amino acid substitutions of the E-A54 and E-Y 201 residues, followed
by selecting two single E-A54 mutants and two E-Y201 mutants to investigate the attenuating
effect on the mouse neuroinvasive phenotype of WNV NY99ic. Secondly, we also engineered the
E-Y201P mutant based on the codon preference of WNV to increase the infectivity of the E-Y201P
mutant in Vero cells.
G. Recovery and infectivity of WNV E-A54 and E-Y201 optimized mutants

In addition to the E-A54S and E-Y201P mutations, engineering of all 18 alternative amino

acid substitutions of the respective residues produced the single-site mutants summarized in Tables

3-12 and 3-13.
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Table 3-12: Viability and stability of WNV E-A54 mutants
The WNV NY99ic plasmids were obtained from Dr. Claire Huang’s laboratory. Modifications

and recovery of WNV E-A54 mutants were conducted by Bailey Maloney, Ashley Bilyeu, and

Adrienne Pohl.
Location Mutation Viability Compen?c,atory
Mutations
A54C Viable None detected
A54D Viable None detected
A54E Viable None detected
A54F Lethal n/a
A54G Viable None detected
A54H Viable None detected
Ab4| Viable None detected
A54K Viable None detected
Moltif £1 A54L Viable Reversion
A54M Viable None detected
A54N Viable None detected
A54P Viable None detected
A54Q Viable None detected
A54R Viable None detected
A54T Viable None detected
A54V Viable Reversion
A54W Lethal n/a
AbB4Y Lethal n/a
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Table 3-13: Viability and stability of WNV E-Y201 mutants

The WNV NY99ic plasmids were obtained from Dr. Claire Huang’s laboratory. Modifications

and recovery of WNV E-A54 mutants were conducted by Bailey Maloney and Adrienne Pohl.

Location Mutation Viability Compen?c,atory
Mutations
Y201A Viable Reversion
Y201C Viable None detected
Y201D Viable None detected
Y201E Viable None detected
Y201F Viable None detected
Y201G Lethal n/a
Y201H Viable None detected
Y201l Viable None detected
Y201K Viable None detected
Motif #3 Y201L Viable None detected
Y201M Viable None detected
Y201N Viable None detected
Y201P (optimized) Viable None detected
Y201Q Viable None detected
Y201R Viable None detected
Y201S Viable Reversion
Y201T Lethal n/a
Y201V Lethal n/a
Y201W Lethal n/a

Surprisingly, 13 amino acid substitutions of the E-A54 residue were tolerated, albeit the E-
Ab4 residue is strictly conserved across all flaviviruses (Table 3-12). The E-A54 mutants can be

categorized into two different groups. The first group includes twelve amino acid substitutions of
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the E-A54 residue that significantly reduced the infectivity of WNV NY99ic in Vero cells
transfected with the viral genome, including the E-A54C, E-A54D, E-A54E, E-A54G, E-A54H,
E-A54l, E-A54K, E-A54M, E-A54N, E-A54P, E-A54Q, E-A54R, and E-A54T mutations. The E-
A54P mutation had no demonstrable impact on the infectivity of WNV NY99ic. In contrast, the
second group of mutants produced non-viable phenotypes. The E-A54G, E-A54L, and E-A54V
mutants are unstable, and the E-A54F, E-A54W, and E-A54Y mutations precluded the recovery
of viable viruses. The E-A54L mutation involves two codon changes, the G1126C nucleotide
substitution in the first codon and the C1127U nucleotide substitution in the second codon. In one
of the three independent rescues of the E-A54L mutants, the C1127U nucleotide substitution
reverted to the wild-type sequence, resulting in the CCA codon encoding proline.

The E-A54V mutation is due to the C1127U nucleotide change in the second codon. Two
independent transfection experiments with the RNA transcript encoding the E-A54V mutant
resulted in the loss of engineered nucleotide substitution. The compensatory proline mutation
resulted in two mutations: G1126C and U1127C. The change in the first nucleotide was new to
the sequence, and the change in the second was a reversion to the wild-type sequence. The E-
A54G mutation occurred at the second nucleotide, resulting in a U1127G mutation. The E-A54G
mutation resulted in a mixed population of viruses. One of two biological replicates demonstrated
a lethal phenotype, while the other replicates retained the engineered amino acid substitution.
Consistent with the attenuated phenotype of the E-A54S mutant, the alternative amino acid
substitutions led to the reduced infectivity, reversion to the wild-type sequence, and lethal
phenotype collectively reflect that the flavivirus conserved E-A54 residue is crucial for the

structure-function of the E protein.
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We can further distinguish the eleven E-A54 mutations based on the reduced infectivity
level compared to WNV NY99ic (8.5l0g10PFU/mI) (Figure 3-16). The E-A54M mutation reduced
the infectivity of WNV NY99ic by 99-fold. Infectivity of the E-A54C, E-A54l, E-A54K, and E-
A54Q mutants was approximately at 4log10PFU/ml, which can be translated into a 2730-, 14750-
, 6210-, and 4820-fold reduction, respectively, in comparison with the WNV NY99ic. The E-
A54D, E-AB4E, and E-A54T mutants had average titers of 3logioPFU/mI, and the E-A54H, E-

A54N, and E-A54R mutants had average titers of 2logi0PFU/m.
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Figure 3-16: Infectivity of WNV E-A54 mutants in Vero cells
Infectivity of WNV NY99ic and the E-A54 mutations, following transfection of Vero cells.
Infectivity between WNV NY99ic and three biological replicates of each mutant collected at 3 dpi
was compared using one-way ANOVA followed by Dunnett’s pairwise comparison. Each mutant
is denoted in the graph with the letter associated with the single-site mutation. The image was
generated in GraphPad. Recovery of mutant viruses and plaque assays were conducted by Bailey
Maloney.

Further, we selected the E-A54 mutants that reached infectivity greater than 2logioPFU/mI
in transfected Vero cells to determine the replication kinetics in Vero cells (moi: 0.1) because the

low infectivity will be challenging for vaccine manufacturing (Figure 3-17). For the simplicity of
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comparison, the replication kinetics in Vero cells was determined for up to 3 dpi when infectivity
of WNV NY99ic reached the plateau phase. As anticipated, the E-A54P mutant resembled the
multiplication kinetics of WNV NY99ic between 1 and 3 dpi. The E-A541 (p=0.03) and E-A54M
(p=0.04) mutants failed to multiply to high infectivity at 3 dpi, compared with WNV NY99ic.
Substituting the E-A54 residue with the acidic aspartic acid (p=0.0009) and glutamic acid
(p=0.001) led to a significant reduction of infectivity at 2 dpi. Similarly, the E-A54K, E-A54C, E-
A54Q, and E-A54T mutants also exhibited varying but significant levels of reduction in
multiplication kinetics in comparison with WNV NY99ic between 1 and 3 dpi (p<0.05).

10—

-e- WNV NY99ic
5 e E-A54|
_ -~ E-A54M
-E% 6 . -o- E-A54P
g -e- E-A54D
o, -~ E-A54K
3 -~ E-A54C
2m -8~ E-A54E
e E-A54Q
0 ®- E-A54T

1 1 1
0 1 2 3

Days Post Infection

Figure 3-17: Multiplication kinetics of the E-A54 mutants in Vero cells between 0 and 3 dpi
Average titers of three replicates calculated from virus harvested from Vero cells infected at moi
of 0.1. Data points represent the mean viral titer, and error bars represent the standard deviation
of three biological replicates. The image was generated in GraphPad. Growth curves were
conducted by were conducted by Bailey Maloney.

In addition to the multiplication kinetics in Vero cells, we determined the genome-PFU
ratio of the E-A54 mutants, as the attenuated E-A54S and E-Y201P mutants both exhibited

significantly higher genome-PFU ratios in comparison with WNV NY99ic (Figure 3-18). Seven
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E-A54 mutations were shown to significantly increase the genome-PFU ratio of WNV NY99ic,
including the E-A54C, E-A54D, E-AB4E, E-A54l, E-A54K, E-A54Q, and E-A54T mutations.
Notably, two acidic amino acid substitutions, i.e., the E-A54E and E-A54D mutations, showed a
2.7-fold increase in the genome-PFU ratio (p<0.0001). The increase in genome-PFU ratio can also
be caused by replacing the E-A54 residue with the basic lysine (1.6-fold increase, p=0.0406). The
E-A54C, E-A54Q, and E-A54T mutations increased the genome-PFU ratio of WNV NY99ic by
1.7 (p=0.004), 1.6 (p=0.0063), and 2.2 (p<0.0001) fold, respectively. Intriguingly, the genome-
PFU ratio of WNV NY99ic could also be significantly elevated by one hydrophobic amino acid
substitution, i.e., the E-A541 mutation (1.9-fold, p=0.0006). The remaining mutations, E-A54L, E-
A54M, E-A54P, and E-A54V, showed no significant differences in their genome-PFU ratios
compared to wild-type viruses. We then used three criteria to select the E-A541 and E-A54E
mutants to evaluate the attenuation of the mouse neuroinvasive phenotype of WNV NY99ic,
including 1) the reduced infectivity in transfected Vero cells, 2) the impairment of multiplication

kinetics in infected Vero cells, and 3) the increased genome-PFU ratios in infected Vero cells.
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Figure 3-18: PFU-genome ratio of WNV E-A54 mutants

PFU-genome ratios of WNV NY99ic and the eleven mutants were grown in the culture
supernatants of Vero cells infected at a moi of 0.1. Data points represent the average genome
copy-to-PFU ratios, and error bars represent the standard deviation of two biological replicates

prepared from Vero cells infected with WNV NY99ic or each mutant at moi of 0.1 and collected at
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3 dpi. Comparison of genome copy-to-PFU ratio was performed using one-way ANOVA followed
by Dunnett’s pairwise comparison. The image was generated in GraphPad. The PFU-genome
ratios were conducted by Bailey Maloney, Ashley Bilyeu, and Adrienne Pohl.

Transfection of Vero cells with RNA transcripts encoding the 18 alternative amino acid
substitutions of the E-Y201 residue rescued 13 single E-Y201 mutants retaining the engineered
nucleotide substitutions. The mutations E-Y201F, E-Y201H, E-Y201I, E-Y201L, E-Y201M, E-
Y201N, and E-Y201R resembled the infectivity of WNV NY99ic, reaching approximately 7-
8log1oPFU/mI (Figure 3-19). Four mutants exhibited the lethal phenotype, including the E-Y201G,
E-Y201T, E-Y201V, and E-Y201W mutations (Table 3-13). The E-Y201A and E-Y201S
mutations were unstable. Only one rescue of the E-Y201A mutant that encodes U1567G and
A1568C nucleotide substitutions produced infectious viruses, which were proven to revert to the
wild-type sequence. Similarly, only two transfection experiments of Vero cells with RNA
transcripts encoding the E-Y201S mutation produced viable viruses, and one biological replicate

retained the engineered amino acid substitution.
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Figure 3-19: Infectivity of WNV E-Y201 mutants in Vero cells

Infectivity of WNV NY99ic and two replicates of the E-Y201 mutations, following transfection of
Vero cells. Infectivity between WNV NY99ic and three biological replicates of each mutant
collected at 3 dpi was compared using one-way ANOVA followed by Dunnett’s pairwise
comparison. The image was generated in GraphPad. Recovery of mutant viruses and plaque

assays were conducted by Bailey Maloney.
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Six E-Y201 mutants showed significantly reduced titers compared to WNV NY99ic,
including 19-fold reduction caused by the E-Y201E mutation (p=0.0174), 22-fold reduction by the
E-Y201K mutation (p=0.0129), and 11-fold reduction by the E-Y201Q mutations (p=0.0384).
However, the most profound reduction of infectivity was observed in the E-Y201C and E-Y201D
mutants. In comparison with WNV NY99ic, the E-Y201C and E-Y201D mutants had the largest
reduction in infectivity, corresponding to 114-fold (p=0.0002) and 337-fold (p<0.0001) reduction,
respectively. The multiplication kinetics and genome-PFU ratios in Vero cells (moi: 0.1) further
justify the selection of the E-Y201C and E-Y201D mutants for evaluation in the neuroinvasive
disease mouse model. Briefly, both the E-Y201C and E-Y201D mutants exhibited multiplication
kinetics resembling the E-Y201P mutant (Figure 3-20). The genome-PFU ratio of the E-Y201C
and E-Y 201D mutants was also increased by 1.4 and 1.8-fold compared with WNV NY99ic, albeit

with the lack of statistical significance (Figure 3-21).
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Figure 3-20: Reduced multiplication kinetics of the E-Y201C and E-Y201D mutants in Vero
cells between 0 and 3 dpi.

Average titers were calculated in Vero cells infected at moi of 0.1. Data points represent the mean
viral titer, and error bars represent the standard deviation of three biological replicates. The

image was generated in GraphPad. Growth curves were conducted by Bailey Maloney,
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Figure 3-21: PFU-genome ratio of WNV E-Y201 mutants
Genome-PFU ratios of WNV NY99ic and the six mutants were grown in the culture supernatants
of Vero cells infected at a moi of 0.1. Data points represent the average genome copy-to-PFU
ratios, and error bars represent the standard deviation. Comparison of genome copy-to-PFU ratio
was performed using one-way ANOVA followed by Dunnett’s pairwise comparison. The image
was generated in GraphPad. PFU-genome ratios were conducted by Bailey Maloney and Adrienne
Pohl. The PFU-genome ratios were conducted by Bailey Maloney and Adrienne Pohl.

Of the E-Y201 mutants tested, none exhibited genome-PFU ratios significantly different

from the wild-type virus. The E-Y201C, E-Y201D, E-Y201E, E-Y201K, and E-Y201R mutants
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had ratios between 3-4logiogenome-PFU while the E-Y201Q mutant showed the closest ratio to
the wild-type at 2.85logiogenom-PFU+0.74. Two of these mutants stood out as having visibly
higher genome-PFU ratios even if they were not significantly different: E-Y201C (p=0.1234) and
E-Y201D (p=0.1597).
H. Engineering of the E-Y201P mutation based on the codon bias of WNV

In addition to optimizing the amino acid substitution of the E-Y201 residue, we also
hypothesized the E-Y201P mutant engineered according to the codon bias of WNV would increase
infectivity in Vero cells. In Section 3.2.A, we initially utilized a proline at the E-Y201 residue
using the nucleotide substitutions U1567C and A1568C, resulting in the CCC codon (Figure 3-
22). To create a mutant containing the proline codon with the greatest codon bias for WNV, an
additional nucleotide mutation was introduced at C1569A, resulting in a CCA codon. The
optimized CCA codon increased the infectivity of the E-Y201P mutant by 4.1-fold compared with
the E-Y201P mutant using the CCC codon. Reassuringly, the E-Y201P mutation encoded by the
CCA codon retained the engineered amino acid substitution in the consensus sequence determined
by Sanger sequencing. Therefore, the codon-optimized E-Y201P mutant was further evaluated for

attenuation of the mouse neuroinvasive phenotype of WNV NY909ic.
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Figure 3-22: Infectivity comparison of WNV E-Y201P mutants
Infectivity of two replicates of the E-Y201P mutations following transfection of Vero cells. Green:
E-Y201P mutation encoded by the CCC codon. Purple: E-Y201P mutation encoded by the CCA
codon. The image was generated in GraphPad. Recovery of mutant viruses and plaque assays
were conducted by Bailey Maloney.
I. Attenuation of the mouse neuroinvasive phenotype of optimized WNV E-A54 and
E-Y201 mutants
The neuroinvasive phenotype of the E-A541, E-A54E, E-Y201C, and E-Y201D mutants
was each determined in groups of five male and five female four-week-old outbred Swiss mice,
i.e., the same model system that demonstrated the attenuating effect of the E-A54S and E-Y201P

mutations (Figure 3-23).

218



=%
=
=

p-:n.numI

=
=
|

Y
=
1

- WNVic-NY99
-+~ E-A54|
-+ E-AS4E

T 1 T ) T T T
2 4 6 8 10 12 14

Days Post Infection

Survival Rate (%)
: ¢ %

=

=

Figure 3-23: Attenuation of the neuroinvasive phenotype of WNV E-A54 mutants in four-
week-old mice
Groups of five male and five female mice received the IP challenge with each WNV mutant or
WNV NY99ic at 500 PFU. The Kaplan-Meier survival curve showed differences in survival
outcomes and average survival time, and Dunnett’s pairwise comparison followed one-way
ANOVA. The image was generated in GraphPad. The mouse neuroinvasive disease study of E-A54
mutants was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, and So Lee Park.
Infection with the WNV NY99ic led to uniform lethality between 7 and 11 dpi.
Significantly, no mortality was observed in mice challenged with the E-A541 mutant (p<0.0001).
Therefore, the E-A541 mutation can fully attenuate the neuroinvasive phenotype of WNV NY99ic
in mice up to 500 PFU. The E-A54E mutant also exhibited a highly attenuated phenotype, as 90%
of mice survived up to 14 days. Only one female mouse was euthanized during the final evening
at 13 dpi. Therefore, mice challenged with the E-A54E mutant had an extended average survival

time of 13.9 days (p<0.0001) (Table 3-14).

219



Table 3-14: Comparison of average survival times between mice challenged with WNV
NY99ic, the E-A54E mutant, and the E-A541 mutant

This table details the average survival time post-infection for each group of inoculated mice and
the standard deviation seen within the respective group. The average survival time of each group
was calculated using 14 days as the end point of the study. The mouse neuroinvasive disease study

of E-A54 mutants was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, and So

Lee Park.
Group Average Survival Time (days)  Standard Deviation
WNV NY99 (wt) 8.2 1.5
E-AS4E 13.9 0.3
E-A54l >14 n/a?

The lack of weight loss can also reflect the attenuating effect of the E-A541 and E-A54E
mutations (Table 3-15). The mice receiving the IP challenge with WNV NY99ic began to exhibit
weight loss at 5 to 6 dpi, followed by the onset of neurological symptoms and death. In contrast,
no weight loss or sign of disease was observed in the mice challenged with the E-A54] mutant.
Similar weight gain was observed in mice receiving the IP challenge with the E-A54E mutant. The
only exception was the female mouse that began to experience hunched posture and ruffled fur at

11 dpi and reached the 20% weight loss criterion for euthanasia at 13 dpi.

2 No endpoint data was retrieved in this mouse group so no standard deviation could be calculated.
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Table 3-15: Comparison of weights for mice infected with WNV NY99ic, the E-A54E mutant,
and the E-A541 mutant.

The weight of each mouse was measured in grams daily. The starting weight is the mouse's weight
on the morning of O dpi before challenging the mice with WNV. The peak weight is the heaviest
weight each mouse attained during the study. The final weight is the mouse's weight the morning
the mice were euthanized or the morning of the end of the study at 14 dpi. “M” represents the
male mice, and the notation “F” represents the female mice. Grey coloring represents a mouse
that was euthanized or found dead prior to the end of the study, and white represents a mouse that
survived to 14 dpi. The mouse neuroinvasive disease study of E-A54 mutants was conducted by

Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, and So Lee Park.

Starting Peak Final Starting Peak Final
Mouse ) ) ) Mouse ) ) )
Group Weight  Weight Weight Weight  Weight Weight
(Male) (Female)
(9) (9) (9) (9) (9) (9)
1M 28.4 30.2 28.4 1F 22.2 23.4 19.7
2M 29.5 30.6 27.7 2F 24.6 25.3 20.5
WNV
3M 23.2 24.3 21.2 3F 22.7 24.3 20.0
NY99 (wt)
4M 30.2 31.2 26.7 4F 21 22.4 21.8
5M 26.7 28.6 24.2 5F 24.6 25.6 22.6
1M 27 30.1 30.1 1F 23.4 27.1 26.4
2M 29.6 32.8 32.8 2F 23.3 25.8 25.2
AL4E 3M 28.3 31.3 30.9 3F 23.3 25.7 25.7
4M 30.5 35.3 35.3 4F 23.9 26.1 26.1
5M 28.4 31.9 31.9 5F 21.3 22.2 16.1
1M 28.5 32.4 30.7 1F 23.7 26.5 26.5
2M 27.3 31.0 31.0 2F 25.7 27.8 27.8
ASAl 3M 29.1 34.0 31.3 3F 24 26.3 26.3
4M 23.8 26.8 26.8 4F 22.3 23.4 23.4
5M 29.5 33.3 33.3 5F 21.2 25.3 25.3
5M 29.5 29.8 28.8 5F 25.5 26.8 25.9
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The lack of detectable viral RNA by RT-gPCR in the brain of mice challenged with the E-
A54] mutant is consistent with its fully attenuated phenotype (Figure 3-24). Similarly, we did not
detect viral RNA in the brain of mice receiving the IP challenge with the E-A54E mutant.
However, amplicons were obtained from the brain of the only mouse that succumbed to the
challenge with the E-A54E mutant by RT-PCR using the gene-specific primers targeting prM, E,
and NS1 genes. The consensus sequence reverted to the wild-type sequence, explaining the signs

of neurological disease between 10 and 13 dpi.
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Figure 3-24: Comparison of brain viral loads in groups of mice infected with WNV NY99ic,

the E-A54E mutant, and the E-A541 mutant.

Brain viral loads of mice challenged with WNV NY99ic or the E-A54E and E-A54] mutants were
compared by one-way ANOVA and Dunnett’s pairwise comparison. The dashed line indicates the

limit of detection. The image was generated in GraphPad. The RT-gPCR was conducted by Bailey

Maloney.
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To prove the E-A541 and E-A54E mutations have utility for the rational design of candidate
WN LAVS, we undertook PRNTs using serum samples collected from surviving mice at 14 dpi.
All PRNTsg assays for the E-AB4E and E-AS541 mutants were completed by Dr. Claire Huang’s
laboratory at the CDC. Both the E-A54E and E-A541 mutants can elicit neutralizing antibody
responses in surviving mice, leading to a 100% seroconversion rate in the respective groups of
mice based on 1:10 or greater serum PRNTso (Figure 3-25). Significantly, serum samples collected
from 89% (8/9) and 70% (7/10) of mice receiving the E-AS4E and E-A541 mutants, respectively,
leading to the neutralization of more than 50% of the virus inoculum at 1:320 dilution. Therefore,
the E-A54E and E-A541 mutants are highly immunogenic in 4-week-old outbred Swiss Webster

mice.
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Figure 3-25: Comparison of serum neutralizing titers in mice that survived the IP challenge
with the E-A54E and E-A541 mutants.

Serum PRNTsg titer of mice surviving the challenge with the respective E-A54 mutants. Because
1:320 dilution did not reach the endpoint of 50% neutralizing in 89% (8/9) and 70% (7/10) mice
that received the IP challenge with the E-A54E and E-A541 mutants, the geometric mean of
PRNTH50 titers is denoted as equal or greater than 1:320. The dashed line indicates 1:10 serum
PRNT50 titer, representing the lowest antibody detection limit. The image was generated in
GraphPad. The PRNTso assays were conducted by Dr. Claire Huang's laboratory.

We have also investigated the mouse neuroinvasive phenotype of the E-Y201C and E-
Y201D mutants (Figure 3-26). In contrast to the uniformed lethality induced by the IP challenge
with WNV NY99ic, the E-Y201C and E-Y201D mutations both exhibited the attenuating effect
on the mouse neuroinvasive phenotype of WNV NY99IC. Both the E-Y201C and E-Y201D
mutants are partially attenuated, as observed with over 70% survival rate and significantly
extended average survival times (E-Y201C mutant: 12.5 days, p=0.0001; E-Y201D mutant: 13.6

days, p=0.0001) in comparison with WNV NY99ic at 8.2 days (Table 3-16).
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Figure 3-26: Survival curve of four-week-old outbred Swiss Webster mice receiving IP
challenge with WNV NY99ic, the E-Y201C mutant, and the E-Y201D mutant.

Groups of five male mice and five female mice received the IP challenge with the respective
mutants or WNV NY99ic at 500 PFU. The Kaplan-Meier survival curve showed differences in
survival outcomes and average survival time, and Dunnett’s pairwise comparison followed one-
way ANOVA. The image was generated in GraphPad. The mouse neuroinvasive disease study of
E-Y201 mutants was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, and So Lee

Park.
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Table 3-16: Comparison with average survival times of four-week-old outbred Swiss mice
challenged with WNV NY99ic, the E-Y201C mutant, or the E-Y201D mutant

This table details the average survival time post-infection for each group of inoculated mice and
the standard deviation seen within the respective group. The average survival time of each group
was calculated using 14 days as the end point of the study. The mouse neuroinvasive disease study

of E-Y201 mutants was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, and So

Lee Park.
Group Average Survival Time (days)  Standard Deviation
WNV NY99 (wt) 8.2 1.5
E-Y201C 12.5 2.7
E-Y201D 13.6 0.8

Intriguingly, the weight loss pattern was highly consistent with the outcome of the IP
challenge with either the E-Y201C mutant or the E-Y201D mutant (Table 3-17). For example, the
mice that succumbed to the neuroinvasive disease induced by the E-Y201C mutant (n=3)
experienced weight similar to those challenged with WNV NY99ic, starting at 6 to 7 dpi. In
contrast, the mice that survived the challenge with the E-Y201C mutant recovered from the initial
loss (n=7), starting between 9 to 11 dpi. Similarly, 80% of mice challenged with the E-Y201D
mutant all experienced gradual weight gain. Two male mice that succumbed to the neuroinvasive

disease at 13 dpi exhibited weight loss resembling those challenged with WNV NY99ic.
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Table 3-17: Weight change of mice infected with WNV NY99ic, the E-Y201C mutant, and

the E-Y201D mutants

The weight of each mouse was measured in grams daily. The starting weight is the mouse's weight

on the morning of O dpi, just before challenging the mice with WNV. The peak weight is the heaviest

weight each mouse attained during the study. The final weight is the mouse's weight the morning

the mice were euthanized or the morning of the end of the study at 14 dpi. “M” represents the

Male mice, and the notation “F” represents the female mice. Grey coloring represents a mouse

that was euthanized or found dead prior to the end of the study, and white represents a mouse that

survived to 14 dpi. The mouse neuroinvasive disease study of E-Y201 mutants was conducted by

Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, and So Lee Park.

Starting  Peak Final Starting  Peak Final
Mouse ) ) ) Mouse ) ) )
Group Weight Weight Weight Weight Weight Weight
(Male) (Female)
(9) (9) (9) (9) (9) (9)
1M 28.4 30.2 28.4 1F 22.2 23.4 19.7
2M 29.5 30.6 21.7 2F 24.6 25.3 20.5
WNV
3M 23.2 24.3 21.2 3F 22.7 24.3 20.0
NY99 (wt)
4M 30.2 31.2 26.7 4F 21 22.4 21.8
5M 26.7 28.6 24.2 5F 24.6 25.6 22.6
1M 28.4 315 25.0 1F 25.1 29.6 29.6
2M 23.9 25.5 19.9 2F 22.2 23.8 18.8
Y201C 3M 24.4 26.7 23.7 3F 23.7 25.4 24.9
4M 29.2 31.9 31.9 4F 21.9 24.8 24.8
5M 28.4 33.1 33.1 5F 21.6 24.3 24.1
1M 26.2 29.4 29.4 1F 23.3 26.3 25.8
2M 26.8 29.5 29.5 2F 22.7 27.0 27.0
Y201D 3M 27.3 30.4 24.7 3F 20.7 24.3 24.3
4M 28.6 30.2 26.0 4F 24.2 26.9 26.9
5M 26.1 28.4 28.4 5F 20.9 23.3 23.3
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There was no difference in the timing for the onset of neuroinvasive disease in mice that
succumbed to neuroinvasive disease induced by WNV NY99ic and the E-Y201C mutant. The mice
challenged with E-Y201C began to show symptoms 8 dpi (n=3). Besides some weight loss, only
the mice in the E-Y201C group that were euthanized or found dead exhibited symptoms. The onset
of neurological disease in mice (n=2) challenged with the E-Y201D mutant was slightly delayed
to 11 dpi. Nevertheless, both the E-Y201C and E-Y201D mutations exhibited a high attenuating
effect because more than half of the mice in each group survived the challenge without developing
signs of neurological disease.

In comparison with the average brain viral load of mice challenged with WNV NY99ic
(1.38*10'2 genome copies/gram of tissue), the average brain viral loads of mice receiving the E-
Y201C mutant (6.90*10* genome copies/gram of tissue) and E-Y 201D mutant (3.45*10° genome
copies/gram of tissue) were reduced by 2- (p=0.1469) and 400- (p=0.0727) fold, respectively

(Figure 3-27).
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Figure 3-27: Comparison of brain viral load in mice infected with WNV NY99ic, the E-
Y201C mutant, and the E-Y201 mutant.

Brain viral loads of mice challenged with WNV NY99ic or the E-Y201C and E-Y201D mutants
were compared by one-way ANOVA and Dunnett’s pairwise comparison. The image was
generated in GraphPad. The RT-qPCR was conducted by Bailey Maloney.

Further, we have determined the sequence of viral RNA in the brain of each mouse
succumbing to the challenge with the E-Y201C mutant or the E-Y201D mutant. None of the
individual mice within each mutant group exhibited any reversion to the wild-type sequence.

In addition to the E-Y201C and E-Y 201D mutations, we have also engineered the E-Y201P
mutant based on the codon bias of WNV, followed by the investigation of attenuating effect at 500
PFU and 3300 PFU (Figure 3-28). The codon-optimized E-Y201P mutant showed an
approximately 4.1-fold increase in infectivity compared to the E-Y201P mutant initially
engineered with CCC codon in transfected Vero cells, supporting the investigation of attenuating

effect at the higher dosage.
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Figure 3-28: Survival curves of four-week-old outbred Swiss mice challenged with WNV
NY99ic and the codon-optimized E-Y201P mutant

Groups of five male and five female mice received the IP challenge with the WNV NY99ic or codon-
optimized WNV E-Y201P mutant at 500 PFU and 3300PFU. The Kaplan-Meier survival curve
showed differences in survival outcomes and average survival time, and Dunnett’s pairwise
comparison followed one-way ANOVA. The image was generated in GraphPad. The mouse
neuroinvasive disease study of codon-optimized E-Y201 mutants was conducted by Bailey
Maloney, Natalia Costa Ball, Adrienne Pohl, Emily Mantlo, and Alexis Schneider.

Infection with the wild-type WNV NY99ic led to lethal neuroinvasive disease in most mice
between 6 to 8 dpi except for one male mouse and one female mouse that survived to the end of
the study, i.e., 80% mortality (Table 3-18). The optimized E-Y201P mutation was not fully
attenuating, with 40% surviving in the 500 PFU group and 60% surviving in the 3300 PFU group.
Both showed to be partially attenuating, with the average survival time at 10.7 days for the 500

PFU group (p=0.1021) and 12.4 days for the 3300 PFU group (p=0.0036).

230



Table 3-18: Comparison of average survival time between mice challenged with WNV
NY99ic and the codon-optimized WNV E-Y201P mutant at 500 and 3,000 PFU

This table details the average survival time post-infection for each group of inoculated mice and
the standard deviation seen within the respective group. The average survival time of each group
was calculated using 14 days as the end point of the study. The mouse neuroinvasive disease study
of codon-optimized E-Y201 mutants was conducted by Bailey Maloney, Natalia Costa Ball,

Adrienne Pohl, Emily Mantlo, and Alexis Schneider.

Average Survival Time

Group Standard Deviation
(days)
WNV NY99 (wt) 8.4 2.9
Codon Optimized E-Y201P (500 PFU) 10.7 3.0
Codon Optimized E-Y201P (3300 PFU) 12.4 2.2

The majority of the mice receiving the IP challenge with WNV NY99ic experienced weight
loss after 8 dpi, followed by the onset of neurological disease and mortality (Table 3-19). The two
mice that survived the challenge with WNV NY99ic showed weight loss until 8 to 9 dpi, which
may indicate active viral replication. The codon-optimized E-Y201P mutant is partially attenuated
and causes lethal neuroinvasive disease at 500 and 3,300 PFU. Although there is no demonstrable
difference in the level of weight loss between mice challenged with WNV NY99ic and the codon-
optimized E-Y201P mutant, the mice that survived the challenge with the codon-optimized E-

Y201P exhibited recovery of weight after initial loss starting between 9 to 11 dpi.
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Table 3-19: Individual weights for mice infected with WNV NY99ic or the codon-optimized

WNV E-Y201P mutants

The weight of each mouse was measured in grams daily. The starting weight is the mouse's weight

on the morning of O dpi, just before challenging the mice with WNV. The peak weight is the heaviest

weight each mouse attained during the study. The final weight is the mouse's weight the morning

the mice were euthanized or the morning of the end of the study at 14 dpi. "M" represents the male

mice, and the notation "F" represents the female mice. Grey coloring represents a mouse that was

euthanized or found dead, and white represents a mouse that survived to 14 dpi. The mouse study

of codon-optimized E-Y201 mutants was conducted by Bailey Maloney, Natalia Costa Ball,

Adrienne Pohl, Emily Mantlo, and Alexis Schneider.

Starting  Peak Final Starting  Peak Final
Mouse ) ) ] Mouse ) ) )
Group Weight Weight Weight Weight Weight Weight
(Male) (Female)
(9) (9) (9) (9) (9) (9)
1M 29.3 30.2 25.3 1F 31.2 31.6 29.5
2M 30.1 31.8 24.3 2F 30.7 22.5 17.9
WNV
3M 29.3 32.8 32.5 3F 21.1 22.9 20.1
NY99 (wt)
M 30.3 30.3 28.9 4F 25.5 25.6 24.1
5M 28.7 30.0 26.9 5F 27.1 28.1 24.5
1M 26.0 29.9 29.9 1F 27.5 29.8 29.8
Y201P 2M 26.5 30.4 30.4 2F 28.2 29.5 25.1
Optimized 3M 27.9 28.6 24.5 3F 24.9 25.5 17.5
500 PFU 4M 27.6 28.3 24.7 4F 21.7 23.3 21.3
5M 26.9 29.0 24.7 5F 27.0 27.0 23.7
M 25.3 28.5 28.5 1F 25.8 27.1 25.8
Y201P 2M 29.6 323 32.0 2F 27.6 27.6 22.3
Optimized 3M 29.3 31.4 30.6 3F 27.0 27.9 26.2
3300 PFU 4M 26.0 27.3 22.3 AF 27.9 28.7 20.7
5M 29.5 29.8 28.8 5F 25.5 26.8 25.9
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Both groups of mice challenged with the codon-optimized E-Y201P mutant exhibited a
similar onset of neurological disease compared to those challenged with WNV NY99ic at 6 to 7
dpi. The mice that survived the codon-optimized E-Y201P groups exhibited signs of recovery and

resolution of symptoms around 11 to 12 dpi.
3.3 Discussion

We have used WNV as a model system to demonstrate all eight flavivirus-conserved
hydrophobic residues in the EDI-EDII hinge region are crucial for the structure-function of the E
protein involved in the membrane fusion process. Our PCR site-directed mutagenesis
comprehensively tested 19 alternative amino acid substitutions. It proved mutations of the E-A54
and E-Y201 residues could fully attenuate the mouse neuroinvasive phenotype of WNV without
compromising immunogenicity.

Our conclusion on the other six eight flavivirus conserved hydrophobic amino acids can
only be limited to the E-1130N, E-1135N, E-1196N, E-A269S, E-VV272T, E-L281N mutations. The
importance of the E-1130, E-1196, E-Y201, E-A269, and E-L281 residues has not been previously
reported. Consistent with previously published studies, the E-A54 and E-1135 residues are crucial
for the structure-function of the E protein in more than one flavivirus (Butrapet et al. 2011).
Previously, the E-A54 and E-1135 residues have been shown to be important for the infectivity of
DENV-2 (Butrapet et al. 2011). Evaluation of the E-A54 and E-1135 residues in WNV is a new
extension of this observation since WNV is in a different genetic group of the flavivirus genus
than DENV-2.

Three of the six amino acids constituting the 2" motif are conserved between different
flaviviruses, including amino acids equivalent to the WNV E-1130, E-E133, and E-1135 residues.

The E-1130N and E-1135N mutations inhibited the recovery of viable viruses. Lysine mutation of
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the flavivirus-conserved E-E133 residue is unstable in DENV-2 (Butrapet et al. 2011). The E-
E138K mutation in the neighboring region reverted to the wild-type sequence in WNV NY99ic
(Kaiser et al. 2019b). It becomes immediately apparent that there may be limited plasticity in the
sequence of the second motif of the EDI-EDII hinge region. It is not coincidental the E-1196N
mutant also produced a lethal phenotype. The 2" motif and the N-terminus of the 3" motif of the
EDI-EDII hinge region are neighboring and have putative interactions (Christian et al. 2013).
Therefore, the E-1130 and E-1135 residues in the 2" motif and the E-1196 residue in the 3" motif
are located in a structurally and functionally important region that cannot tolerate the engineered
mutations.

The E-A269 and the E-L281 residues reside within the 4" motif of the EDI-EDII hinge
region. Both mutants produced the virus, but only the E-A269S mutant retained the engineered
mutation. The differences in how the virus tolerates mutation to these two residues are likely due
to their locations within the kl hairpin of the EDI-EDII hinge region. This structure is part of EDII
and controls the stabilization of EDI-EDII interaction in the E protein trimer. The kI hairpin is two
B-sheets located parallel to each other in the pre-membrane fusion structure of the E protein. After
membrane fusion, the k B-strand moves away from the | B-strand until they reside perpendicular.
Based on the crystal structure of the E protein, while the k B-strand moves during membrane
fusion, the | B-strand continuously interacts with the Do B sheet of the EDI domain (Modis et al.
2004). The E-A269 residue resides in the k B-strand that moves during membrane fusion.
Therefore, the residue probably tolerates alternative mutations to compensate for the loss of
alanine, as seen in the SNVs of the E-A269S mutation, where compensatory mutations occurred
in the neighboring E-1270 residue. This hypothesis may be proven by continued serial passaging

of the mutant to see if the compensatory mutation becomes a consensus mutation. The E-L281
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residue resides at the end of the | B-strand, and mutation to this residue is not tolerated, as seen by
the three-nucleotide reversion to the wild-type sequence. This lack of tolerance possibly indicates
the E-L281 residue helps control or stabilize the interactions between the | and Do B-strands.

The mutations E-A54S and E-Y201P showed the most promise in producing an attenuated
neuroinvasive phenotype. Both mutations are critical residues to the structure and function of the
E protein because they reside within the “gfeah” B-sheet that controls the orientation of EDII
during the EDI-EDII interdomain movement. Initially, in our in vitro studies, the E-A54S and E-
Y201P mutations caused a significant reduction in the infectivity and multiplication Kinetics of
WNV, which is consistent with previously reported attenuated WNV mutants (Wicker et al. 2006,
Whiteman et al. 2010, Whiteman et al. 2011). In addition to the reduced titers, the increased
genome-PFU ratios suggest that both the E-A54S and E-Y201P mutations can impair the
establishment of WNV infection in the host cell as viral RNA is being produced. However, it is
not being translated to infectious virions at the same rate as the wild-type virus. Therefore, both
mutants are likely to produce larger quantities of non-infectious particles that cannot infect healthy
cells, which impedes disease progression.

Additionally, this indicates enough immunogens in cell culture to produce a serum-
neutralizing antibody response. Reductions in infectivity of the E-Y201P mutant can be attributed
to the interference with the conformational change of the E protein from dimer in the virion to
trimer during the membrane fusion process. Based on the hemagglutination assay, the E-Y201P
mutation exhibited lower optimal pH for HA activity, which suggests the E-Y201P mutant requires
more free energy provided by protonation of the endosome to trigger the conformational change

of the E protein from a dimer to a trimer. Future exploration into the HA activity of the highly
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attenuated E-A54E and fully attenuated E-A541 mutants is worthwhile to investigate whether the
mutations could impair the conformational change of the E protein just like the E-Y201P mutant.

Somewhat unanticipated is the E-A54 residue, which is strictly conserved across all
flaviviruses, can tolerate at least 14 alternative amino acid substitutions. We have not only shown
that the E-A541 mutation can fully attenuate the mouse neuroinvasive phenotype of WNV NY99ic
but also shown at least three amino acid substitutions, i.e., isoleucine, glutamic acid, and serine,
will not compromise immunogenicity. The same E-A54E mutation has also been demonstrated to
impair the membrane fusion activity of the DENV-2 E protein (Butrapet et al. 2011, Kallas et al.
2020, Wei et al. 2022). Moreover, the neighboring E-G52 residue is a determinant for the
neuroinvasive phenotype of YFV (Huang 2014). These observations warrant further investigation
of the structural and functional importance of the first motif of the EDI-EDII hinge region and
evaluation of mutations based on the utility for vaccine development.

Based on the specific mutations at the E-A54 residue, our research indicates that it is not
the hydrophobicity that is important to the E-A54 residue but the size of the amino acid side chain
that is crucial to the structure and function of the E protein. Isoleucine is a large amino acid that is
more hydrophobic than the original alanine. The negatively charged glutamic acid substitution
produced less attenuation than the isoleucine substitution, but glutamic acid still had a much higher
attenuation level than serine. The other amino acid substitutions that showed decreased infectivity
also exhibited this pattern of large amino acids with varying and indiscriminate levels of
hydrophobicity, such as E-A54E (155 A%), E-A541 (169 A%), E-A54K (171 A%), E-A54N (135 A3),
and E-A54Q (161 A®). The original alanine mutation was only 92 A3 (Chothia 1975).

The E-Y201 residue in the third motif of the EDI-EDII hinge region is the other flavivirus-

conserved hydrophobic amino acid crucial for the structure-function of the E protein. This
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conclusion agrees with the structural and functional importance of the WNV E-Y201 residue; the
equivalent DENV-2 E-M196 residue is crucial for the membrane fusion process (de Wispelaere et
al. 2018). At least three amino acid substitutions of the E-Y 201 residue attenuate the WNV NY99ic
virulence phenotype in the mouse neuroinvasive disease model. The E-Y201P mutation can
attenuate the mouse neuroinvasive phenotype of WNV NY99ic in full, but the attenuation level
varies between alternative codons for proline. Despite the identical amino acid sequence, only the
E-Y201P mutant encoded by the CCC codon is fully attenuated. Although the E-Y201P mutant
encoded by the optimized CCA codon showed to restore some infectivity in transfected Vero cells,
the mutation only partially attenuated the virulence phenotype of WNV in mice.

These two amino acids are non-conservative large amino acids, with cysteine being 106 A3
and aspartic acid being 125 A3 (Chothia 1975). These two amino acids are very similar in size to
proline at 129 A3, All three amino acids are much smaller than the original tyrosine, which is 204
A3, Further analysis of the other amino acid substitutions showed the E-Y201 residue did not
tolerate small amino acids such as alanine (92 A3), glycine (66 A%), and serine (99 A3%). The E-
Y201A, E-Y201G, and E-Y201S mutations all produced unstable phenotypes, with E-Y201A and
E-Y201S exhibiting reversion to the wild-type sequence and E-Y201G producing a lethal
phenotype.

Overall, our data indicate that the E-Y201 residue must be occupied by an amino acid with
a large side chain. While the small amino acids are not tolerated, the larger the amino acid side
chain becomes, the less effect it has on the attenuation of the neuroinvasive phenotype. Proline,
cysteine, and aspartic acids are all smaller amino acids than tyrosine, allowing an attenuating
effect. However, they are still large enough not to be detrimental to the virus, which is consistent

with the equivalent residues in other flaviviruses. For example, the equivalent residue among the
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DENV serocomplex members is methionine (171 A3%), tyrosine (204 A%), or phenylalanine (203
A3) among JEV serocomplex members, leucine (168 A®) for ZIKV, and valine (142 A%) among
TBEV serocomplex members

Mutations at the E-A54 and E-Y 201 residues attenuated the neuroinvasive phenotype fully.
They were stable after analysis of the viral RNA found in the brains of mice that succumbed to the
disease. Because the E-A541 and E-Y201P mutations can fully attenuate the mouse neuroinvasive
phenotype of WNV NY99ic, we propose mutation of the flavivirus conserved hydrophobic
residues in the EDI-EDII hinge region offers a more effective attenuation strategy than the
previously described mutations in the fusion loop. This conclusion is of significance for the
rational design of candidate LAVSs as previously reported mutations in the EDI-EDII hinge region
did not support the development of a flavivirus-common attenuation (Hurrelbrink and McMinn
2001, Goo et al. 2017, Kaiser et al. 2019b). The mutations in the fusion loop only partially
attenuated the mouse neuroinvasive phenotype of WNV while reverting to the wild-type sequence
in the brains of mice succumbing to neuroinvasive disease (Zhang et al. 2006). Future studies could
be used to evaluate the other flavivirus-conserved hydrophobic residues in the EDI-EDII hinge
region using either the process of alternative amino acid substitutions or codon optimization to

identify other attenuating mutations.
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Chapter 4 - Engineering of Attenuating Mutations in the WNV EDI-

EDIII Linker

The results presented in this chapter involved multiple collaborative projects. The WNV
NY99 infectious clone was obtained from Dr. Claire Huang’s laboratory at the Centers for Disease
Control and Prevention in Fort Collins, CO. Modifications of this clone and analysis of the
mutations of the WNV EDI-EDIII linker in vitro were performed with the assistance of Adrienne
Pohl in Dr. Vanlandingham’s laboratory at Kansas State University. The in vivo mouse studies
were performed in collaboration with several members of Dr. Vanlandingham’s laboratory and the
College of Veterinary Medicine at Kansas State University. Specific credits to each individual who
contributed to or conducted each experiment are summarized in Table 4-1.
Table 4-1: Acknowledgements for collaborative projects in Chapter 4
Collaborators from Kansas State University: Natalia Costa Ball - NCB, Bailey E Maloney — BEM,
Emily K Mantlo — EKM, Adrienne E Pohl — AEP, and Alexis D. Schneider — ADS

Collaborator from Centers for Disease Control and Prevention: Claire Y H Huang — CYH

Key Experiments Relevant Figures and Tables Collaborators
Modification and recovery Tables 4-3, 4-4, 4-5 BEM, AEP, CYH

of WNV mutants

Characterization of WNV  Figures 4-9, 4-10 BEM, NCB, AEP, ADS,
mutants in mouse Tables 4-6, 4-7, 4-8, 4-9 EKM

neuroinvasive disease

model

239



4.1 Introduction

The second interdomain movement leading to the conformational change of the E protein
from dimer in the virion to trimer inserted in the host cell is the relocation of EDIII towards the
gravity center of the E protein. The EDI-EDIII interdomain movement creates the compact
metastatically stable E protein post-fusion trimer, making the membrane fusion process an
irreversible reaction. The EDI-EDIII interdomain is controlled by the single motif at the domain
interface, hence, the name EDI-EDIII linker (Figures 4-1 and 4-2).

. EDI _ EDI
(dimerization domain)

EDIII
(receptor-binding domain) (/\/\/\[ > A{ ~
2 : \

(central domain)

EDI-EDIII

' N

%/\\ 77 | > J S
\3

EDI-EDIII
linker

EDI (receptor-binding domain)
(central domain) (dimerization domain)

Figure 4-1: The crystal structure of the flavivirus E protein dimer of DENV-2 with EDI-
EDIII linker before membrane fusion (PDB ID: 10AN)
The three domains are red for EDI, yellow for EDII, and blue for EDIII. The EDI-EDIII linker is

labeled in cyan. The image was generated in PyMOL.
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Figure 4-2: The crystal structure of a flavivirus E protein trimer of TBEV with EDI-EDIII
linker after membrane fusion (PDB ID: 1URZ)
The three domains are red for EDI, yellow for EDII, and blue for EDIII. The EDI-EDIII linker is
labeled in cyan. The only available crystal structure of the flavivirus E protein in the trimer
formation is for TBEV. All other crystal structures from PDB are monomers in post-fusion
conformation. The image was generated in PyMOL.
A. Location of the EDI-EDIII linker in the E protein

The EDI-EDIII domain interface consists of one single motif that connects the lo -strand

of the BoloGoHo B-sheet of EDI to the A B-strand of the ABDE B-sheet of EDIII (Figures 4-3 and

4-4).
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EDI-EDIII
linker

Figure 4-3: Relative location of the pre-fusion DENV-2 EDI-EDIII linker between the
AoCoDoEoFo and BoloGoHo B-sheets of EDI and ABDE and CFG B-sheets of EDIII (PDB ID:

10AN)
The three domains are red for EDI and blue for EDIII. The EDI-EDIII linker is labeled in

cyan. The image was generated in PyMOL.
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linker

Figure 4-4: Relative location of the post-fusion DENV-2 EDI-EDIII linker between the
AoCoDoEoFo and BoloGoHo pB-sheets of EDI and ABDE and CFG p-sheets of EDIII (PDB ID:
10K8)
The two domains are labeled in red for EDI and blue for EDIII. The EDI-EDIII linker is labeled
in cyan. The image was generated in PyMOL.

Comparison of the crystal structure of DENV-2 E protein in prefusion and post-fusion
conformations suggests that the dimer-to-trimer transition of the E protein involves a 70° rotation

of EDIII towards the original position of EDII. The rotation of EDIII then puts its C terminus EDIII
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39 A closer to the fusion loop in DENV-2 (Modis et al. 2004). The disordered and extended
structure of the EDI-EDIII linker presumably provides the flexibility of the EDI-EDIII interdomain
movement. The EDI-EDIII linker is crucial for reorganizing the AoCoDoEoFo and BoloGoHo -
sheets of EDI. The rotation of EDIII inserts the N-terminus of the EDI-EDIII linker between the
Ao and Co B-strands of the AgCoDoEoFo B-sheet, separating the N-terminus from the C-terminus of
the Ao B-strand. The C-terminal region of the Ao B-strand becomes part of the BoloGoHo -sheet,

thereby creating the compact E protein trimer (Figure 4-5).
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Figure 4-5: Stabilization movement of the EDI-EDIII linker during the formation of the E
protein trimeric structure.
Yellow represents EDII, and blue represents EDIII. Red is the AqCoDoEoFo S-sheet, and pink is the
BoloGoHo fS-sheet of EDI. Black dashed lines are disulfide bonds. (a) Representation of the
secondary structure of the E protein before the stabilization movement of the EDIII domain. (b)
Secondary structure of the E protein after the EDIII domain's movement towards the E protein’'s
gravity center and the insertion of the EDI-EDIII linker into the p-strands of EDI. This image was
modified from an image taken from Nature, Volume 427, Y Modis et al., “Structure of the dengue
virus envelope protein after membrane fusion.” 313-319., (2004), with permission from Springer
Nature.

The EDI-EDIII linker is proximal to the upper lateral surface of EDIII, which consists of
BC, DE, and FG loop structures between the ABDE and CFG B-sheets of the B barrel structure.
(Hurrelbrink and McMinn 2003, Volk et al. 2009). B. The EDI-EDIII linker is crucial for the

infectivity of multiple flaviviruses
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B. The EDI-EDIII linker is crucial for the infectivity of multiple flaviviruses

The location of the EDI-EDIII linker in the E protein can be translated for the importance
of flavivirus infectivity, as observed with YFV and DENV-2 (de Wispelaere and Yang 2012,
Huang 2014). Sanger sequencing demonstrated that the E-M2991 mutation in the EDI-EDIII linker
is among the twenty consensus amino acid substitutions distinguishing the wild-type parental Asibi
strain and the 17D vaccine strain (Hahn et al. 1987). This YFV E-M299 residue is located near the
carboxyl terminus of the EDI-EDIII linker, close to EDIII (Hahn et al. 1987). While introducing
the E-M2991 mutation into the YFV Asibi strain produced infectious viruses, the YFV Asibi (ic)
E-M2991 mutant showed reduced infection prevalence compared with YFV Asibi (ic) in Ae.
aegypti mosquitoes, following the engorgement of viremic blood meals at approximately 4
10g10TCIDso/ml. Reduced infectivity for orally infected Ae. aegyptiis part of the attenuated
phenotype of the YFV 17D vaccine strain, making the E-M2991 mutation an attenuation
determinant (Huang 2014).

Three flavivirus residues in the EDI-EDIII linker region have also been analyzed by site-
directed mutagenesis performed with the cDNA infectious clone of DENV-2 NGS, including the
E-G296, E-S298, and E-Y 299 residues (de Wispelaere and Yang 2012). The DENV-2 E-G296 and
E-Y299 residues are strictly conserved across flaviviruses. In contrast, the DENV-2 E-S298
residue (or its equivalent residues) is conserved across flaviviruses transmitted by Aedes species
mosquitoes, and the equivalent residue in the E protein of Culex mosquito-borne and tick-borne
flaviviruses contains a biochemically conserved threonine that also has a polar side chain (de
Wispelaere and Yang 2012). These DENV-2 residues correspond with the WNV residues E-G299,
E-T301, and E-Y302. The E-G296A, E-S298A, and E-Y299F mutations are lethal to DENV-2,

but the compensatory E-Q400H mutation in the H1 perimembrane helix motif of EDIII can
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facilitate the recovery of the E-Y299F mutant. The results serendipitously demonstrated that the
E-Y299F mutation has putative importance in virion assembly and maturation because the E
protein, a marker for the assembly and maturation of progeny virions, does not migrate past the
endoplasmic reticulum of Huh7 hepatocytes transfected with full-length DENV-2 E-Y299F
mutant genome. The YFV E-M2991 mutant and the DENV-2 E-Y299F mutant showed the
structural and functional importance of the EDI-EDIII linker may be broader than anticipated (de
Wispelaere and Yang 2012). Nevertheless, how flavivirus-conserved residues in the EDI-EDIII
linker contribute to the structure-function of the E protein and can be targeted for the engineering
of attenuating mutations remain poorly understood.
C. Site-directed mutagenesis strategy of flavivirus conserved residues in the EDI-
EDIII linker

Structural alignment of E protein between ten flaviviruses suggests the WNV E-L295, E-
L297, E-K298, E-G299, E-T301, E-Y302, E-V304, and E-C305 residues are representative of the
eight flavivirus conserved amino acids in the EDI-EDIII linker (Table 4-2). The lo B-strand of EDI
precedes the WNV E-L295 residue in the EDI-EDIII linker, and the A B-strand of EDIII follows
the WNV E-C305 residue. Most of the residues exhibit little to no sequence plasticity between
different flaviviruses. We undertook site-directed mutagenesis of the respective amino acids in the
EDI-EDIII linker. Four of the residues (298, 299, 302, and 305 of the WNV E protein) are strictly
conserved across all known flaviviruses, including lysine represented by the WNV E-K298
residue, glycine represented by the WNV E-G299 residue, tyrosine represented by the WNV E-
Y302 residue, and cysteine represented by the WNV E-C305 residue. It is known that amino acids

equivalent to the WNV E-C305 residue form a disulfide bond with the WNV E-C336 residue of
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EDII (Nybakken et al. 2006). The WNV E-L295 residue exhibits highly conserved sequence
homology except for one exception, i.e., the SLEV E-V295 residue.

Table 4-2: Amino acid sequence alignment of the EDI-EDIII linker between flaviviruses
Highly conserved amino acids are labeled with bold text and underlined. The properties of amino
acids are shown in green (hydrophobic), pink (polar), red (negatively charged), blue (positively

charged), and black (unique). The numbering of amino acids in the motif is based on the WNV

NY99 sequence.
Serocomplex Virus Strain Sequence of EDI-EDIII linker
(E 295-304)
JEV WNV NY99 LOLKGTTYGVC
JEV SA14 LALKGTTYGMC
JEV SA14-14-2 LALKGTTYGMC
KNV MRM61C LOLKGTTYGVC
SLEV MS1-7 VKIKGTTYGMC
YFV YFV Asibi LTLKGTSYKMC
YFV 17D LTLKGTSYKIC
DENV DENV-1 Hawaii LTLKGMSYVMC
DENV-2 New Guinea C LOLKGMSYSMC
DENV-3 H87 LELKGMSYAMC
DENV-4 H241 LRIKGMSYTMC
TBEV TBEV Neudoerfl LKMKGLTYTMC
OHFV Bogluvovska LKMKGLTYTMC
Other residues in the EDI-EDIII linker are representative of serocomplex-specific

consensus residues. The WNV E-L297 residue and its equivalent residues exhibit hydrophobic
biochemical properties, including methionine within the TBEV serocomplex, leucine within the

YFV serocomplex, and leucine or isoleucine within the JEV and DENV serocomplexes. As noted
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with DENV-2 E-S298 residue above, the equivalent WNV E-T301 residue contains a polar amino
acid in the equivalent position of the E protein, including serine within the YFV and DENV
serocomplexes and threonine within the JEV and TBEV serocomplexes. Finally, the equivalent
amino acids for the WNV E-V304 residue show the conserved hydrophobic biochemical
properties, including methionine within the DENV and TBEV serocomplexes, methionine or
valine within the JEV serocomplex, and methionine or isoleucine within the YFV serocomplex.
Additionally, the WNV E-V304 residue is equivalent to the wild-type YFV M299 residue.
Therefore, the alternative amino acid substitutions of the E-V304 residue can also provide a
comparison of the structure-function of the E protein and the attenuating effect between
viscerotropic and neurotropic flaviviruses.

Each of the eight flavivirus-conserved residues was substituted with an alanine to eliminate
the contribution of the original amino acid side chain as much as possible. The E-G299 residue
was also changed to a proline as an alternative strategy in case the alanine substitution was

insufficient to produce a phenotypic change (Figure 4-6).
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Figure 4-6: Locations of the eight flavivirus conserved hydrophobic residues in the EDI-

EDIII linker of the WNV E protein monomer

Each location of the eight flavivirus conserved residues in the EDI-EDIII linker was based on the
pre-fusion conformations of the WNV E protein, and each residue is depicted with a different color
(PDB ID:2HGQ0). The E protein monomer is colored red (EDI), yellow (EDII), blue (EDIII), and
cyan (EDI-EDII hinge region). The image was generated in PyMOL.

4.2 Results

A. Recovery and infectivity of WNV EDI-EDIII mutants
Each of the eight flavivirus-conserved residues in the EDI-EDIII linker was substituted
with alanine to test the importance of the original amino acid of each residue. The E-L295A, E-
L297A, E-K298A, E-G299A, E-G299P, E-T301A, E-Y302A, E-V304A, and E-C305A mutants

were each rescued via transfection of Vero cells (Table 4-3).
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Table 4-3: Phenotype of WNV mutants encoding single alanine substitutions in the EDI-
EDIII linker
The WNV NY99ic plasmids were obtained from Dr. Claire Huang’s laboratory. Modifications

and recovery of WNV EDI-EDIII linker mutants were conducted by Bailey Maloney.

Location Mutation Viability Compen?c,atory
Mutations

L295A Viable None detected
L297A Viable Partial reversion
K298A Lethal n/a
G299A Viable Reversion

Motif #1 G299P Lethal n/a
T301A Lethal n/a
Y302A Lethal n/a
V304A Viable None detected
C305A Lethal n/a

Alanine substituting the E-K298A, E-G299P, E-T301A, E-Y302A, and E-C305A residues
was not tolerated and produced lethal phenotypes. The supernatant of Vero cells transfected with
the RNA genome encoding the E-L297A mutation contained a mixed population of mutant and
wild-type WNV NY99ic. The E-L297A mutation involved mutations in the first and second
codons, i.e., C1855G and U1856C nucleotide substitutions. One of the two independent
transfections developed a partial reversion to the wild-type sequence, involving the transition at
the second nucleotide from C to U at genome position 1856. The resulting GTG codon encodes
valine and was detected by one of the two Sanger sequencing repeats, suggesting a mixed
population of the E-L297A and E-L297V mutants. WNV NY99ic did not tolerate the E-G299A

mutation. One of the two independent transfection experiments failed to produce viable viruses,

251



and the other rescue attempt resulted in a reversion to the wild-type sequence and an additional
compensatory mutation in the EDI-EDIII linker. The reversion to the wild-type sequence of C to
G occurred at genome position 1862, the second nucleotide of the codon, causing the reversion
from alanine back to glycine. The compensatory mutation was two individual nucleotide
mutations, U1849G and U1850C, resulting in a GCG codon encoding alanine at the E-L295
residue. The E-L295A and E-V304A mutants each showed to retain the engineered amino acid
substitution in all of the biological replicates (n=2). The E-L295A mutation in the EDI-EDIII linker
showed a 26-fold reduction (average titer: 7.1log10PFU/mI%0.5) in the infectivity compared to the
WNV NY99ic (p=0.0201). The E-V304A mutation resembled the infectivity of the wild-type
NY99ic virus, with its titers exceeding 8logi0PFU/mI. We then prioritized the engineering of 19
alternative amino acid substitutions of the E-L295 and E-V304 residues, each tolerating alanine
substitution.
B. Optimization of the infectivity of the WNV E-L295 and E-V304 mutants

We hypothesized that 1) WNV NY99ic will tolerate alternative amino acid substitutions of
the E-L295 and E-V304 residues, and 2) at least one amino acid substitution of the respective
residues will attenuate the mouse neuroinvasive phenotype of WNV NY99ic. Each mutant of the
E-L295 and E-V304 residues was rescued from electroporated Vero cells four days after
electroporation. Three phenotypes were observed after mutations, including reductions in
infectivity, a lethal phenotype, and reversion back to the wild-type NY99ic sequence (Tables 4-4

and 4-5).
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Table 4-4: Viability and stability of WNV E-L295 mutants
The WNV NY99ic plasmids were obtained from Dr. Claire Huang’s laboratory. Modifications

and recovery of WNV E-L295 mutants were conducted by Bailey Maloney and Adrienne Pohl.

Location Mutation Viability Compen?c,atory
Mutations

L295C Lethal n/a
L295D Lethal n/a
L295E Lethal n/a
L295F Viable None detected
L295G Lethal n/a
L295H Lethal n/a
L2951 Viable None detected
L295K Lethal n/a

Moltif £1 L295M Viable None detected
L295N Viable Mutated
L295P Lethal n/a
L295Q Lethal n/a
L295R Lethal n/a
L295S Viable None detected
L295T Viable None detected
L295V Viable None detected
L295W Lethal n/a
L295Y Lethal n/a
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Table 4-5: Viability and stability of WNV E-V304 mutants
The WNV NY99ic plasmids were obtained from Dr. Claire Huang’s laboratory. Modifications

and recovery of WNV E-V304 mutants were conducted by Bailey Maloney and Adrienne Pohl.

Location Mutation Viability Compen?c,atory
Mutations

V304C Viable None detected
V304D Lethal n/a
V304E Viable None detected
V304F Viable None detected
V304G Viable None detected
V304H Viable None detected
V3041 Viable None detected
V304K Viable None detected

Moltif £1 V304L Viable None detected
V304M Viable None detected
V304N Viable None detected
V304P Viable None detected
V304Q Viable None detected
V304R Viable None detected
V304S Viable None detected
V304T Viable None detected
V304W Lethal n/a
V304Y Viable None detected

Amino acid substitutions that conserve the hydrophobic biochemical property of the E-
L295 residue are, in general, tolerated by WNV NY99ic, as observed with the E-L295F, E-L295I,
E-L295M, and E-L295V mutants that retained the engineered nucleotide changes in the consensus

sequence (Figure 4-7). Amino acid substitutions with large polar side chains are lethal or unstable,
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as observed with the lethal phenotype of the E-L295C and E-L295Q mutants and the E-L295N
mutant that reverted to the wild-type sequence. The E-L295N mutation required the nucleotide
substitutions of all three nucleotides of the codon: U1849A, U1850A, and G1851C. However,
transfection of the E-L295N mutant into Vero cells resulted in a reversion of the third nucleotide
mutation to the wild-type sequence, resulting in an amino acid change from asparagine to serine.
This reversion differs from the E-L295S and E-L295T mutations, which are retained in the
consensus sequence and have no demonstratable impact on the infectivity of WNV NY99ic. Most
of the amino acid substitutions containing charged, unique, or aromatic side chains of the E-L295
residues are not tolerated by WNV NY99ic, giving rise to the lethal phenotype of the E-L295D,

E-L295E, E-L295G, E-L295H, E-L295K, E-L295P, E-L295R, E-L295W, and E-L295Y mutants.
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Figure 4-7: Infectivity of WNV E-L295 mutants

Infectivity of WNV NY99ic and two replicates of the viable E-L295 single mutants following

transfection of Vero cells. Infectivity between WNV NY99ic and each mutant was compared using

one-way ANOVA followed by Dunnett’s pairwise comparison. The image was generated in

GraphPad. Recovery of mutant viruses and plaque assays were conducted by Bailey Maloney.
The E-L295F and E-L295S mutants showed significantly reduced titers following the

transfection of Vero cells. The mutation E-L295F showed a 12-fold reduction in infectivity
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(average titer: 7.2 logioPFU/mI+0.5, p=0.0333) compared to WNV NY99ic. Further, the E-L295S
mutation reduced the infectivity of WNV NY9%ic by 125-fold (average titer:
6.2910g10PFU/mI+0.27, p=0.0008). Although the E-L295N mutant exhibited reduced infectivity
(p=0.0044), the mutant was not considered for further evaluation due to the instability of the
sequence after Sanger sequencing revealed compensatory mutations that changed the residue from
asparagine to serine.

At least 16 alternative amino acid substitutions of the E-VV304 residue were well tolerated.
The E-V304C, E-V304E, E-V304F, E-V304G, E-V304H, E-V304l, E-V304K, E-V304L, E-
V304M, E-V304P, E-V304Q, E-V304R, E-V304S, E-V304T, and E-V304Y mutants not only
retained the engineered nucleotide changes but also showed no demonstrable difference in
infectivity in comparison with WNV NY99ic. The E-V304N mutation was also stable in the
consensus sequence but caused a 4-fold reduction in infectivity (average titer:
7.5410g10PFU/mI+0.18, p=0.001) in comparison with WNV NY99ic (Figure 4-8). The single
amino acid mutations E-V304D and E-V304W showed to be lethal to WNV NY99ic virions. None

of the biological replicates of the E-V304D and E-V304W mutations produced viable viruses.
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Figure 4-8: Infectivity of WNV E-V304 mutants
Infectivity of WNV NY99ic and two replicates of the viable E-V304 single mutants, following
transfection of Vero cells. Infectivity between WNV NY99ic and each mutant was compared using
one-way ANOVA followed by Dunnett’s pairwise comparison. The image was generated in
GraphPad. Recovery of mutant viruses and plaque assays were conducted by Bailey Maloney.
C. Attenuation of the mouse neuroinvasive phenotype of WNV by E-L.295 and E-
V304 mutant

Groups of five male and five female outbred Swiss mice were each challenged with 500
PFU of the E-L295M, E-L295T, E-L295V, E-L295A, E-L295F, E-L295S, E-V304N mutants, and
WNV NY99ic via the intraperitoneal route to determine the neuroinvasive phenotype of the
respective mutants (Figure 4-9 and 4-10). We tested seven mutants in two separate studies due to
the limited number of cages that can be housed simultaneously. The first experiment examined the
neuroinvasive phenotype of the E-L295M, L-295V, E-L295T, E-L295A, and E-L295S mutants,
and the second experiment determined the neuroinvasive phenotype of the E-L295F and E-VV304N

mutants. Significantly, the E-L295S mutant was fully attenuated, i.e., no mortality, at 500 PFU.
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The E-L295A mutant showed the second highest level of attenuating effect and caused 20% of
mortality. The E-L295V and E-L295T mutants caused 70% mortality and are partially attenuated.
There is no demonstrable difference in the neuroinvasive phenotype of the E-L295M mutant and

WNV NY99ic, resulting in uniform lethality by 12 dpi.
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Figure 4-9: Attenuation of the neuroinvasive phenotype of WNV E-L295A, E-L295M, E-
L295S, E-L295T, and E-L295V mutants in four-week-old mice

Groups of five male and five female mice received the IP challenge with each WNV mutant or
WNV NY99ic at 500 PFU. The Kaplan-Meier survival curve showed differences in survival
outcomes and average survival time, and Dunnett’s pairwise comparison followed one-way
ANOVA. The image was generated in GraphPad. The mouse neuroinvasive disease study was
conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, Alexis Schneider, and Emily

Mantlo.
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Figure 4-10: Attenuation of the neuroinvasive phenotype of WNV E-L295F and E-V304N
mutants in four-week-old mice

Groups of five male and five female mice received the IP challenge with each WNV mutant or
WNV NY99ic at 500 PFU. The Kaplan-Meier survival curve showed differences in survival
outcomes and average survival time, and Dunnett’s pairwise comparison followed one-way
ANOVA. The image was generated in GraphPad. The mouse neuroinvasive disease study was
conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, Alexis Schneider, and Emily
Mantlo.

Infection with the wild-type WNV NY99ic led to lethality between 6 and 8 dpi. During the
first study, uniform lethality was observed, although two female mice showed delayed lethality at
9 and 11 dpi. In the second study, uniform lethality was not observed as one male and one female
mouse survived until the study's end. Although the second experiment did not produce uniform
lethality in the WNV NY99ic group, we must remember that the mice used are outbred mice and
therefore do not always produce the same levels of lethality. While 100% lethality is optimal, the

study showed a high mortality rate of 80%.
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Significantly, all mice challenged with the E-L295S mutant survived to the endpoint of this
study (p<0.0001). The average survival time of the E-L295A, E-L295T, and E-L295V mutants
was significantly extended (E-L295A: 13.0 days, p<0.0001, E-L295T: 10.7 days, p<0.01, E-
L295V: 10.5 days, p<0.01) (Table 4-6). These three E-L295 mutations also showed to be partially
attenuated, but only the E-L295A mutant showed to be highly attenuated (E-L295A: 20%
mortality, E-L295T: 70% mortality, and E-L295V: 80% mortality). The E- E-L295F and E-L295M
mutants showed no significant difference in survival times. The single E-VV304 mutant, E-V304N,
showed to have a significantly extended survival time of 13.7 days (p<0.001) (Table 4-7). Despite
this, the E-V304N mutant only exhibited a 10% mortality rate. These data indicate that the E-VV304
residue is highly tolerant to change and less likely than other EDI-EDIII linker residues to produce

an attenuating mutation in other flaviviruses.
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Table 4-6: Average survival times of mice infected with WNV E-L295A, E-L295M, E-L295S,
E-L295T, and E-L295V mutants

This table details the average survival time post-infection for each group of inoculated mice and
the standard deviation seen within the respective group. The average survival time of each group
was calculated using 14 days as the end point of the study. The mouse neuroinvasive disease study

was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, Alexis Schneider, and Emily

Mantlo.
Group Average Survival Time (days) Standard Deviation
WNV NY99 (wt) 7.0 1.8
L295A 13.0 2.2
L295M 7.6 1.3
L2955 >14 n/a3
L295T 10.7 2.7
L295V 10.5 24

3 No endpoint data was retrieved in this mouse group so no standard deviation could be calculated.
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Table 4-7: Average survival times of mice infected with WNV E-L295F and E-V304N
mutants

This table details the average survival time post-infection for each group of inoculated mice and
the standard deviation seen within the respective group. The average survival time of each group
was calculated using 14 days as the end point of the study. The mouse neuroinvasive disease study

was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, Alexis Schneider, and Emily

Mantlo.
Group Average Survival Time (days) Standard Deviation
WNV NY99 (wt) 8.4 3.1
L295F 9.2 2.8
V304N 13.7 0.9

In the first study, weight loss of mice receiving WNV NY99ic began at 5 to 6 dpi (Tables
4-8 and 4-9). In contrast, no signs of weight loss were observed in the mice challenged with the E-
L295S mutant. Most mice receiving the E-L295A mutant experienced transient weight loss
between 7 and 10 dpi before experiencing weight gain and until the end of the study. The two
euthanized male mice exhibited greater than 20% weight loss at 8 and 10 dpi. The mice challenged
with E-L295M, E-L295T, and E-L295V showed no clear pattern in their weight changes between
different mice of each group. On average, the weight loss progression in mice challenged with the
L295M mutant tended to resemble those challenged with WNV NY99ic. In contrast, mice that
survived the challenge with the E-L295T and E-L295V mutants tended to experience transient
weight loss between 6 and 11 dpi.

In the second study, the weight loss of mice receiving WNV NY99ic began at 4 to 5 dpi.
The E-L295F-challenged mice initially showed steady weights before experiencing a weight

decrease of 7 dpi. The two female mice that survived showed recovery of weight by 10 dpi. The
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mice challenged with E-VV304N experienced a mixture of weight patterns, although on average,

the mice experienced a fairly steady weight with little increase or decrease.

Table 4-8: Individual weights for mice infected with WNV E-L295A, E-L295M, E-L295S, E-

L295T, and E-L295V mutants

The weight of each mouse was measured in grams daily. The starting weight, the peak weight, and

the final weight are depicted. “M” represents the male mice, and the notation “F” represents the

female mice. Grey coloring represents a mouse that was euthanized or found dead prior to the end

of the study, and white represents a mouse that survived to 14 dpi. The mouse neuroinvasive

disease study was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, Alexis

Schneider, and Emily Mantlo.

Starting  Peak Final Starting  Peak Final
Mouse _ . . Mouse _ . )
Group Weight Weight Weight Weight Weight Weight
(Male) (Female)
(@) (@) (@) @)
1M 31.8 32.6 29.0 1F 25.4 25.7 21.4
WNV 2M 25.0 25.5 21.2 2F 24.0 26.8 22.2
NY99 3M 29.5 30.8 27.7 3F 25.8 26.9 25.4
(wt) 4M 27.3 27.6 26.8 4F 26.3 26.5 23.6
5M 29.4 30.6 30.1 5F 26.5 27.1 26.2
1M 28.3 32.8 324 1F 24.8 25.8 25.6
2M 24.9 26.8 25.6 2F 26.1 311 311
L295A 3M 27.9 29.1 28.2 3F 25.6 28.7 28.4
4AM 25.5 29.7 29.7 4F 24.3 27.8 27.8
5M 27.3 28.4 25.7 5F 26.6 30.4 30.4
iM 28.3 32.2 31.3 1F 26.1 26.1 24.7
2M 26.9 28.7 25.0 2F 23.6 25.0 20.4
L295M
3M 28.4 30.5 22.1 3F 23.7 25.2 23.7
4M 28.6 31.2 27.0 4F 25.0 27.6 26.3
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Starting  Peak Final Starting  Peak Final
Mouse _ ) ) Mouse _ ) ]
Group Weight Weight Weight Weight Weight Weight
(Male) (Female)
(9) (9) (9) (9)
L295M 5M 28.9 31.4 29.6 5F 23.5 24.8 22.2
1M 30.5 35.8 35.8 1F 24.8 28.4 28.4
2M 29.6 31.7 31.7 2F 25.9 28.5 28.5
L295S 3M 28.4 31.2 31.2 3F 25.8 30.6 30.6
4M 315 375 375 4F 28.5 311 311
5M 30.2 334 334 5F 25.6 35.4 354
1M 27.7 30.5 28.0 1F 24.4 26.1 23.8
2M 29.5 31.8 25.1 2F 23.7 25.4 254
L295T 3M 27.0 30.2 26.7 3F 24.4 25.2 20.2
4M 31.1 32.7 23.3 4F 26.7 28.0 23.0
5M 29.5 31.0 25.9 5F 24.3 25.9 25.6
1M 23.8 27.1 20.6 1F 23.0 24.9 20.5
2M 25.9 30.9 30.9 2F 26.1 27.4 22.9
L295V
3M 26.2 28.5 19.8 3F 23.3 26.4 22.1
4M 28.2 31.3 30.3 4F 23.6 26.0 23.3
5M 29.2 33.3 30.5 5F 235 25.2 19.8
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Table 4-9: Individual weights for mice infected with E-L295F and E-V304N mutants

The weight of each mouse was measured in grams daily. The starting weight, the peak weight, and

the final weight are depicted. “M” represents the male mice, and the notation “F” represents the

female mice. Grey coloring represents a mouse that was euthanized or found dead prior to the end

of the study, and white represents a mouse that survived to 14 dpi. The mouse neuroinvasive

disease study was conducted by Bailey Maloney, Natalia Costa Ball, Adrienne Pohl, Alexis

Schneider, and Emily Mantlo.

Starting  Peak Final Starting  Peak Final
Group Mouse Weight Weight Weight Mouse Weight Weight Weight
(Male) (Female)

(9) (9) (9) (9)

1M 29.3 30.2 25.3 1F 31.2 321 29.5

WNV 2M 30.1 31.8 24.3 2F 30.7 22.5 17.9
NY99 3M 29.3 32.8 325 3F 21.1 22.9 20.1
(wt) 4M 30.3 30.3 28.9 4F 25.5 25.6 24.1
5M 282.7 30.0 26.9 5F 27.1 28.1 24.5

M 26.3 27.1 25.9 1F 24.8 26.3 26.3

2M 29.1 30.7 24.8 2F 25.4 26.6 24.1

L295F 3M 29.4 32.3 25.0 3F 28.5 28.5 26.6
4M 29.7 30.5 28.5 4F 25.5 26.8 26.8

5M 32.2 34.0 31.9 5F 25.5 26.0 25.3

1M 29.2 31.8 31.8 1F 28.3 28.3 26.5

2M 26.2 28.8 28.8 2F 25.1 27.6 27.6

V304N 3M 25.5 27.2 25.5 3F 26.3 30.8 30.8
4M 31.0 329 28.0 4F 25.3 25.7 19.7

5M 25.4 26.1 25.1 5F 25.2 28.0 28.0

The fully attenuated E-L295S mutant did not cause any apparent signs of disease during

the study. We only observed signs of neurological disease in male mice challenged with the E-
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L295A mutant. Symptoms began to resolve in the three mice that survived the challenge at 10 to
11 dpi, while the two that succumbed to the disease experienced rapid progression to neuroinvasive
symptoms at 9 to 10 dpi. The onset of neurological disease in mice recieving the E-L295M, E-
L295T, and E-L295F mutants all began at 6 to 7 dpi, resembling the kinetics observed in the WNV
NY99 control group. However, most of the mice surviving the challenge with their respective
mutants either partially or fully recovered from signs of neurological disease by the end of the
study. The E-V304N mutation exhibited an onset of symptoms around 7 to 8 dpi. All male mice
exhibited mild symptoms until they resolved on 11 dpi. The female mice only exhibited mild
symptoms until the morning of 9 dpi. After that, the female mice showed no symptoms except for
one female that was euthanized on 12 dpi. The single female showed no symptoms and, on the
morning of 12 dpi, showed neurological symptoms and had to be euthanized.

4.3 Discussion

In this study, we investigated the role of eight flavivirus-conserved residues in the EDI-
EDIII linker in the structure-function of the E protein. Alanine screening showed the E-L295 and
E-V304 residues can tolerate at least one amino acid substitution. We then examined 19 alternative
amino acid substitutions of the respective residues and selected E-L295A, E-L295F, E-L295M, E-
L295S, E-L295T, L295V, and E-V304N mutants to evaluate the attenuation of the mouse
neuroinvasive phenotype of WNV NY99ic. For the first time, the previously assumed structural-
functional importance of the EDI-EDIII linker is linked to the mouse neuroinvasive phenotype of
at least one flavivirus. Our results outlined the strategy for engineering up to two attenuating
mutations in the EDI-EDIII linker.

As a proof-of-concept, we use the WNV E-L295S mutant to prove at least one flavivirus

conserved residue in the EDI-EDIII linker can support the engineering of attenuating mutation and
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potentially the rational design of candidate LAVSs. Not only can the E-L295S mutant fully attenuate
the mouse neuroinvasive phenotype of WNV NY99ic up to 500 PFU, but the E-L295 residue also
tolerates multiple amino acid substitutions. It stands out from four other strictly or highly
conserved amino acids in the EDI-EDIII linker, including the E-L297, E-K298, E-G299, and E-
Y302 residues. In contrast, the E-G299 residue exhibits little sequence plasticity because the E-
G299A mutation, which only differs by one methyl group from glycine, is lethal to WNV NY99ic.
Similarly, the lethal phenotype of the E-Y302A mutant can reflect the little tolerance of amino
acid mutation of the flavivirus conserved E-Y302 residue. Although the E-VV304N mutation did
not fully attenuate the mouse neuroinvasive phenotype of WNV NY99ic, the results are
encouraging and warrant further evaluation of other WNV E-V304 mutants that are viable and
retain the engineered amino acid substitutions. Importantly, amino acids equivalent to the WNV
E-V304 residue tolerate sequencing variation in different flaviviruses, and the YFV E-M299I
mutations are among the 20 amino acid substitutions that distinguish the wild-type Asibi strain
and the attenuated 17D strain (Hahn et al. 1987, Huang 2014). The lethal phenotype of the E-
C305A mutant proves the disulfide bond between the EDI-EDIII linker and the bc loop of EDIII
is necessary for the EDI-EDIII interdomain movement and is essential for the structure-function
of the E protein.
A. Attenuation of the WNV mouse neuroinvasive phenotype by the E-L295 mutants
Of the two residues found to be stable and viable in the WNV EDI-EDIII linker, we
anticipate mutations of the E-L295 residue were the most likely to have a more profound effect on
the structure and function of the E protein than the E-V304 residue. Unlike the E-VV304 residue,
the E-L295 residue is strictly conserved across all flaviviruses. The E-L295S mutation can

attenuate the mouse neuroinvasive phenotype of WNV NY99ic in full. Furthermore, the
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structurally similar E-L295A mutation, which only differs by one hydroxyl group from the E-
L295S mutations, also exhibited a high attenuating effect. Therefore, investigation of the
immunogenicity of the WNV E-L295S and E-L295A mutants and the attenuating effect of
equivalent mutations in other flaviviruses will prove the utility for vaccine development. This
shows the phenotypic change caused by mutations of the flavivirus conserved residues in the EDI-
EDIII linker are comparable between WNV and DENV-2 as an alanine screening of neighboring
residues in the EDI-EDIII linker of DENV-2 showed to be determinants of infectivity (de
Wispelaere and Yang 2012). Therefore, the EDI-EDIII linker is crucial for the structure and
function of the flavivirus E protein.

The high attenuating effects of the E-L295A and E-L295S mutations indicate that
removing a large hydrophobic amino acid and replacing it with a small amino acid will disrupt the
structure and function of the E protein. The serine mutation reduces the side chain size from 168
A3 to 99 A3, decreasing the hydrophobicity index from 97 to -5. In contrast, the alanine mutation
reduces the size of the amino acid to 92 A3, Presumably, it has a less significant impact on the
structure-function of the E protein as its hydrophobicity index is 41. In contrast, substitutions of
the E-L295 residue with large hydrophobic amino acids showed no demonstrable impact on the
mouse neuroinvasive of WNV NY99ic, as mice challenged with the E-L295F, E-L295M, and E-
L295V mutants showed no significant difference from mice challenged with WNV NY99ic in
mortality rate and average survival time. Indeed, this may explain 1) the limited attenuating impact
of the E-L295T mutation and 2) the reversion of one of the three nucleotide changes encoding the
E-L295N mutant to the wild-type sequence, resulting in a serine. While serine and threonine
resemble each other in the overall sidechain structure, i.e., a methyl group linked to a hydroxyl or

thiol group, threonine has a larger (122 A%) and more hydrophobic sidechain (hydrophobic index:
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13). The large hydrophilic sidechain makes the E-L295N mutation unstable. This hypothesis is
further supported by the lethal phenotype of other E-L295 mutants involved in large hydrophobic
amino acid substitutions, including the E-L295C, E-L295D, E-L295E, E-L295H, E-L295K, E-
L295Q, and E-L295R mutants.

B. Attenuation of the WNV mouse neuroinvasive phenotype by the E-V304 mutants

Alanine screening of the eight flavivirus-conserved residues in the EDI-EDIII linker also
identified the E-VV304 residue as a putative target for the engineering of attenuating mutations.
Amino acids equivalent to the E-V304 residue exhibit the hydrophobic biochemical property
across all flaviviruses, although the specific amino acid is not fully conserved across the different
serocomplexes.

We demonstrated that 17 different amino acid substitutions of the E-VV304 residue support
the recovery of mutants retaining the engineered mutations, but only the E-V304N mutant
advanced to the mouse neuroinvasive phenotype study, as infectivity of the other 16 E-V304
mutants was indistinguishable from WNV NY99ic. This sequence plasticity can be explained by
the proximity of the E-VV304 residue near the upper lateral ridge of EDIII, where mutations are
often tolerated. Consistent with the highly attenuating effect of the E-V304N mutation, the
structurally similar E-V304D mutation is lethal to WNV NY99ic. Likely, the carboxamide
sidechain introduced by the E-V304N mutation and the carboxymethyl sidechain introduced by
the E-V304D mutation both can have a detrimental impact on the EDI-EDIII interdomain
movement.

Although the E-V304 residue has shown to be highly tolerant, the residue is not completely
tolerant and resulted in two lethal phenotypes and one highly attenuated phenotype. The one

attenuated phenotype, E-V304N, was likely the only attenuating mutation due to its structural
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similarities to aspartic acid. The E-V304 mutation was one of the two amino acid substitutions that
produced a lethal phenotype, and it has an almost identical structure to asparagine. The only
difference is asparagine has a carboxyl amide group at the end of the amino acid side chain instead
of the carboxyl group that aspartic acid has. The virus was more tolerant to the E-V304N mutation
because it is a more neutral amino acid, whereas the E-VV304D mutation is a negatively charged,
acidic amino acid. This indicates that the specific structural configuration of the aspartic acid and
asparagine amino acid sidechain may interfere with the EDI-EDIII interdomain movement.
Overall, the E-V304 residue is a more tolerant but less ideal residue than E-L295 for the
engineering of attenuating mutations. Additionally, due to the high tolerance for change, the E-
V304 residue is less crucial to the structure and function of the EDI-EDIII linker than the E-L295
residue.

The E-L295S and E-V304N mutations have attenuating effects on the WNV neuroinvasive
phenotype. Similar to the EDI-EDII hinge region results in Chapter 3, two attenuating mutations
indicate there is a potential of having multiple attenuating mutations in the E protein. Future studies
could be used to evaluate the other flavivirus-conserved residues in the EDI-EDIII linker using

alternative amino acid substitutions to identify other attenuating mutations.
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Chapter 5 - Demonstration of Attenuating Effects by YFV Mutants

in the EDI-EDII Hinge Region

The results presented in this chapter involved multiple collaborative projects.
Modifications of the YFV infectious clone and analysis of the EDI-EDII hinge region mutants in
vitro were performed with the assistance of Ashley Bilyeu and Danielle Saunders in Dr.
Vanlandingham’s laboratory at Kansas State University. The in vivo mouse study of the eight YFV
mutations tested in Section 5.2.D was performed by the scientists at Bioqual Inc. Specific credits
to each individual who contributed to or conducted each experiment are summarized in Table 5.1.
Table 5-1: Acknowledgements for collaborative projects in Chapter 5
Collaborators from Kansas State University: Ashley N Bilyeu — ANB, Bailey E Maloney — BEM,
Danielle R D Saunders — DRS

Collaborators from Bioqual Inc.: Hanne Anderson — HA, Brian Backstedt — BB, and Swagata Kar

—SK
Key Experiments Relevant Figures and Tables Collaborators
Modification and Table 5-4 BEM, ANB
recovery of YFV mutants
Characterization of YFV  Figures 5-3, 5-4, 5-5, 5-6 BEM, DRS
mutants in cell culture
Characterization of YFV  Figure 5-7 HA, BB, SK
mutants in mouse Tables 5-5, 5-6

neuroinvasive disease

model

272



5.1 Introduction

As a proof-of-concept, we used WNV NY99ic as a model system to investigate the
attenuating effect caused by mutations of the eight flavivirus-conserved residues in the EDI-EDII
hinge region. The E-A541 and E-Y201P mutations were each shown to fully attenuate the mouse
neuroinvasive phenotype of WNV NY99ic, suggesting that at least the first and third motifs of the
EDI-EDII hinge region are worthwhile investigating for the engineering of attenuating mutations
that can be broadly effective across different flaviviruses. As such, we examined the attenuating
mutations of the equivalent flavivirus conserved residues in the EDI-EDII hinge region of YFV
Asibi (ic) to investigate the translation of the attenuated phenotype between neurotropic and
viscerotropic flaviviruses, based on the conserved structure-function of the E protein involved in
the membrane fusion process.

A. Yellow fever virus represents the ancestral mosquito-borne flavivirus

In addition to representing viscerotropic flaviviruses, YFV represents an ancestral virus in
the evolution of mosquito-borne flaviviruses. The most common hypothesis for the origin of YFV
is the virus emerged in Africa approximately 740 years ago (95% highest probability density
between 304 and 1320 years ago) (Bryant et al. 2007). Therefore, the emergence of YFV
potentially preceded the emergence of the oldest clade 5 (India) of WNV, which was estimated to
take place around 95% highest probability density between 304 and 1320 years ago (May et al.
2011). Therefore, examination of the structure-function of the E protein between WNV and YFV
provides the comparison of two phylogenetically distant mosquito-borne flaviviruses that emerged

in different geographical locations and timeframes in evolution.

273



B. EDI-EDII hinge region is among the conserved motifs within the E protein

The amino acid sequence of the E protein exhibits varying degrees of sequence homology
across different flaviviruses. There are several evolutionarily conserved motifs in the E protein.
The structural alignment showed most of the flavivirus conserved sequences are related to the
structure-function of the E protein involved in the membrane fusion process, including the fusion
loop, the four motifs of the EDI-EDII hinge region, and the EDI-EDIII linker (Gritsun et al. 1995,
Medits et al. 2020) Investigating the structural and functional importance of the EDI-EDII hinge
region in YFV can provide the basis for the understanding of other flaviviruses, especially tick-

borne flaviviruses (Figure 5-1).
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Figure 5-1: Comparison between WNV and YFV E protein monomer
WNV (top image) is derived from PDB structure 2HGO, and YFV (bottom image) is derived from
PDB structure 61W5. The E protein monomer is colored in red (EDI), yellow (EDII), and blue
(EDIII). The EDI-EDII hinge region is colored cyan (1% motif), green (2" motif), purple (3
motif), and orange (4" motif). The image was generated in PyMOL.

We engineered nine single-site mutations within the conserved hydrophobic residues of the
EDI-EDII hinge region of YFV, with eight of the residues being equivalent to the WNV residues

tested in Chapter 3 and one additional mutation residue unique to YFV (Table 5-2 and 5-3). We
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employed site-directed mutagenesis targeting hydrophobic amino acids across four different
motifs of the EDI-EDII hinge region of YFV. The YFV E-A54S mutation was engineered in the
first motif of the EDI-EDII hinge region, in comparison with the WNV E-A54S mutation, which
produced a partially attenuated phenotype in the outbred Swiss mouse neuroinvasive disease
model. This includes the two WNV residues that produced attenuated phenotypes in mice, the
WNV E-A54S mutant equivalent to the YFV E-A54S mutant and the WNV E-Y201P mutant being
equivalent to the YFV E-Y194P mutant. The other mutants in the 1 to 3" motifs of EDI-EDII
were E-1130N, E-1135N, and E-1196N in WNV. Only the WNV E-1130N residue has an identical
amino acid substitution in YFV. The other two residues retain a hydrophobic amino acid but with
different amino acids. WNV includes isoleucine at residues 135 and 196, but the equivalent
residues in YFV are valines (YFV E-V130 and E-V188 residues). The mutation strategy from
Chapter 3 of mutating the original conserved hydrophobic amino acid to a less hydrophobic but
similarly structured amino acid was maintained in YFV. The YFV residues E-V130 and E-V188
could not be changed to asparagine. Therefore, the YFV equivalent residues were mutated to

threonine, similar to the WNV E-V272T mutants from the 4" motif.
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Table 5-2: Comparison of the sequence of the 1%t through 3 motifs of the EDI-EDII hinge
region between WNV and YFV

Highly conserved hydrophobic amino acids are labeled with bold text and underlined. The
properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively
charged), blue (positively charged), and black (unique). The numbering of amino acids in the motif

is based on the YFV Asibi sequence.

Serocomplex Virus Strain  Sequence of 1% Sequence of 2" Sequence of 3"
Motif (E 51-54)  Motif (E 130-135)  Motif (E 183-194)
JEV WNV NY99 ANLA ILKENI EPRSGIDTNA-Y
YFV YFV  Asibi DGPA VDQTKI QVQTAVDFGNSY

The 4™ motif of the YFV EDI-EDII hinge region has high sequence and structure diversity,
which is seen particularly clearly in YFV (Table 5-3). The 4™ motif of YFV is three amino acids
longer than WNV, between YFV E-D270 and YFV E-N272. However, despite the increased
length, the distribution of conserved hydrophobic amino acids remains consistent between
flaviviruses, with clusters at both the amino and carboxyl termini. In WNV, three conserved
residues were tested in the 4" motif. The WNV E-A269S, E-V272T, and E-L281N mutants
correspond with the YFV equivalent mutants E-A261S, E-V264T, and E-L276N. Due to the
increased length of the 4th motif of YFV, one additional hydrophobic residue was tested. The YFV
E-L273 residue is a hydrophobic residue that is only conserved between the different strains of
YFV, with the other serocomplexes utilizing a wide variety of amino acids, including polar and
basic amino acids. The YFV E-L273N mutant resides in the kl hairpin at the amino terminus of
the k B-strand (Figure 5-2). Due to its location, we decided to test the E-L273 residue to determine

if the hydrophobic residue has any significance to the hydrophobic pocket of the YFV E protein.
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Table 5-3: Comparison of the sequence of the 4" motifs of the EDI-EDII hinge region
between WNV and YFV

Highly conserved hydrophobic amino acids are labeled with bold text and underlined across all
flaviviruses. An additional residue in the YFV sequences near the C-terminus end of the motif is
bold and underlined to represent the YFV-specific hydrophobic amino acid. The properties of
amino acids are shown in green (hydrophobic), pink (polar), red (negatively charged), blue
(positively charged), and black (unique). The numbering of amino acids in the motif is based on

the YFV Asibi sequence.

Serocomplex Virus Strain Sequence of 4" Motif (E 261-276)
JEV WNV NY99 ATPVEFSSN---TVKL
JEV SAl4 AIVVEYSS----SVKL
JEV SA14-14-2 ATVVEYSS----SVML
KNV MRM61C AIPVEFSSN---TVKL
SLEV MS1-7 AIPATVSSS---TLTL
YFV YFV Asibi AMRVTKDTNDNNLYKL
YFV 17D AMRVTKDTNDNNLYKL
DENV DENV-1 Hawaii ATEIQTSG----TTTI
DENV-2 New Guinea C ATEIQMSS----GNLL
DENV-3 H87 ATEIQTSG----GTSI
DENV-4 H241 ATEVDSGD----GNHM
TBEV TBEV Neudoerfl VPVAHIEG---TKYHL
OHFV Bogluvovska APLAHTIEG---TKYHL
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V130T Y194P

Figure 5-2: Locations of the flavivirus conserved hydrophobic residues in the EDI-EDII
hinge region of the YFV E protein monomer

Each location of the conserved residues in the EDI-EDII hinge region is based on the pre-fusion
conformations of the YFV E protein shown in magenta (PDB ID: 61W5). The E protein monomer
is colored red (EDI), yellow (EDII), blue (EDIII), and cyan (EDI-EDII hinge region). Mutants
labeled in white are equivalent mutations tested in WNV in Chapter 3. The single mutant labeled
in green represents an additional YFV-specific hydrophobic residue in the 4™ motif. The image
was generated in PyMOL.

In Chapter 3, two flavivirus-conserved hydrophobic residues of the EDI-EDII hinge region
of WNV were shown to be crucial for the structure-function of the E protein. Such knowledge was
applied to engineering two mutations that fully attenuated the neuroinvasive phenotype of WNV
NY99ic in outbred Swiss mice. We employed the same site-directed mutagenesis strategy to
engineer mutations in the EDI-EDII hinge region of YFV Asibi (ic). Furthermore, similarities and

differences in the phenotype of single mutants in the equivalent locations will provide detailed
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knowledge of the flavivirus conserved structure-function of the E protein involved in the

membrane fusion process.

5.2 Results

A. Recovery and infectivity of YFV mutants

The eight flavivirus conserved hydrophobic residues in the EDI-EDII hinge region of the
wild-type YFV Asibi strain was each substituted with an amino acid that has a structurally similar
side chain but exhibits higher polarity, including the E-A54S, E-V130T, E-1135N, E-V188T, E-
Y194P, E-A261S, E-V264T, and E-L276N mutants. We have also mutated the hydrophobic E-
L273 residue in the EDI-EDII hinge region to asparagine to determine whether or not this YFV-
specific hydrophobic amino acid is crucial for the structure-function of the E protein. Transfection
of Vero cells with RNA transcripts encoding eight mutants produced viable viruses in the culture

supernatant at 7 dpi except for the E-1135N mutant (Table 5-4).
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Table 5-4: Viability and stability of YFV EDI-EDII mutants
The modification and recovery of the following YFV EDI-EDII mutants was conducted by Bailey

Maloney and Ashley Bilyeu.

) ) o Compensatory
Location Mutation Viability )
Mutations
Motif #1 A54S Viable None detected
] V130T Viable n/a
Motif #2
135N Lethal n/a
) V188T Viable None detected
Motif #3
Y194P Viable n/a
A261S Viable None detected
) V264T Viable None detected
Motif #4 )
L273N Viable None detected
L276N Viable Reversion

Although the E-V130T and E-Y194P mutants were viable, they were only detectable by
indirect immunofluorescent staining. Neither mutant formed visible plaques detected by the MTT
staining and, hence, was excluded from further analysis. Sanger sequencing demonstrated that the
E-L276N mutation encoded by AAT nucleotide changes reverted to the wild-type sequence in the
second codon, resulting in the ATT codon that gives rise to the E-L2761 mutation. This reversion
suggests that the presence of a hydrophobic amino acid at the E-L276 residue is very crucial for
the structure and function of the E protein, resembling the E-L281N mutation in the equivalent
position of WNV E protein, as seen in section 3.2.A. The E-A54S, E-V188T, E-A261S, E-V264T,
and E-L273N mutations were tolerated by YFV Asibi (ic), as observed with the retention of the
engineered nucleotide substitutions in the consensus sequence and comparable infectivity (Figure

5-3).
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Figure 5-3: Infectivity of YFV EDI-EDII hinge region mutants

Infectivity of YFV Asibi infectious clone and the six single mutants following transfection of Vero
cells. Infectivity between YFV Asibi infectious clone and each mutant was compared using one-
way ANOVA followed by Dunnett’s pairwise comparison. The image was generated in GraphPad.
Recovery of mutant viruses and plaque assays was conducted by Bailey Maloney and Danielle
Saunders.

All five viable YFV mutations showed no significantly reduced titers compared to the wild-
type virus TCIDso. The three mutations E-V188T (5.110g10TCIDso/mL+0.7), E-V264T
(4.5l0910TCIDso/mL+0.8), and E-L273N (4.1l0g10TCIDso/mL£1.0) showed to have infectivity
levels similar to the wild-type which grows to 4.8logioTCIDso/mL. The E-A54S mutation was
shown to visibly increase infectivity to 6.0l10910TCIDso/mL+0.9 compared to the wild-type,
although it was not significant. The only mutation that showed visible reductions in infectivity was
the E-A261S mutation, although it was not significant (p=0.1518). The E-A261S mutation only

grew to over 3.310g10TCIDso/mL+1.5.
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B. Reduction in multiplication kinetics of YFV mutants in Vero and BHK-21 cells

We hypothesized that mutations that disrupt the structure-function of the E protein would
impair the multiplication kinetics of YFV Asibi (ic). To test this hypothesis, each single mutant
was analyzed by growth curve experiments undertaken in Vero cells for five days and BHK-21

cells for seven days (Figures 5-4 and 5-5).

Asibi

E A54S
E V188T
E A261S
E V264T
E L273N
E L276N

logTCIDgg/ml
T

K B B B

Days Post Infection

Figure 5-4: Multiplication kinetics of YFV Asibi (ic) and mutants containing single amino
acid substitutions of flavivirus conserved hydrophobic residues in the EDI-EDII hinge region
in Vero cells

YFV Asibi (ic) and the six single mutants were each inoculated into Vero cells at moi of 0.1 in
triplicate. Data points represent the mean viral titer, and error bars represent the standard
deviation. The image was generated in GraphPad. Growth curves was conducted by Bailey

Maloney and Danielle Saunders.
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Figure 5-5: Growth curves of YFV mutants over 5 days in BHK-21 cells

YFV Asibi (ic) and the six single mutants were each inoculated into BHK-21 cells at moi of 0.1 in
triplicate. Data points represent the mean viral titer, and error bars represent the standard
deviation of three biological replicates. The image was generated in GraphPad. Growth curves
were performed by Bailey Maloney and Danielle Saunders.

The multiplication kinetics of the E-V264T mutant in Vero and BHK-21 cells showed
reduced infectivity compared to YFV Asibi after 3 dpi in Vero cells and 4 dpi in BHK-21 cells.
The infectivity of the E-V264T mutant was approximately 4 logioTCIDso/ml lower in both cell
lines than YFV Asibi (ic) (p<0.05). In contrast, the infectivity of the E-V188T mutant was
significantly increased in comparison with YFV Asibi (ic) (p<0.05) in both Vero and BHK-21
cells. The E-L276N mutant encoded a partial reversion to the wild-type sequence, which led to the
emergence of the E-L2761 mutation in the consensus sequence. Multiplication kinetics of the E-
L276N mutant exhibited no demonstrable differences in VVero cells before 3 dpi but failed to reach
infectivity at the plateau phase comparable to YFV Asibi (ic). Albeit the lack of significant

difference in BHK-21 cells, there was a similar trend in infectivity between YFV Asibi (ic) and
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the E-L276N mutant. In both Vero and BHK-21 cells, the E-A54S, E-A261S, and E-L273N

mutations had comparable growth curves to YFV Asibi (ic).
C. Mutations of the flavivirus conserved hydrophobic residues in the EDI-EDII
hinge region increase the genome-PFU ratio of YFV Asibi (ic) in Vero cell
We compared the genome-PFU ratio between YFV Asibi (ic) and five single mutants

(Figure 5-6). Higher genome-PFU ratios showed assembly and release of YFV Asibi (ic) from

infected Vero cells (moi: 0.1) is impaired by the E-VV264T mutation.
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Figure 5-6: PFU-genome ratio of YFV EDI-EDII hinge region mutants
Genome-PFU ratios of YFV Asibi infectious clones and the three replicates of six mutants in the
culture supernatants of Vero cells infected at a moi of 0.1. Data points represent the average
genome copy-to-PFU ratios, and error bars represent the standard deviation of two biological
replicates prepared from Vero cells infected with YFV Asibi or each mutant at moi of 0.1.
Comparison of genome copy-to-PFU ratio was performed using one-way ANOVA followed by
Dunnett’s pairwise comparison. The image was generated in GraphPad. The PFU-genome ratios
was conducted by Bailey Maloney and Danielle Saunders.

The genome-PFU ratio of the E-V264Y mutants (3 logiogenome-PFU) was higher than

YFV Asibi (ic) (1.5 logiogenome-PFU) (p=0.0107). This result indicates that the E-V264T mutant
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can be assembled and secreted into a virion in cell culture that could produce immunogens.
However, many of the virions are not infectious. Genome-PFU ratios of the E-A261S and E-
L276N mutants had a marginal increase that did not reach statistical significance compared to YFV
Asibi (ic). Similarly, neither the E-A54S, E-VV188T, or E-L273N mutations led to demonstrable
differences in the genome-PFU ratio of YFV Asibi (ic).
D. Attenuation of the mouse viscerotropic phenotype of YFV E-V188T mutant

We investigated the attenuating effect of each YFV mutant in groups of four male and four
female six-week-old AG129 immunocompromised mice via IP challenge at 1000 PFU (Figure 5-
7). Due to the logistical difficulties and high cost of acquiring immunocompromised AG129 mice,
only eight mice per mutant were used instead of ten, like in the WNV mouse studies. Additionally,

this study was completed by the scientists at Bioqual Inc.
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Figure 5-7 Attenuation of the viscerotropic phenotype of YFV in six-week-old mice

Groups of four male mice and four female mice received the IP challenge with each YFV mutant
or YFV Asibi (ic) at 1000 PFU. Depiction of the survival rate of mice receiving the E-A54S, E-
V188T, E-A261S, E-V264T, E-L273N mutants, or the parental YFV Asibi (ic). The Kaplan-Meier
survival curve showed differences in survival outcomes and average survival time, and Dunnett’s
pairwise comparison followed one-way ANOVA. The image was generated in GraphPad. The YFV
mouse viscerotropic disease study was conducted by the scientists at Bioqual Inc.: Hanne
Anderson, Brian Backstedt, and Swagata Kar.

The intraperitoneal challenge with YFV Asibi (ic) led to 90% lethality between 15 and 17
dpi. Significantly, no mice developed lethal viscerotropic disease following the IP challenge with
the E-V188T mutant (p<0.0001). Therefore, the E-V188T mutation can fully attenuate the
virulence phenotype in the viscerotropic disease AG129 mouse model up to 1000 PFU. There was
no demonstrable difference in the virulence phenotype between YFV Asibi (ic) and three other
single mutants. All eight mice succumbed to the viscerotropic disease induced by IP challenge
with the E-A54S mutant, with an average survival time of 16.8 days (Table 5-5). The average

survival time was determined by the day post-infection when morality was observed. The virulence
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phenotype of the E-A261S mutant was also indistinguishable from wild-type YFV Asibi, as
observed with 90% mortality and an identical average survival time of 17.0 days. Surprisingly, the
reduced infectivity of the E-V264T mutant was not translated to the attenuated phenotype in mice.
Mice challenged with the E-V264T mutant developed 90% mortality and no significant reduction
in average survival time compared to the control group receiving YFV Asibi (ic). Similarly, 90%
of mice receiving the challenge with the E-L273N mutant also succumbed to viscerotropic disease
and showed no reduction in the average survival time.

Table 5-5: Summary of average survival times of AG129 mice challenged with YFV Asibi
(ic) and single-site mutants in the flavivirus conserved residues in the EDI-EDII hinge region
This table details the average survival time post-infection for each group of inoculated mice and
the standard deviation seen within the respective group. The average survival time of each group
was calculated using 21 days as the end point of the study. Yellow fever virus mouse viscerotropic
disease study was conducted by the scientists at Biogual Inc.: Hanne Anderson, Brian Backstedt,

and Swagata Kar.

Group Average Survival Time (days) Standard Deviation
YFV Asibi (wt) 17.0 2

A54S 16.8 2.5

V188T >21 0

A261S 17.0 2.1

V264T 13.5 3.6

L273N 14.9 2.9

The summary of weight changes in each mouse is shown in Table 5-6. Weight loss in mice
recieving the IP challenge with YFV Asibi (ic) began between 10 and 12 dpi. In contrast, no

significant weight loss, i.e., >20%, was observed in mice challenged with E-V188T mutant
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throughout the study. Timing for the onset of significant weight loss in the mice receiving the IP
challenge with the E-A54S, E-A261S, and E-L273N mutant resembled the control group
challenged with YFV Asibi (ic), i.e., at 10 to 12 dpi. The mice challenged with E-V264T had an
earlier onset of severe weight loss compared to YFV Asibi (ic), starting at 7 to 8 dpi. This likely
resulted in the slightly earlier death, with two occurring at 10 dpi and one at 11 dpi.

Table 5-6: Summary of weight challenge in groups of four male and four female mice
receiving the IP challenge of YFV Asibi (ic) or single mutants containing amino acid
substitutions of flavivirus conserved hydrophobic residues in the EDI-EDII hinge region
The weight of each mouse was measured in grams daily. “M” represents the male mice, and the
notation “F” represents the female mice. Grey coloring represents a mouse that was euthanized
or found dead prior to the end of the study, and white represents a mouse that survived to 21 dpi.
Yellow fever virus mouse viscerotropic disease study was conducted by the scientists at Bioqual

Inc.: Hanne Anderson, Brian Backstedt, and Swagata Kar.

Starting Peak Final Starting  Peak Final
Mouse _ _ ] Mouse ] _ _
Group Weight  Weight Weight Weight Weight Weight
(Male) (Female)
(9) (9) (9) (9) (9) (9)
VEV 1M 20.79 20.79 16.4 1F 24.15 24.15 17.65
Asibi 2M 19.69 20.36 14.68 2F 23.94 24.86 20.12
sibi
() 3M 21.19 21.19 16.03 3F 23.06 23.06 18.12
4M 20.07 20.07 15.83 4F 22.95 24.28 17.98
1M 19.05 19.05 12.98 1F 21.94 22.93 17.38
ABAS 2M 19.40 19.40 15.33 2F 22.53 22.53 16.69
3M 20.68 20.68 16.14 3F 21.62 21.74 16.27
4M 18.31 18.31 13.77 4F 21.89 21.89 17.10
1M 16.02 17.32 13.21 1F 25.16 25.48 23.58
V188T
2M 18.22 20.00 20.00 2F 25.92 27.79 22.16

290



Starting Peak Final Starting  Peak Final
Mouse _ _ ) Mouse ) _ _
Group Weight  Weight Weight Weight Weight Weight
(Male) (Female)
(9) (9) (9) (9) (9) (9)
3M 18.39 20.05 18.98 3F 24.78 26.38 26.29
V188T
AM 18.87 20.34 18.28 4F 22.22 22.38 20.84
1M 16.87 17.54 12.97 1F 21.78 21.85 17.60
2M 15.81 17.06 13.28 2F 20.15 20.57 19.41
A261S
3M 16.39 17.64 13.03 3F 20.24 20.80 15.25
4M 17.35 17.68 13.52 4F 21.02 21.32 16.71
1M 14.97 15.86 11.63 1F 16.94 18.05 12.96
2M 15.26 16.46 11.87 2F 16.26 17.10 12.52
V274T
3M 16.65 17.56 13.03 3F 18.29 18.89 14.46
4M 14.32 15.37 14.55 4F 17.73 17.77 13.45
1M 23.26 24.77 18.30 1F 14.41 15.34 11.26
Lo73N 2M 23.87 25.44 18.81 2F 16.84 17.58 13.42
3M 16.67 18.04 12.94 3F 16.96 17.13 12.76
4M 19.10 21.46 15.77 4F 16.21 17.20 14.86

The disease onset was initially observed in mice challenged with YFV Asibi (ic) at 14 to

15 dpi. The first signs included hunched spinal posture, ruffled fur, and lethargy or listlessness.

Symptoms often progressed quickly, with common symptoms including greater than 20% body

weight loss and moribund behavior on top of initial symptoms. Although the E-V188T showed a

fully attenuated phenotype with 100% survival, four of the eight mice still developed transient and

mild symptoms, including ruffled fur. The mice challenged with the E-A54S mutant started

exhibiting symptoms similar to those challenged with YFV Asibi (ic) at 13 to 15 dpi before quickly

succumbing to disease. One male mouse challenged with the E-A54S mutant exhibited early

symptoms at 7 dpi but succumbed to the disease at a similar time to the other mice in this group.

291



The three mutants within the fourth motif of the EDI-EDII hinge region all showed similar
kinetics in the onset of symptoms. The E-A261S, E-V264T, and E-L273N mutants all, on average,
began exhibiting symptoms between 4 to 6 dpi. In general, mice challenged with either of the three
mutants began to show mild symptoms for approximately 5 to 7 days, and the numbers or severity
of symptoms continued to increase for approximately 3-4 days before succumbing to the disease.
The mice in E-A261S, E-V264T, and E-L273N mutant groups that survived the study exhibited
transient and mild symptoms, although some exceptions to this pattern were observed. For the E-
A261S mutant group, two female mice showed symptoms similar to those challenged with YFV
Asibi (ic), with the onset of symptoms at 14 dpi instead of early in the study. Of those two mice,
one survived to the end of the study. The E-V264T mutant group had one female mouse shown to
have symptoms starting at 11 dpi. While this is still an earlier onset of disease than occurred with
the wild-type group, it is a noticeably later first sign of symptoms than the other mice in this group

that showed signs at 5 to 6 dpi.
5.3 Discussion

Because of the difficulty and cost of obtaining the immunocompromised AG129 mice, we
investigated the attenuation process of wild-type YFV Asibi (ic), following the identification of
the E-A541 and E-Y201P mutations that can fully attenuate the mouse neuroinvasive phenotype
of WNV NY99ic. We identified the E-V188T mutation that can fully attenuate the virulence
phenotype of wild-type YFV Asibi (ic) in the viscerotropic disease AG129 mouse model.
Significantly, the E-VV188T mutation does not impair the multiplication kinetics of wild-type YFV
Asibi (ic) in Vero cells, the acceptable substrate for human vaccine manufacturing. Once proven
successful, the E-VV188T mutation can be useful for the rational design of second-generate YF

LAVs.
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Only one substitution was investigated for each flavivirus conserved residue in the EDI-
EDII hinge region of YFV, so our conclusions are limited to the specific amino acid substitutions
tested. Nevertheless, the comparison of single mutants between YFV and WNV highlights the
similarities and differences of the EDI-EDII hinge region between different flaviviruses. The YFV
E-V188 residue is the equivalent amino acid to the WNV E-1196 residue in the EDI-EDII hinge
region, and the fully attenuated phenotype of the YFV E-V188T mutant is consistent with the
lethal phenotype of the WNV E-1196N mutant. The N-terminus of the EDI-EDII hinge region's 3™
motif is crucial for the E protein's structure-function. This suggests that alternative amino acid
substitutions of the WNV E-1196 residue may be worthwhile evaluating for the attenuating effect
on WNV NY99ic.

The YFV E-Y194P mutant cannot form visible plaques and was excluded from further
analysis in this study. Notably, this is consistent with the small plaque phenotype of the WNV E-
Y201P mutant in Vero cells. Detection of viral proteins in Vero cells used for TCIDso assay is
encouraging and indicates that the E-Y 194 mutant does not prevent the recovery of viable viruses.
We have proven WNV NY99ic tolerates 13 alternative amino acid substitutions of the equivalent
E-Y201 residue. In addition to the fully attenuated phenotype of the WNV E-Y201P mutant, the
WNV E-Y201C and E-Y201D mutants are both highly attenuated. Suppose the equivalent
mutations can be proven to attenuate the virulence phenotype of YFV Asibi (ic). In that case, this
provides direct evidence that 1) the fg hairpin of EDII has the shared importance for the structure-
function of the E protein in at least two different flaviviruses and 2) the amino acid equivalent to
the YFV E-Y 194 residue and WNV E-Y201 residue may be worthwhile investigating as a target

for the engineering of broadly effective attenuating mutations.
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The E-L276 residue was crucial for the structure-function of the E protein, as demonstrated
by the single nucleotide reversion at the second nucleotide of the codon that results in the YFV E-
L276N mutation. The E-L276N residue likely does not tolerate the mutation because of the
common role of the Kkl hairpin structure in stabilizing the EDI-EDII domain interactions across
different flaviviruses. Interestingly, the YFV E-L276 residue is equivalent to the WNV E-L281
residue. Both residues exhibited similar reversions to the wild-type sequence, indicating that this
residue is not only important to the structure and function of the E protein in WNV and YFV, but
to flaviviruses in general. However, we have not investigated all 19 alternative amino acid
substitutions of either the YFV E-L276 residue or the WNV E-L281 residue, which may further
reveal common attenuating mutations due to the flavivirus conserved kl hairpin structure.

The YFV E-V130 and E-1135 residues are equivalent to the WNV E-1130 and E-1135
residues. The YFV E-V130T and E-1135N mutations preclude the recovery of viable viruses,
resembling the lethal phenotype observed with the WNV E-I130N and E-1135N mutants,
respectively. Therefore, the specific amino acid substitutions were chosen to disrupt the
hydrophobicity of each of the nine residues. We demonstrated that eight of the nine flavivirus
conserved hydrophobic amino acids in the EDI-EDII hinge region are essential for the structure-
function of WNV E protein: E-V130, E-1135, E-V188, E-Y194, E-A261, E-V264, E-L273, and E-
L276 residues.

Comparable to WNV, the YFV mutants E-V130T and E-1135N reside in the 2" motif of
the EDI-EDII hinge region. Both mutants produced lethal phenotypes like their WNV
complemental residues. Due to the consistent lethality or instability of mutation to residues of the
2"Y motif of the EDI-EDII hinge region, as seen in WNV, DENV-2, and now YFV, the limited

plasticity of this region may be conserved among different flaviviruses (Butrapet et al. 2011).
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Interestingly the YFV exhibited a viable phenotype after mutations in the E-Y194P mutant in the
3" motif of the EDI-EDII hinge region, like its WNV equivalent E-Y201P. However, Since the
YFV E-Y194P mutant was only detectable by indirect immunofluorescent staining and did not
plaque, the mutant was not optimal for further analysis as an attenuating mutation. The lack of
growth of this mutant is likely due to the putative interactions between the 2" and 3™ motifs of the
EDI-EDII hinge region (Christian et al. 2013). However, the WNV E-Y201P mutant grew at titers
over 4logi0PFU/mI lower than wild-type WNV. This proline mutation in both YFV and WNV
likely causes significant decreases in the multiplication of the virus. The difference in growth is
likely due to the slight differences in the structure and movement of the EDI-EDII hinge region
between different flaviviruses, resulting in WNV forming plaques and YFV not showing visible
plaques. The E-VI1130, E-1135, and E-Y 194 residues are located in a structurally and functionally
important region that cannot tolerate engineered mutations.

Interestingly, the WNV E-Y201P and YFV E-V188T residues are neighboring residues in
3" motif of the EDI-EDII hinge region that both produced attenuated phenotypes. This is not
surprising as both mutations reside within the “gfeah” B-sheet that controls the orientation of EDII
during the EDI-EDII interdomain movement. This makes the conserved hydrophobic residues of
the 3@ motif of the EDI-EDII hinge region critical residues to the structure and function of the E
protein and ideal targets for the engineering of attenuating mutations. Due to the successful
attenuating phenotype produced by the YFV E-V188T mutant, additional attenuating mutations
may be possible in the equivalent WNV residue. Although the WNV E-1196N mutant was lethal,
it may be worthwhile to investigate a threonine substitution utilized in the equivalent YFV residue.

Somewhat surprising is we did not observe an attenuating effect in AG129 mice receiving

the IP challenge with the E-A54S mutant, given the E-A54 residue is strictly conserved across all
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flaviviruses. However, this may be explained by the structural variation in the EDI-EDII hinge
region between different flaviviruses, as described in the superimposed E protein crystal structures
by Luca et al. 2012. A complete picture of the attenuating effect of each alternative amino acid
substitution of the YFV E-Ab4 residue may be valuable not only for the fundamental knowledge
of the structure-function of the E protein but also for the rational design of second-generation YF
LAVs. While the hydrophobic biochemical property of the E-A54 residue was disrupted with the
serine mutation, serine is still a small amino acid (99 A®), and the WNV data from Chapter 3
indicate the E-A54 residue of WNV can produce an attenuated phenotype with large amino acids.

Overall, mutation of the flavivirus-conserved hydrophobic residues in the EDI-EDII hinge
region resulted in fully attenuated virulence phenotypes in both WNV and YFV. Although neither
the WNV E-Y201P mutation nor the YFV E-V188T mutation has been proven to produce the
attenuated phenotype translated to the other model flavivirus, our findings are still of significance
and highlight the third motif of the EDI-EDII hinge region as an attractive region for the
engineering of attenuating mutations. Further, the difference reflects the structural differences
between the EDI-EDII hinge region of different flaviviruses. Although flaviviruses are closely
related, there can be significant differences in the angle of movement of the EDI-EDII hinge
region. For example, the JEV E protein and its closely related WNV E protein exhibit a large
angular difference of 16.0° (Luca et al. 2012). Therefore, engineering of mutation of the conserved

hydrophobic residues of the EDI-EDII hinge region will need to consider structural variations.
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Chapter 6 - Identification of Putative Mechanisms of Attenuation in

the E Protein Interdomain Regions

Our site-directed mutagenesis of flavivirus conserved residues in the EDI-EDII hinge
region, and the EDI-EDIII linker advances our understanding of the common structure-function of
the E protein involved in the membrane fusion process. We have demonstrated that mutations of
multiple flavivirus conserved residues in the respective E protein interdomain regions can
attenuate the mouse virulence phenotype of WNV NY99ic or YFV Asibi (ic) and hence have the
potential utility for the rational design of candidate WN and YF LAVs (Figure 6-1). The flavivirus-
conserved residues analyzed in this dissertation are located at the interdomain junctions, each
connecting the B-sheets of two respective domains. Rearrangement of the B-sheets in each domain
drives the interdomain movement and, consequently, the conformational change of the E protein
from dimer in the virion to trimer. Therefore, we can use the location and phenotypic changes
caused by the mutations examined in this project to provide a detailed view into 1) flavivirus
conserved residues involved in the conformational change of the E protein from dimer in the virion
to trimer inserted into the host cell and 2) potential targets for the establishment of a flavivirus

common attenuation strategy.
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Figure 6-1: Seven flavivirus conserved hydrophobic residues crucial for the structure-
function of the E protein

Each of the seven flavivirus-conserved residues in the EDI-EDII hinge region of the pre-fusion (a)
and post-fusion (b) conformations of WNV E protein is shown in spheres (PDB ID:2HGO0). The
post-fusion conformation of WNV E protein is predicted using SLEV E protein (PDB ID:
4FGO0). The E protein is colored in red (EDI), yellow (EDII), and blue (EDIII). The gfeah and kIDO

[S-sheets are marked with dashed white boxes. The seven conserved hydrophobic residues are
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labeled in white, with neighboring hydrophobic residues labeled in magenta. The E-A54 and E-
Y201 residues are highlighted with cyan. The fg hairpin residues E-L212 and E-V213 are
highlighted in green and magenta, respectively. The E-1130, E-135, and E-1196 residues are
labeled orange. The E-A269S and the E-L281N mutation are shown in gray and are part of the

kIDO f-sheet. The image was generated in PyMOL.

A. Structural-functional importance of the flavivirus EDI-EDII hinge region

conserved residue and putative mechanism of attenuation

As described in section 3.1, we selected the eight flavivirus-conserved hydrophobic amino
acids in the EDI-EDII hinge region for site-directed mutagenesis. The eight residues can be
categorized based on their locations about the B-barrel of EDI and the “gfeah” B-sheet at the base
of EDII. The attenuating effect caused by the E-A54 and E-Y201 mutations potentially
complements each other as both the E-A54 and E-Y201 residues are located at the base of the
“gfeah” B-sheet. The E-A54 residue is the first residue from the N-terminus of the p-strand, and

the E-Y201 residue immediately precedes the f 3-strand (Figure 6-2).
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Figure 6-2: Location of the E-A54 and E-Y201 residues in the EDI-EDII hinge region (PDB
ID: 2HGO)

The E protein monomer is colored red (EDI), yellow (EDII), and cyan (EDI-EDII hinge region).
WNV E-A54 and E-Y201 residues are highlighted in magenta. The image was generated in
PyMOL.

The E-A54 residue is sandwiched between the e and h B-strands. The stability of 3-sheets
typically depends on multiple hydrogen bonds between neighboring -strands. This explains that
WNV NY99ic can tolerate up to 13 alternative amino acid substitutions of the E-A54 residue
because the proper folding of the “gfeah” B-sheet may not be entirely abolished by mutations of
the E-A54 residue (Modis et al. 2003).

Rotation of the “gfeah” B-sheet is responsible for the EDI-EDII interdomain movement.
Cryo-EM structures suggest that the radius of flavivirus virion expands by 10% due to the
conformational change of the E protein from dimer in the virion to trimer inserted into the host

cell (Kuhn et al. 2002). The increased space avoids the collision between the rotating “gfeah” -
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sheets into the neighboring E protein homodimer arranged in the herringbone pattern. Notably, the
E-A54 residue is on the periphery of the E protein homodimer and proximal to the disordered
structure between the bc loop of EDII in a neighboring E protein homodimer arranged in the

herringbone pattern (Figure 6-3).

E protein

/nonomer #2

E protein

monomer #1 E protein

monomer #3

Figure 6-3: Location of WNV E-A54 residue on the periphery of the E protein dimer,
modeled using JEV E protein (PDB ID: 3J27).

The E protein monomer is colored red (EDI), yellow (EDII), and cyan (EDI-EDII hinge region).
There are three copies of the E protein monomer. Two copies of the E protein monomer arranged
in the antiparallel direction to form the E protein homodimer are labeled “E protein monomer #l
and #2.” For ease of viewing, only one copy of the E protein monomer in the neighboring E protein
homodimer is labeled “E protein monomer #3.” The WNV E-A54 residue is highlighted in magenta
spheres, and the disordered motif of the bc loop in the EDII of the neighboring E protein
homodimer is shown in green spheres. White arrows indicate the direction of EDII rotation. The

image was generated in PyMOL.
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It is likely that amino acid substitutions with large side chains of the E-A54 residue, i.e.,
the E-A54] mutation and the E-A54E mutation, can effectively interfere with rotation of the
“ofeah” B-sheet due to the steric hindrance and consequently achieve a high level of attenuation
effect (Figure 6-4). The impaired rotation of the “gfeah” B-sheet may change the orientation of
EDII and, consequently, the exposure of the fusion loop from the protected position. A comparison
of the pre-fusion and post-fusion conformations of DENV-2 and TBEV E proteins showed a
fundamental difference in the EDI-EDII interdomain movement. For example, the TBEV E protein
trimer formation requires the rotation of EDII about EDI by 19° (Bressanelli et al. 2004). In
contrast, the EDI-EDII interdomain movement of DENV-2 E protein involves a 30° rotation
(Modis et al. 2004). This difference in EDI-EDII hinge region movements helps explain that the
same amino acid substitution of the E-A54 residue may exhibit different levels of attenuating effect
in two different flaviviruses, e.g., the difference in the attenuating effect of the E-A54S mutation

between WNV and YFV.
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Figure 6-4: Mutations of the WNV E-A54 residue in the peripheral region of the “gfeah” f -
sheet of the E protein (PDB ID: 2HGO)
The E protein monomer is colored red (EDI), yellow (EDII), and cyan (EDI-EDII hinge region).
(a) Wild-type alanine residue. (b) Serine mutation from initial screening of mutations in the EDI-
EDII hinge region. (c) Glutamic acid mutation from optimization of E-A54 amino acid substitution.
(d) Isoleucine mutation from optimization of E-A54 amino acid substitution. The image was
generated in PyMOL.

The attenuated phenotype of WNV E-Y201 mutants is also likely related to interference

with the rotation of the “gfeah™ p-sheet of EDII. Specifically, the WNV E-Y201 residue
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immediately precedes the hairpin structure consisting of the f and g B-strands, namely, the fg
hairpin. Superimposed cryo-EM structures of immature, mature, and post-fusion flavivirus virions
show all interdomain movements of the E protein use the fg hairpin as an axle for rotation of the
“gfeah” B-sheet (Zhang et al. 2012). Here we propose the fg hairpin is potentially stabilized by the
interaction of three flavivirus-conserved residues, including the WNV E-Y201, E-L212, and E-
V213 residues (Table 6-1 and Figure 6-5). The WNV E-Y201 residue is within the third motif of
the EDI-EDII hinge region, and the E-L212 and E-V213 residues are within the neighboring g -
strand. Moreover, the amino acids equivalent to the WNV E-Y201, E-L212, and E-VV213 residues

show the conserved hydrophobic biochemical properties based on structural alignment.
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Table 6-1: Amino acid sequence alignment of the hydrophobic triad in EDII

Three residues of the hydrophobic triad are highlighted with bold text and underlined. The
properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively
charged), blue (positively charged), and black (unique). The numbering of amino acids in the motif

is based on the WNV NY99 sequence.

Serocomplex Virus Strain Sequence Hydrophobic Triad
(E 201-213)

JEV WNV NY99 YYVMTVGT--—-~ KTFLV
JEV SA14 EYUMTVGS--—-- KSFLV
JEV SA14-14-2 FYVMTVGS—-—--- KSFLV
KNV MRM61C YYVMTVGT--—-~ KIFLV
SLEV MS1-7 YYVETVKE-———- KSWLV
YFV YFV Asibi YYTIAEMGK----- ESWIV
YFV 17D YYTIAEMGK----- ESWIV
DENV DENV-1 Hawaii MVLLTMKE----- KSWLV
DENV-2 New Guinea C MVLLOMEN----- KAWLV
DENV-3 H87 MILLTMKN-—---- KAWMV
DENV-4 H241 MILMKMKT-—--- KTWLV
TBEV TBEV Neudoerfl VILELDKTVEHLPTAWQV
OHFV Bogluvovska VVLELDKTAEHLPTAWQV
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Figure 6-5: Hydrophobic triad of the fg hairpin of the E protein (PDB ID: 2HGO0)

The E protein monomer is colored red (EDI), yellow (EDII), and cyan (EDI-EDII hinge region).
WNV E-Y201, E-L212, and E-V213 residues are highlighted in magenta. The image was generated
in PyMOL.

The amino acid sequence of the three hydrophobic residues in the fg hairpin is conserved
within each serocomplex, consistent with the variations in the EDI-EDII hinge region across
different flaviviruses. The E-Y201P, E-Y201C, and E-Y201D mutations can likely reduce the
stability of the fg hairpin to interfere with the membrane fusion mechanism of WNV NY99ic, as
observed with the change of the optimal pH for the HA activity (Figure 6-6). Indeed, there is
considerable agreement between our finding on WNV and the previously published studies using
small molecules targeting the flavivirus-conserved hydrophobic residues in the EDI-EDII hinge

region of DENV-2 (de Wispelaere et al. 2018). Serial passage of WNV E-Y201P mutant in Vero
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cells resulted in the partial reversion to the wild-type sequence encoding the E-Y201L mutation,
suggesting a strong preference for a hydrophobic amino acid occupying the E-Y201 residue. Serial
passage of DENV-2 in the presence of 2,4-diamino and 4,6-disubstituted pyrimidines that
preferentially bind to the EDI-EDII hinge region also cause mutations of the equivalent E-M196
residue. Furthermore, there is no coincidence only hydrophobic amino acid substitutions of the
DENV-2 E-M196 residue were reported. This means the amino acid equivalents to the WNV E-
Y201 or the DENV-2 E-M196 residue can potentially support the engineering of flavivirus-

common attenuation.
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Y201P

Y201D

Y201C

Figure 6-6: Mutation of the WNV E-Y201 residue at the edge of the fg hairpin of the E
protein (PDB ID: 2HGO0)

The E protein monomer is colored red (EDI), yellow (EDII), cyan (EDI-EDII hinge region), and
magenta is the hydrophobic triad. (a) Wild-type tyrosine residue. (b) Proline mutation from initial
screening of mutations in the EDI-EDII hinge region. (c) Cysteine mutation from optimization of
E-Y201 amino acid substitution. (d) Aspartic acid mutation from optimization of E-Y201 amino

acid substitution. The image was generated in PyMOL.
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The attenuated phenotype of the YFV E-V188T mutant may be due to the interactions
between the second and third motifs of the EDI-EDII hinge region proposed in the previous model
based on the DENV-3 E protein (Christian et al. 2013). Substitution of the flavivirus-conserved
YFV E-V188 residue with threonine may reduce the hydrophobic interaction with the YFV E-1130
and YFV E-V135 residues without ultimately impairing the proper function of the EDI-EDII hinge
region (Figure 6-7) (Christian et al. 2013, Onofrio et al. 2014). Substitution of the equivalent WNV
E-1196 residue with an asparagine can potentially induce structural and functional changes that
cannot be tolerated. The YFV E-V188T mutation introduced a polar electrostatically neutral
residue. In contrast, the WNV E-1195N mutation introduced the positively charged basic residue

expected to cause a more profound impact on the structure-function of the E protein.
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Figure 6-7: Mutation of the YFV and WNV residues located within the 2" and 3" motifs
that are important to the gfeah rotation around the fg hairpin of the E protein

YFV (top row) is derived from PDB structure 61W5, and WNV (bottom row) is derived from PDB
structure 2HGO. The E protein monomer is colored red (EDI), yellow (EDII), and cyan (EDI-EDII
hinge region). (a) Original E-V130, E-1135, and E-V188 residues in YFV. (b) Threonine mutations
in the YFV E-V130 and E-V188 residues and asparagine mutation in the YFV E-1135 residue. (c)
Wild-type E-1130, E-1135, and E-1196 residues in WNV. (d) Asparagine mutations in the E-1130,

E-1135, and E-1196 residues in WNV. The image was generated in PyMOL.
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The kI hairpin controls the interactions between the Do -strand of EDI and the k1 -strands
of EDII during the conformational change of the E protein from dimer to trimer (Modis et al.
2004). The Kkl hairpin is pulled apart in the E protein trimer, and the 1 B-strand of EDII forms new
hydrogen bonds with the Do -strand of EDI, presumably to stabilize the post-fusion conformation

of the E protein (Figure 6-8).
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Figure 6-8: Mutations in the kI hairpin of WNV E protein
The E protein monomer is colored in red (EDI), yellow (EDII), and cyan (kI hairpin/4™ motif of
the EDI-EDII hinge region). (a) depiction of the locations of the E-A269 and E-L281 residues in
WNV (PDB ID: 2HGO0). Using DENV-2 as a model, depiction of the conformational change with
WNV E-A269 and E-L281 residues (b) before fusion (PDB ID: 10AN) and (c) after fusion (PDB
ID: 10K8). The image was generated in PyMOL.

Reversion of the WNV E-L281N mutation in the 1 B-strand is consistent with the structural-

functional importance of the kl hairpin despite the engineering of nucleotide changes in all three
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codon positions. All flaviviruses except for DENV-4 contain a leucine or isoleucine residue at the
position equivalent to the WNV E-L281 residue, which likely indicates this leucine or isoleucine
is important for in controlling the shift of the 1 B-strand towards the Do B-strand of EDI. We have
made a similar observation with YFV Asibi (ic) based on the development of the compensatory E-
L2761 mutation identified in the consensus sequence of the E-L276 mutant. Similarly, the WNV
E-A269S mutation in the k B-strand resulted in the emergence of the E-1270L compensatory
mutation, presumably to compensate for the loss of hydrophobic interactions. Although we can
only draw conclusions based on the engineered amino acid substitutions, i.e., the E-A269S and E-
L281N mutations of WNV and the E-L276N mutation of YFV, the results have important
implications as evaluation of alternative amino acid substitutions of the two residues in the ki

hairpin of EDII may help establish a different attenuation mechanism (Figure 6-9).
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Figure 6-9: WNV E-L281 and YFV E-L276 residues kl hairpin of the E protein
The E protein monomer is colored in red (EDI), yellow (EDII), and cyan (kI hairpin/4™ motif of
the EDI-EDII hinge region. (a) WNV structure is derived from PDB structure 2HGO with
highlighted E-A296 and E-L281 residues (b) YFV structure is derived from PDB structure 61W5
with highlighted E-A261 and E-L276 residues. The image was generated in PyMOL.

B. Putative mechanism of attenuation by mutations in the EDI-EDIII linker

The EDI-EDIII interdomain movement leads to the formation of the metastable post-fusion
E protein trimer. It is controlled by the single motif at the domain interface, i.e., the EDI-EDIII
linker. Comparison between the prefusion and post-fusion conformations of the E protein shows
the EDI-EDIII linker changes from the disordered single linear chain of amino acid to an extended
motif with putative interactions with both EDI and EDIII (Figure 6-10). The N-terminus of the
EDI-EDIII linker must move towards the Ao and Co B-strands of EDI in the E protein trimer,
leading to the reorganization of both the AcCoDoEoFo and BoloHoGo B-sheets. The original Ao B-

strand is separated into two smaller B-strands. The N-terminus of the Ao B-strand remains as part
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of the AoCoDoEoFo B-sheet. Notably, the C-terminus of the original Ao B-strand becomes exposed

and potentially stabilizes the interface of the E protein trimer.

EDIII
(a) (receptor-binding domain)

EDI
(central domain)

N EDII

(dimerization domain)

7 -

L295 : \_NJ

EDIII
(receptor-binding domain)

EDII
(dimerization domain)

EDI
(central domain)

Figure 6-10: Location of WNV E-L295 and E-V304 residues in the EDI-EDIII linker before
and after membrane fusion

The E protein monomer is colored -red (EDI), yellow (EDII), and cyan (EDI-EDII hinge region).
The WNV E-L295 and E-V304 residues are highlighted in magenta. (a) represents the prefusion
conformation of WNV (PDB ID: 2HGO). (b) the location of the WNV residues in the post-fusion
conformation is shown in DENV-2 E protein as a model due to the lack of crystal structure of WNV

E protein in post-fusion conformation (PDB ID: 10K8). The image was generated in PyMOL.

315



The separation of the Ao B-strand during the conformational change of the E protein
explains why the C-terminus of the Ao B-strand consists of an amino acid sequence that is almost
strictly conserved across all flaviviruses. So, the N-terminus of the EDI-EDIII linker may act as a
flavivirus-conserved switch mechanism for the assembly of the post-fusion E protein trimer,
explaining the high level of amino acid sequence homology across flaviviruses. It is noteworthy
that two of the three flavivirus conserved residues within the C-terminus of the Ao B-strand are
hydrophobic amino acids, and so is the flavivirus conserved E-L295 residue in the EDI-EDIII
linker. The E-L295S mutation fully attenuated the mouse neuroinvasive phenotype, and the
attenuated phenotype of the E-L295T mutant is partial. Substitution of the E-L295 residue with
the small hydrophobic alanine also has a high level of attenuating effect in contrast to the virulence
phenotype of the WNV E-L295V mutant resembling WNV NY99ic. Substitution of alternative
hydrophobic amino acids at the E-L295 residue, such as the E-L295F and E-L295M mutations,
had no changes to the infectivity or virulence phenotype of WNV NY99ic (Figure 6-11 and 6-12).
So, it is likely the proper packing of the E protein trimer will require a large hydrophobic amino
acid present in the equivalent position of the E-L295 residue. Potential hydrophobic interactions
exist between the E-L295 residue and the hydrophobic amino acids in the Co B-strand, including

the flavivirus-conserved E-V31, E-133, and E-M34 residues.
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Figure 6-11: Mutation with large hydrophobic amino acids of the WNV E-L295 residue at
the N-terminus of the EDI-EDIII linker (PDB ID: 2HGO)

The E protein monomer is colored in red (EDI), blue (EDIII), and cyan (EDI-EDIII linker). (a)
Wild-type leucine residue. (b) Phenylalanine mutation with a hydrophobic index of 100. (c)
Methionine mutation with a hydrophobic index of 74. (d) Valine mutation with a hydrophobic

index of 76. The image was generated in PyMOL.

317



™
-

L295

oA

Figure 6-12: Mutations of the WNV E-L295 residue at the N-terminus of the EDI-EDIII
linker that produced an attenuated neuroinvasive phenotype (PDB ID: 2HGO)
The E protein monomer is colored in red (EDI), blue (EDIII), and cyan (EDI-EDIII linker). (a)
Wild-type leucine residue. (b) Alanine mutation from original alanine screening (c) Serine
mutation from optimization of E-L295 amino acid substitution. The image was generated in
PyMOL.

Mutation of the E-VV304 residue resulted in very different results than the E-L295 residue.
The E-V304 residue is at the C-terminus of the EDI-EDIII linker and is connected to the A B-
strand of EDIII. This region of the ED-EDIII linker is more intrinsically disordered than the N-
terminus of the EDI-EDIII linker, presumably becoming more tolerant to amino acid substitutions.
Viable E-V304 mutants include 17 of 19 alternative amino acid substitutions, most of which had

no demonstrable difference in infectivity compared to the parental WNV NY99ic. This high
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sequence plasticity can be explained by the relative position of the E-VV304 residue to the BC and
DE loops in the upper lateral surface of EDIII, which has a high level of sequence variation
between different flaviviruses. The structural plasticity of the upper lateral surface of EDIII can
likely accommodate the respective E-V304 mutations without significantly impairing the
structure-function of the E protein.

The E-V304N mutant is an exception and exhibited reduced infectivity in transfected Vero
cells and a partially attenuated phenotype in mice (Figure 6-13). This is consistent with the lethal
phenotype exhibited by the E-V304D mutation because asparagine and aspartic acid are

structurally similar and only differ in the amide or hydroxyl group at the end of the side chain.
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Figure 6-13: Mutations of the WNV E-V304 residue of the EDI-EDIII linker (PDB ID:
2HGO)

The E protein monomer is colored in red (EDI), blue (EDIII), and cyan (EDI-EDIII linker). The
(a) and (b) images represent the view of the E-V304 residue from the top of the ABDE and CFG
[-sheets, with (a) being the wild-type valine residue and (b) being the asparagine mutation. The
(c) and (d) images represent the view of the E-V304 residue from the side of the ABDE and CFG
[-sheets, with (c) being the wild-type valine residue and (d) being the asparagine mutation. The

image was generated in PyMOL.
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Chapter 7 - Discussion and Future Directions

The research described in this dissertation has provided the basis for a flavivirus-common
attenuation strategy, targeting the flavivirus-conserved residues in the EDI-EDII hinge region and
the EDI-EDIII linker. Further, mutations engineered in the EDI-EDII hinge region do not
compromise the immunogenicity of WNV, suggesting the presentation of at least some
neutralizing epitopes in the E protein is maintained. As a proof-of-concept, we successfully
translated the fully attenuated phenotype from WNV to YFV, using mutations in the third motif
of the EDI-EDII hinge region. Therefore, the EDI-EDII hinge region is a putative region for the
engineering of attenuating mutations for a broad range of flaviviruses.

We have also shown mutation of at least one flavivirus-conserved residue in the EDI-EDIII
linker can fully attenuate the mouse neuroinvasive phenotype of WNV. The EDI-EDIII linker
controls the arbovirus-conserved interdomain movement leading to the metastable E protein
trimer. Therefore, WNV provides a proof-of-concept for a potential common attenuation strategy
for arboviruses based on the conserved structure-function of class 11 fusion proteins involved in
the membrane fusion process. Comparison of the WNV and YFV mutants generated in this project
highlights several motifs crucial for the structure-function of the E protein involved in the
membrane fusion process. It warrants detailed analysis to provide a complete picture of the

flavivirus cell entry mechanism.

A. Structural variations of the EDI-EDII hinge region between different
flaviviruses need to be considered for the rational design of candidate live-

attenuated vaccines

In contrast to the sequence homology, the orientation of the EDI-EDII hinge region differs

significantly between different flaviviruses. West Nile virus stands out from other flaviviruses in
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the EDI-EDII hinge region. Surprisingly, the most considerable variation known to date is
approximately a 16° difference in the orientation of the EDI-EDII hinge region between WNV and
JEV, both of which are in the JEV serocomplex (Luca et al. 2012). This comparison was made
before the crystal structure of the YFV E protein became available (Lu et al. 2019). Based on the
superimposed E protein structure between WNV, YFV, DENV-2, TBEV, JEV, and ZIKV, the
orientation of the EDI-EDII hinge region may have a greater difference between WNV and YFV.
Because superimposition of the E protein placed the EDI-EDII hinge region at a nearly identical
angle, the difference in the orientation of the EDI-EDII hinge region leads to different positions of
the fusion loop within EDII (Figure 7-1). This not only explains the different attenuating effect of
the E-A54S mutation between WNV and YFV but also provides a hypothesis for the failure of
translating the attenuated phenotype from JEV to WNV, using the equivalent mutations in or near
the EDI-EDII hinge region. Specifically, the E-E138K mutation near the second motif contributes
to the attenuated phenotype of the JEV SA14-14-2 vaccine strain but is unstable in WNV NY99ic

(Wang et al. 2017, Kaiser et al. 2019b).
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Figure 7-1: Comparison of different flavivirus E protein crystal structures
(a) Cartoon and ribbon diagram of WNV E protein crystal structure (PDB ID: 2HGO). The EDI-
EDII hinge region is between EDI, shown in red, and EDII, shown in yellow. (b) Superimposed E
protein crystal structures of WNV (green), YFV (yellow, PDB ID: 61W5), DENV-2 (cyan, PDB ID:
10AN), TBEV (orange, PDB ID: 1SVB), JEV (magenta, PDB ID: 5MV1), and ZIKV (blue, PDB
ID: 5JHM). The location of the EDI-EDII hinge region is highlighted with a white arrow. Yellow
and green arrows highlight the tip of EDII in the YFV and WNV E proteins, respectively. The
image was generated in PyMOL.

The lack of stability of the JEV E-E138K mutation in WNV also raises an important point

that the application of attenuating mutations in the E protein of the JEV SA14-14-2 vaccine strain
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to the rational design of candidate WN LAVs may need to be carefully revisited. There is no
coincidence at least three mouse virulence phenotype determinants in the E protein of the JEV
SA14-14-2 strain have putative importance for the membrane fusion mechanism, including the E-
L107F mutation in the fusion loop and the E-E138K and E-Q264H mutations near the EDI-EDII
hinge region (Figure 7-2) (Gromowski et al. 2015a). The introduction of the E-L107F and E-
E138K mutations individually to the equivalent residues of WNV E protein did not achieve a
significant attenuation level. It can be associated with reversing the wild-type sequence (Zhang et

al. 2006, Kaiser et al. 2019b).

EDIII
(receptor-binding domain)

Fusion loop

EDI ) (dimerization domain)

EDI-EDII

(central domain) hi :
hinge region

Figure 7-2: Locations of the E-L107F, E-E138K, and E-Q264H virulence determinants in the
JEV SA14-14-2 E protein (PDB ID: 3P54)
The E protein monomer is colored red (EDI), yellow (EDII), blue (EDIII), cyan (EDI-EDII hinge
region), and green (fusion loop). The JEV SA14-14-2 E-L107F, E-E138K, and E-Q264H virulence
determinants are highlighted in magenta. The image was generated in PyMOL.

A putative hypothesis is a more complicated interaction may involve the attenuated
phenotype and stability associated with the JEV SA14-14-2 strain E protein mutations. The

previous success of applying the attenuating mutations in the E protein of JEV SA14-14-2 strain
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to further attenuate the mouse neuroinvasive phenotype of ChimeriVax-WNO01 may also be due to
the attenuated YFV 17D backbone that limits the multiplication of the resulting ChimeriVax-
WNO2 in mice (Arroyo et al. 2004). Furthermore, the E protein attenuating mutations, including
the E-L107F mutation, further reduced the multiplication level. Broadly, this also makes the
application of the YFV E-G52R and E-A54V mutations in the first motif of the EDI-EDII hinge
region of the 17D vaccine strain and FNV strain, respectively, to the rational design of candidate
flavivirus LAVs (Wang et al. 1995, Huang 2014). It is important to note that YFV stands out from
the antigenicity of other mosquito-borne flaviviruses, supported by its position in the phylogenetic
tree produced using the E protein sequence (Gould and Solomon 2008, Beck et al. 2014, Beck et

al. 2018).

B. Attenuating mutations in the EDI-EDIII linker of WNV and formation of

the E protein trimer

We have evaluated the 19 alternative amino acid substitutions of the E-L295 and E-V304
residues in the EDI-EDIII linker and believe fundamental knowledge is generated beyond the
attenuated phenotype of WNV. As discussed in section 6.2, one potential explanation combining
the attenuating effect of mutations in the EDI-EDIII linker and the available structures of E protein
pre-fusion and post-fusion conformations, we hypothesize the attenuated phenotype of mutants
containing amino acid substitutions in the EDI-EDIII linker is due to interference with the
formation of the E protein trimer. Specifically, amino acids equivalent to the WNV E-L295 residue
may play an important role in the interaction(s) with the Agand Co B-strands of EDI. We observed
a putative preference for a hydrophobic amino acid in the position of WNV E-L295 residue to
maintain the structure-function of the E protein. Furthermore, this putative preference can explain

why the YFV 17D vaccine strain encodes the E-M2991 mutation in the EDI-EDIII linker. Due to
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the conserved hydrophobic biochemical property and side chain structure, the methionine residue
was replaced with isoleucine. Importantly, methionine often is a preferred hydrophobic residue at
the protein interface (Mbaye et al. 2019). The most notable example is the ability of methionine to
stabilize protein structures via interactions with amino acids containing aromatic-ring side chains,
consistent with the strictly conserved E-F11 residue in the Ao B-strand, which can potentially

interact with the EDI-EDIII linker (Modis et al. 2004).

C. Selection of attenuating mutations in the E protein interdomain regions

with utility for the rational design of candidate LAVs

In addition to the identification of mutations that can attenuate the virulence phenotype of
multiple flaviviruses, a continuation of this project will also need 1) to demonstrate that the
mutations in the EDI-EDII hinge region and the EDI-EDIII linker are stable and compatible with
mutations in other viral proteins and can achieve a safe level of attenuation by multigenic
mutations and 2) to investigate the molecular basis of immunogenicity, using fully attenuated
mutants that contain amino acid substitutions of flavivirus conserved residues in the EDI-EDII
hinge region and EDI-EDIII linker. Mutations leading to the balance of attenuation and
immunogenicity will directly apply to the rational design of candidate flavivirus LAVS.

However, these mutations were designed based on the structure and function of the E
protein involved in virus membrane fusion, which is the viral entry process. The cryo-EM structure
has also demonstrated that the EDI-EDII hinge region and EDI-EDIII linker are involved in virion
maturation and assembly. However, a previously published study demonstrated that mutations in
the EDI-EDIII linker could impair the virion assembly of DENV-2 (de Wispelaere and Yang
2012). Therefore, we cannot rule out the possibility that the mutations designed for this study may

lead to attenuation through disruption of virion assembly in addition to disruption of viral

326



membrane fusion. Many of these mutations remain to be investigated using serially passaged
viruses, with next-generation sequencing being used to discover compensatory mutations that
emerge as SNVs and become consensus sequences. Individually examining these compensatory
mutations does not increase the virulence phenotype. As such, it is important to incorporate the
seed lot manufacturing system to ensure the attenuated phenotype is also stable.

As observed with the manufacturing of the YFV 17D, Dengvaxia, and DENVax LAVS, it
is expected that rationally designed flavivirus LAVs must utilize a seed lot system following rescue
via transfection of Vero cells. The sequence of LAVs can be determined to ensure no reversion to
the wild-type sequence encoding the virulence phenotype. We have demonstrated that the E-A54l,
E-Y201P, and E-L295S mutations can fully attenuate the virulence phenotype of WNV NY99ic
and be retained in the consensus sequence. Similarly, the YFV E-V188T mutation is also retained
in the consensus sequence. However, serial passage of the fully attenuated WNV E-Y201P mutant
resulted in the loss of the attenuating mutation. Furthermore, the E-Y201P mutant engineered with
the most preferred proline codon by WNV was only partially attenuated. Because the CCC codon
encodes the fully attenuated E-Y201P mutant, it will be helpful to investigate whether or not the
remaining CCU and CCG proline codon can fulfill the requirement of full attenuation and genetic
stability.

This dissertation research focused on site-directed mutagenesis of flavivirus-conserved
residues in the E protein interdomain regions. Importantly, we have demonstrated that both the
fully attenuated E-A541 and E-Y201P WNV mutants are immunogenic and can elicit neutralizing
antibody responses in mice. Neither of the fully attenuated mutants contains mutations in NS
proteins. Therefore, we also anticipate the attenuation strategy established in this project will not

compromise T-cell responses. Indeed, it will be worthwhile to examine each fully attenuated
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mutant using monoclonal antibodies targeting the EDI-EDII hinge region and the EDI-EDIII
linker. This will provide direct evidence that neutralizing epitopes can still be appropriately

presented to elicit immune responses.

D. Translation of the attenuated phenotype from mosquito-borne flaviviruses

to tick-borne flaviviruses

Fundamentally there are differences in the structure and function of the E protein between
mosquito-borne and tick-borne flaviviruses (Figure 7-3). While the generalized functions of the E
proteins are conserved, the details of how the E protein conformational change takes place between
mosquito and tick-borne flaviviruses show differences. For example, one striking difference is the
conformational switching of the peripheral and transmembrane helices in the M proteins of the
virion structure to compensate for a lower number of hydrogen bonding contacts in the E proteins
of TBEV compared to other mosquito-borne flaviviruses. The changes in the M protein play an
essential role in stabilizing the E protein dimer for TBEV (Pulkkinen et al. 2022).

Although there are slight differences in the function of the E proteins, tick-borne
flaviviruses and mosquito-borne flaviviruses share sequences in their interdomain regions, as seen
in sections 3.1.C and 4.1.C. The tick-borne viruses share identical conserved residues in the EDI-
EDII hinge region and EDI-EDIII linker as the mosquito-borne flaviviruses. Since the attenuation
strategy of mutating the conserved residues in the interdomain regions is translatable between
WNV and YFV, the attenuation strategy can also be translated to tick-borne flaviviruses. We have
seen differences between WNV and YFV, presumably because of structural variation. We would
likely see different mutations or residues producing an attenuated phenotype, especially with the

functional differences between tick-borne and mosquito-borne flaviviruses (Pulkkinen et al. 2018).
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Figure 7-3: Comparison of the E protein crystal structure of mosquito-borne flaviviruses

and tick-borne flaviviruses
(a) Superimposed images of the E protein of TBEV (PDB ID: 7Z51) and WNV (PDB ID: 2HGO0)
in its prefusion conformation. (b) Superimposed images of the E protein of TBEV (PDB ID: 7Z51)

and YFV (PDB ID: 61W5) in its prefusion conformation. The image was generated in PyMOL.
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E. Future directions for the development of a broadly effective attenuating

strategy based on the common structure-function of class Il fusion proteins

The results of this dissertation have provided the molecular basis for the attenuation caused
by mutations in the interdomain regions of the flavivirus E protein. However, those results are
limited to only the JEV and YFV serocomplexes. The EDI-EDII hinge region and the EDI-EDIII
linker contain conserved residues that are conserved across all flaviviruses, i.e., not limited to two
of the serocomplexes tested in this dissertation (Table 7-1) (Bressanelli et al. 2004, Modis et al.
2004). The attenuation process could be adapted to work with other mosquito-borne flaviviruses,
such as DENV and tick-borne flaviviruses. A handful of residues, especially within the EDI-EDIII
linker, are strictly conserved across all flaviviruses, including the WNV E-A54 residue. A fully
attenuated phenotype was discovered by optimizing the amino acid substitution. Additional
experiments into the YFV E-Ab4 residue and its equivalent residues in any other flavivirus may

all yield a fully attenuated phenotype in mice.
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Table 7-1: Conserved sequences of the EDI-EDII hinge region and EDI-EDIII linker across

the different serocomplexes of flaviviruses

The properties of amino acids are shown in green (hydrophobic), pink (polar), red (negatively

charged), blue (positively charged), and black (unique). Underlines and bolded residues are highly

conserved residues. The numbering corresponds to amino acids in the WNV E protein.

EDI EDII Hinge Region

Sero- EDI-EDIII Linker

Virus Motif #1  Motif #2 Motif #3 Motif #4
complex (295-305)

(51-54) (130-135) (191-201) (269-281)

JEV WNV ANLA  ILKENI EPRSGIDTNA-Y AIPVEFS---SNTVKL LOLKGTTYGVC

JEV SQLA  IQPENI EPRSGLNTEA-F AIVVEYS---S-SVKL LALKGTTYGMC

KNV ANLA  ILKENI EPRSGIDTNA-Y AIPVEFS---SNTVKL LOLKGTTYGVC

SLEV TELA  ILRENI EARSGINTED-Y AIPATVS---SSTLTL VKIKGTTYGMC

YFV YFV DGPA  VDQTKI  QVQTAVDFGNSY AMRVTKDTNDNNLYKL  LTLKGTSYKMC

DENV DENV-1 TNPA  VOQYENL SPRTGLDFNE-M ATEIQTS---GT-TTI  LTLKGMSYVMC

DENV-2 KQPA  VQPENL SPRTGLDENE-M ATEIQMS---SG-NLL  LOLKGMSYSMC

DENV-3 TQLA  VQHENL SPRTGLDFNE-M ATEIQTS---GG-TSI ~ LELKGMSYAMC

DENV-4  KEVA  VQIENL EPRSGIDFNE-M ATEVDSG---DG-NHM LRIKGMSYTMC

TBEV TBEV ENPA  YDANKI  RVASGVDLAQTV  VPVAHIE---GTKYHL LKMKGLTYTMC

POWV ESPA  YDSTKI ~ KVASGIDVAQTV VPLASVE---GOKYHL LKLKGTTYSMC

OHFV ENPA  YDANKI  RVASGVDLAQTV VPVAHIE---GTKYHL  LKMKGLTYTMC

Available crystal structures of alphavirus E1 protein and bunyavirus Gc protein showed

the EDI-EDII hinge region and the EDI-EDIII linker play a crucial role in the structure-function

of class Il fusion proteins. Stabilizing the extended trimeric intermediate of all three viral proteins

involves the relocation of EDIII towards the gravity center (Dessau and Modis 2013). Thus, there

is a putative common mechanism underlying the formation of a stable post-fusion trimer shared

by flavivirus E protein, alphavirus E1 protein, and bunyavirus Gc protein, as observed with the

331



presence of the homologous EDI-EDII hinge region and EDI-EDIII linker (Figures 7-4, 7-5, and

7-6).

EDI-EDIII |
linker Fusio-n
EDI-EDII loop
hinge region

Figure 7-4: Cartoon depiction of the class 11 fusion protein in the pre-fusion conformation

The image was generated in PowerPoint.
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(receptor-binding domain)
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Fusion loop
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DI-DIII

linker \

(dimerization domain)

DI DI-DII
(central domain) hinge region

Figure 7-5: Comparison of the flavivirus E protein, alphavirus E1 protein, and bunyavirus
Gc protein in its pre-fusion conformation

The three domains are labeled in red for DI, yellow for DII, and blue for DIII. The flavivirus
glycoprotein is based on the DENV-2 E protein (PDB ID: 10AN), the alphavirus glycoprotein is
based on the Semliki Forest virus (SFV) E1 protein (PDB ID: 2ALA), and the bunyavirus
glycoprotein is based on the Rift Valley fever virus (RVFV) Gc protein (PDB ID: 4HJ1). The image

was generated in PyMOL.
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Figure 7-6: Comparison of the flavivirus E protein, alphavirus E1 protein, and bunyavirus
Gc protein in its post-fusion conformation

The three domains are labeled in red for DI, yellow for DII, and blue for DIII. The flavivirus
glycoprotein is based on the DENV-2 E protein (PDB ID: 3G7T), the alphavirus glycoprotein is
based on the Semlkiki Forest virus (SFV) E1 protein (PDB ID: 8D87), and the bunyavirus
glycoprotein is based on the Rift Valley fever virus (RVFV) Gc protein (PDB ID: 6EGU). The

image was generated in PyMOL.
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It is important to note that the role of the gfeah and kIDo B -sheets in governing the EDI-
EDII interdomain movement and the stabilization movement of the EDI-EDIII linker is conserved
between class Il fusion proteins. The structural alignment shows the corresponding residues in
alphavirus E1 and bunyavirus Gc proteins (Figure 7-7). Therefore, these residues can be the targets
for the engineering of mutations that interfere with the membrane fusion process to develop a
common attenuation process for arboviruses in different genera (Gibbons et al. 2004, Zheng et al.

2011, Dessau and Modis 2013, Guardado-Calvo et al. 2016, Serris et al. 2020).
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Figure 7-7: Structural homology between the glycoproteins of different arboviruses

A protein alignment between the flavivirus E protein (WNV), the alphavirus E1 protein (SFV), and
the bunyavirus Gc protein (RVFV). Colored notations above the sequence represent the
homologous secondary protein structure of the glycoproteins in the prefusion structure, with red

for domain 1, yellow for domain I1, and blue for domain Il1. Dark purple represents residues that

have conserved biochemical properties or conserved amino acids across the different arbovirus.

The image was generated in Word.

In addition to the structural alignment between the glycoproteins of different arbovirus
families, alphavirus E1 proteins and bunyavirus Gc proteins also have highly conserved amino
acid residues in their interdomain regions. For example, the EDI-EDIII linker of alphavirus E1 has

three strictly conserved residues across all alphaviruses, represented by the SFV E1-F287, E1-
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R289, and E1-P294 residues (Table 7-2). The SFV E1-E292 residue is another highly conserved
residue across all alphaviruses. The E1-E292 residue represents negatively charged acidic
biochemical properties with glutamic acid represented for SFV and New World alphaviruses and
aspartic acid for all other equivalent residues of the alphavirus E1 protein. Four amino acids
between the SFV E1-P283 and E1-A286 residues exhibit a highly conserved consensus sequence
between alphaviruses. All alphaviruses share the SFV E1-P283 residue except for the Mayaro virus
(MAYYV), which possesses the E1-A284 residue. The SFV E1-D284 residue represents the
equivalent amino acids’ negatively charged acidic biochemical properties in the alphavirus E1
protein except for the Sindbis virus (SINV) E1-N284 residue. The SFV E1-S285 residue is
representative of the shared Barmah Forest virus (BFV) E1-S283 residue. In contrast, chikungunya
virus (CHIKV), O’nyong’nyong virus (ONNY), and all New World encephalitic alphaviruses
encode an alanine in the equivalent position of the E1 protein. The SFV E1-A286 residue is
conserved across all alphaviruses except for the Venezuelan equine encephalitis virus (VEEV) E1-

L286 residue, which exhibits the shared hydrophobic biochemical property.
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Table 7-2: Sequences of the DI-DIII linker in the alphavirus E1 proteins

Highly conserved amino acids are labeled with bold text and underlined. Highly conserved amino
acids are labeled with bold text and underlined. The properties of amino acids are shown in green
(hydrophobic), pink (polar), red (negatively charged), blue (positively charged), and black
(unique). The numbering of amino acids in the motif is based on the SFV sequence. GenBank
protein ID: SFV-AAKG66741.1, Ross River virus (RRV)-UQW95928.1, CHIKV-WFP31717.1,
O’nyong’nyong Vvirus (ONNY)-AAA46784.1, MAYV-AZM66146.1, BFV-QVM797755.1, SINV-
AWT57845.1, Western equine encephalitis virus (WEEV-QEX51909.1, Eastern equine

encephalitis virus (EEEV)-AAU95735.1, and VEEV-QWY73223.1.

Serocomplex Clade Virus Sequence of DI-DIII linker
(E1 283-294)

SFV Old World SFV PDSAFTRIVEAP
RRV PDSAFTRVVDAP

CHIKV PEAAFTRVVDAP

ONNV PDAAFTRVTDAP

New World MAYV ADSAFTRLTDAP

BFV Old World BFV PDSAFTRVVDAP
WEEV Old World SINV PNAAFIRTSDAP
New World WEEV PDAAFVRSSESP

EEEV New World EEEV PDAAFTRISETP
VEEV New World VEEV PDALFTRVSETP

The bunyaviruses are a diverse group of arboviruses or zoonotic viruses across 63 genera,
including hantaviruses, phleboviruses, and orthobunyaviruses. Their EDI-EDIII linker also shows
to have genera-specific consensus sequences. Hantaviruses contain four strictly conserved

residues, represented by Hantaan virus (HTNV) Gc-D959, Ge-F962, Ge-L965, and Ge-P969
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(Table 7-3). An additional four other residues exhibit conservation of the biochemical properties
of the residue. The HTNV Gc-K958 is a positively charged lysine, whereas the other equivalent
hantavirus residues encode for an arginine. The HTNV Gc-1960 conserves the hydrophobic
biochemical properties but utilizes different amino acids, including valine for Sin Nombre virus
(SNV) and Lechingunas virus (ECV), and leucine for Puumala virus (PUUV). Residue 967 in
HTNV E1 protein is represented by a negatively charged acidic amino acid, including aspartic acid
for SNV and LECV and glutamic acid for HTNV and PUUV. All hantaviruses share the final
HTNV Gc-N968 residue except for PUUV, which possesses the Ge-T977 residue.

Table 7-3: Amino acid sequences alignment of the DI-DIII linker of hantaviruses

Residues with highly conserved amino acids or biochemical properties within each genus are
labeled with bold text and underlined. Highly conserved amino acids are labeled with bold text
and underlined. The properties of amino acids are shown in green (hydrophobic), pink (polar),
red (negatively charged), blue (positively charged), and black (unique). The numbering of amino
acids in the motif is based on the HTNV sequence. GenBank protein ID: HTNV-AAK66741.1, SNV-

AAC42202.1, PUUV-AAC37847.1, and LECV-AAB87908.1.

Genus Virus Strain Sequence of DI-DIII linker
(SFV Gc 958-969)
Hantavirus HTNV 76-118 KDIDFDNLGENP
SNV NM R11 RDVSFODLSDNP
PUUV K27 RDLSFODLSETP
LECV 0f22819 RDVSFODLSDNP

Phleboviruses have five conserved residues, four conserving the hydrophobic biochemical
property (Table 7-4). Three strictly conserved residues across the phleboviruses are represented

by the RVFV Gc-V1020, Ge-C1029, and Ge-Al1031 residues. The RVFV Ge-F1022 residue
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represents the hydrophobic biochemical property of the equivalent amino acid in the bunyavirus
Gc protein except for the Toscana virus (TOCV) virus Gc-Y989 residue. The RVFV Gc-V1027
residue also represents the hydrophobic biochemical property of the equivalent amino acid in the
bunyavirus Gc protein, except for the TOCV virus Gc-F993 residue.

Table 7-4: Amino acid sequences alignment of the DI-DII1 linker of phleboviruses

Residues with highly conserved amino acids or biochemical properties within each genus are
labeled with bold text and underlined. Highly conserved amino acids are labeled with bold text
and underlined. The properties of amino acids are shown in green (hydrophobic), pink (polar),
red (negatively charged), blue (positively charged), and black (unique The numbering of amino
acids in the motif is based on the RVFV sequence. GenBank protein ID: RVFV-AYA44411.1,

sandfly fever Sicillian virus (SFSV)-AIS25027.1, and TOSV-QI1Q30940.1.

Genus Virus Strain Sequence of DI-DIII linker
(RVFV Gc 1020-1031)

Phlebovirus RVFV RVFBJ01/2016 VDFVGAAVSCDA
SFSV Ethiopia-2011 VEFEEERVSCLA
TOSV S1-283660 VVYONSQEFDCSA

Orthobunyaviruses contain four strictly conserved residues, represented by La Crosse virus
(LACV) Gc-D1251, Ge-Y1254, Ge-K1255, Ge-F1257, and Ge-D1262 (Table 7-5). Two
additional residues exhibit conserved biochemical properties: the LAVC Gc-V1252 and Ge-
S1260. The LACV Gc-V1252 residue conserved the hydrophobic biochemical properties of the
residue utilizing a variety of hydrophobic amino acids, including valine, leucine, and isoleucine.
The LACV Gc¢-S1260 and its equivalent residues are represented by polar biochemical properties

with a serine or an asparagine.
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Table 7-5: Amino acid sequences alignment of the DI-DII1 linker of orthobunyaviruses

Residues with highly conserved amino acids or biochemical properties within each genus are
labeled with bold text and underlined. Highly conserved amino acids are labeled with bold text
and underlined. The properties of amino acids are shown in green (hydrophobic), pink (polar),
red (negatively charged), blue (positively charged), and black (unique). The numbering of amino
acids in the motif is based on the LACV sequence. GenBank protein ID: LACV-AAC54270.1, Ngari

virus (NRIV)-AGM34030.1, and Oropouche virus (OROV)-UY136405.1.

Genus Virus Strain Sequence of DI-DIII linker
(LACV Gc 1251-1262)
Orthobunyavirus LACV LAC22988-89 DVKYKTFADSVD
NRIV Dakar D28542/4e DLRYKSFAENPD
OROV LET-882 DINYKIFTKSVD

Our hypothesis can be tested with SFV and RVFV as model systems for alphaviruses and
bunyaviruses, respectively. Both SFV and RVFV have excellent animal models to test for
attenuation of the virulent phenotype. Specifically, SFV causes neurotropic diseases in BALB/c
mice, which exhibit a lethal infection following the IP challenge with the wild-type L10 strain.
Therefore, any attenuation to the virulence phenotype will be exhibited by the survival of the
infection (Atkins et al. 1985, Atkins and Sheahan 2016). The attenuation process of RVFV can be
investigated in rats, which can develop lethal encephalitis after aerosol exposure, allowing detailed
studies of the pathogenic events during RVFV encephalitis (Ikegami and Makino 2010, Connors
and Hartman 2022). Another reason for utilizing RVFV as a model system for bunyaviruses is
RVFV has a conditionally licensed vaccine (MP12) that could be used as a benchmark for any

future candidate LAVs to be compared to (Ikegami et al. 2015, Kitandwe et al. 2022).
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Specifically, we can target amino acids equivalent to the flavivirus conserved amino acids
in the WNV E protein interdomain regions within the SFV E1 and RVFV Gc protein. The
alphavirus E1 and bunyavirus Gc proteins resemble the structure-function of flavivirus E protein,
including the EDI-EDII hinge region (Figure 7-8). The fg hairpin is present in all three
glycoproteins. It contains a set of three hydrophobic residues that act as a hydrophobic triad that
mediates the hydrophobic interactions of the EDI-EDII hinge movement. This is observed with
the alphavirus-conserved SFV E1-1177, E1-V184, and E1-F185 residues and the bunyavirus-
conserved RVFV Gc-F905, Ge-1915, and Ge-V916 residues. Within the body of the fg hairpin also
resides a triad of hydrophobic residues that make up the core of the hydrophobic interactions. The
Al124, L129, and F173 residues of SFV E1 protein and the W855, L859, and F903 residues of
RVFV Gc protein resemble the relative location of the 1130, 1135, and 1196 residues central to the
WNV EDI-EDII hinge region. The is also proximity between flavivirus-conserved WNV E-Ab54
and 1130 residues, followed by the analogous SFV E1-L44 and E-A124 residues and RVFV Gc-
L754 and Gc-W855 residues, connecting the core and peripheral hydrophobic interactions. The E-
L281 residue in the 1 B-strand of WNV E protein is also conserved in alphavirus E1 protein and
bunyavirus Gc protein, corresponding to the SFV E1-A268 residue and RVFV Gc-A1001 residues

(Li et al. 2010, Dessau and Modis 2013).
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Figure 7-8: Proposed model for the hinge effect to control the EDI-EDII interdomain
movement

(a) Represents the proposed role of each residue in exerting the hinge effect at the EDI-EDII
interface. The four motifs of the EDI-EDII hinge region are highlighted in thick lines. The WNV
E-A54 and E-Y201 residues are at the base of the gfeah p-sheet in the EDII. The E-Y201 residue
and the flavivirus conserved E-L212 (magenta) and E-V213 (green) residues form the fg hairpin
(white triangle). The gfeah [ -sheet rotates along the fg hairpin to change the orientation of EDII

(highlighted by the white dash line). The movement of EDII triggers the rotation of the A¢CoDoEoFo
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[-sheet of the EDI. The new conformation of the D0 -strand is stabilized by the hydrogen bonds
with the [ B -strand separated from the kI hairpin structure of EDII (indicated by the white arrow).
Two other class Il fusion proteins, the alphavirus E1 proteins (b) and bunyavirus Gc proteins (c),
contain residues corresponding to the seven conserved hydrophobic amino acids in the flavivirus
EDI-EDII hinge region. The numbering is based on the SFV E1 protein and RVFV Gc protein. The
image was generated in PowerPoint.

The EDI-EDIII linker of flaviviruses E, alphavirus E1, and bunyavirus Gc proteins all
resemble a single structurally disorganized motif residing at the base of the protein, farthest away
from the fusion loop. Similar movements occur with the EDIII domain moving towards the
protein's gravity center using the EDI-EDIII linker's N-terminus as an anchorage point. In the SFV
E1 protein, this movement moves the EDIII domain 37 A towards the center of the protein, whereas
the RVFV induces a 132.6° rotation (Gibbons et al. 2004, Guardado-Calvo et al. 2016). At the N-
terminus of the EDI-EDIII linker sits conserved hydrophobic residues that initiate hydrophobic
bonds with the Co B-strand of EDI. These hydrophobic residues are observed in the conserved SFV
E1-A286 and E1-F287 residues and the RVFV Gc-V1020 and Ge-F1022 residues. Mutation of
these residues could lead to similar attenuated phenotypes exhibited by the WNV E-L295 residue.

In conclusion, the study described in this dissertation has demonstrated that mutations of
flavivirus-conserved residues in the E protein interdomain region can provide the basis for
attenuation. Understanding the attenuation mechanisms can contribute to the future development

of candidate LAVs for flaviviruses and potentially arboviruses of different genera.
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