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Infectious reporter flaviviruses have been reported since 2003, and they have the
potential to be utilized in diverse scientific areas such as investigating viral pathology,
conducting high-throughput drug screens, running rapid serum neutralization tests, and
diagnosing disease. Despite the value of these applications, their utility has been limited
due to genetic instability after continued growth in cell culture. Previous studies have
hypothesized this partial or complete loss of reporter gene is the result of recombination.
This work describes two methods that can be used to stabilize luciferase-carrying
flaviviruses: recombination-dependent lethal mutations and optimizing the capsid
duplication length. The first of these methods was shown effective for stabilizing Zika and
yellow fever viruses to ten passages in cell culture. The effectiveness of the second method
to likewise stabilize reporter flaviviruses was demonstrated with Zika, yellow fever,
dengue serotypes 1-4, Japanese encephalitis, and West Nile viruses. Notably, these viruses
can be used to determine serum neutralization titers in less than twenty-four hours, whereas

the traditional assay takes up to a week. The stabilization of flaviviruses bearing reporter



or other trans-genes opens doors for their application in vaccine efficacy evaluation,

disease diagnosis, pathogenesis studies, and treatment of diverse afflictions.
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INTRODUCTION

Chapter 1-Introduction?

The past two decades have been a lesson in the potential of unknown or
unrecognized RNA viruses to emerge from animal reservoirs in new locations to cause
local epidemics or widespread pandemics. In 1999, the United States saw the introduction
of West Nile virus, which has caused tens of thousands of cases of neurological disease
[1]. Subsequently, 2002 saw the first outbreak caused by a new coronavirus, Severe Acute
Respiratory Syndrome Coronavirus (SARS CoV), which infected thousands of people
before control measures ended the spread [2]. The yearly influenza turned particularly
worrisome in 2009 with the emergence of an especially deadly strain of influenza A with
swine origins that killed an estimated 284,000 people worldwide [3]. Notably, the second
novel coronavirus outbreak happened in 2012, with the causative agent, Middle Eastern
Respiratory Syndrome Coronavirus (MERS CoV), causing over six hundred deaths in 27
countries [2]. The largest Ebola virus outbreak ravaged West Africa for four years starting
in 2013, which outbreak led to transmission nosocomial and other transmission on multiple
continents [4]. Shortly thereafter, the little-known mosquito borne Zika virus shocked
scientists after its introduction to the Americas demonstrated its non-vectored transmission
and ability to cause fetal malformations [5]. Finally, the current pandemic of coronavirus
infectious disease 2019 (COVID-19), caused by yet another novel coronavirus, continues
to spread worldwide, with cases currently over 19 million and 718,518 deaths globally [6].
Each of these instances has demonstrated the progress still to be made in studying and

counteracting these and future diseases.

1 Content of this chapter has been previously published: Baker, C.; Shi, P.-Y. Construction of Stable
Reporter Flaviviruses and Their Applications. Viruses 2020, 12, 1082, doi:10.3390/v12101082.



FLAVIVIRUSES

Two of the above examples from the past twenty years, West Nile (WNV) and Zika
(ZIKV) viruses, are part of the insect vectored pathogens from the Flavivirus family. This
family also includes the mosquito-transmitted dengue virus (DENV), Japanese encephalitis
virus (JEV), and yellow fever virus (YFV) as well as the tick-transmitted tick-borne
encephalitis virus (TBEV), Langat virus (LGTV) and Powassan virus (POWYV).
Collectively, these viruses cause greater than 390 million infections yearly, with the
majority of those being from the four serotypes of dengue virus[7]. Along with the more
well-known and studied of the Flaviviruses, come a number of lesser known but emerging
family members with outbreak potential [1]. Discouragingly, current medical
countermeasures are restricted to vaccines with limited availability or efficacy and no

direct-acting antivirals available [8].

GENOME STRUCTURE AND ORGANIZATION

The Flavivirus family consists of positive sense, single-stranded RNA viruses.
Their ~11 kb genome is translated as one large polyprotein that is co- and post-
translationally cleaved into three structural proteins (capsid [C], pre-membrane [prM], and
envelope [E]) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) by cellular and viral proteases (Fig. 1.1A). A brief overview of each of these
proteins, as well as the structures and sequences found in the untranslated regions of the

genome, follows.
Structural Proteins

CAPSID

The capsid protein, which is primarily responsible for the encapsulation of the viral
RNA, is made up of 5 alpha helices, the last of which acts as a signal peptide for ER

translocation and is cleaved on both sides to give soluble protein. Soluble capsid proteins
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form dimers in solution and crystal structures, with one side being predominantly
hydrophobic and the other highly charged, giving rise to theorized models of RNA binding
[9]. Notably, the extreme N and C termini of the protein have not been solved in published
capsid structures due in part to their hypothesized flexibility[10—13]. There is also poor
understanding of the mechanism of viral RNA encapsidation, though one recent study has

shed some light on C-prME interactions in the immature ZIKV particle [14].

PRE-MEMBRANE AND ENVELOPE

Pre-membrane and envelope proteins each have two transmembrane domains and
form the outermost shell of the virus particle [9]. prM functions as an E protein chaperone,
specifically shielding the E protein fusion loop as the immature viral particle transits from
the ER to the Golgi apparatus and is exocytosed. A significant structural reorganization
takes place during transit, in which pH and proteolytic triggers cause E trimers to lie flat
and transition to dimers. A 91-residue portion of prM, referred to as pr, is then cleaved by

furin, leaving mature virus to be released [15].

Flavivirus E protein is responsible for binding cellular receptors, triggering
endocytosis and entry of the virus. Notable receptors and attachment factors include DC-
SIGN, TIM/TAM receptors, integrins like owvf3 and owvPs [16,17], and chaperoning heat
shock proteins like HSC70 [18]. The M and E proteins are also among the most
immunogenic flavivirus proteins and constitute the majority of the targets of the humoral
immune response, including neutralizing epitopes [19].

Non-structural Proteins

NS1

The first non-structural flavivirus protein plays a number of roles in the virus life

cycle. It functions intracellularly as a dimer to assist in viral replication, in which it interacts
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with NS4A and NS4B to aid in membrane rearrangement [20]. NS1 is also the only secreted
protein in the flavivirus genome, where it has been shown to increase vascular leakage,
contributing to shock and hemorrhage in cases of sever dengue infection [21]. As a secreted
marker of infection, NS1 can be detected in the blood by ELISA and this method is

regarded as a specific and early method of disease diagnosis [22].

NS2A

NS2A is a small, membrane associated protein with varied roles. While it has been
known to play a role in membrane rearrangement, viral genome replication, and virion
formation, recent advances have furthered understanding of this crucial protein. It has been
shown for both ZIKV and DENV?2, that NS2A recruits both the prM-E and NS2B-NS3
complexes, as well as binds viral RNA associated with C [23,24]. This implicates NS2A
as the chief chaperone for virion assembly, bringing structural and non-structural proteins

together for proper processing and interactions to form immature virus particles.

NS2B-NS3

NS2B functions primarily to recruit NS3 to the ER membrane and is a critical
cofactor for NS3 protease activity. NS3 is the sole viral protease and is responsible for six
of the twelve proteolytic cleavage events across the flavivirus polyprotein. Along with N-
terminal protease activity, the C-terminus of NS3 also has NTPase/helicase activity. This
function is essential in the replication of the viral genome for relieving RNA structural
constraints and unwinding double-stranded intermediates [25]. As a multi-functional,
enzymatic viral protein, NS3 has also been a major target of antiviral drug development,

though no drugs are yet approved [26].
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NS4A-NS4B

These two small, transmembrane proteins interact with each other and recruit other
viral proteins, including NS1 [27], to reorganize the ER membrane and facilitate viral
genome replication [28]. They also function to modulate cellular function by inducing

autophagy [29] or blocking induction of the interferon response [30].

NS5

NS5 is the largest flavivirus protein and contains both an N-terminal
methyltransferase domain and a C-terminal RNA dependent RNA polymerase domain
[31]. The methyltransferase domain is responsible for capping the genomic RNA and
adding an N7 methyl group to the guanine cap. The RNA strand is then also methylated at
the 2° O position [32]. Along with genome replication, NS5 is also a potent interferon
antagonist, primarily targeting STAT2 and causing its degradation. STAT2, when

uninhibited, serves as a transcription factor for interferon stimulated genes[33].

Flavivirus UTRs

The genome’s single open reading frame is flanked on both 5’ and 3’ ends by an
untranslated region (UTR) that, among other functions, contains functional/structural
motifs, such as the cyclization sequence, that are critical for RNA replication (Fig. 1.1B).
These highly ordered structures and sequences participate in long range RNA interactions
that cyclize the genome allowing for replication by NSS5. Although these regions can vary
between different flaviviruses, the following is a general review of known sequences and
structures found in the UTRs and coding regions that facilitate replication and/or

translation.
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5’UTR

The capped 5’ end of the genome contains two large stem loops (SL), termed SLA
and SLB. SLA is a recruitment factor for NS5, which then allows for negative strand
synthesis once the genome is cyclized [34]. SLB contains one of the identified regions that
plays arole in genome cyclization, the 5° upstream of AUG region or 5° UAR. This region,
located just upstream of the start codon, pairs with the 3> UAR located in the 3> UTR and

helps stabilize genome cyclization and replication [35].

Beyond the 5° UTR and into the coding region of the capsid gene, lay a number of
other important RNA motifs for genome cyclization, replication, and translation. The 5’
downstream of AUG region (5° DAR) participates by binding its complement found in the
3> UTR (3° DAR) and so participates in genome cyclization. Following the 5> DAR there
is a predicted and confirmed conserved hairpin structure (cHP) that functions to stall the
ribosomal scanning of the positive sense viral RNA so that translation can be correctly
initiated. This structure also has a role in proper replication of the viral genome [36,37].
Immediately following the cHP is the RNA sequence that was first suggested to be
involved in genome cyclization, the 5’ cyclization sequence (5° CS), which binds the
complementary CS found in the 3> UTR (3° CS) [38]. Multiple reports also point to the
sequence immediately following the 5° CS as being involved in either genome replication
or encapsidation or both [39—41]. This region has been given different terminology, though
this work will refer to it as the downstream of cyclization sequence pseudo-knot, or DCS-

PK [40].

3’UTR

The 3° UTR has a number of structures and sequences that play essential roles
during the viral life cycle. The sequences important for genome cyclization have been

mentioned above with their 5° binding partner. Additional structural features are abundant
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in the 3° UTR and their functions have been probed and studied using in silico modeling
techniques, biochemical assays, and reverse genetic approaches. The beginning of the 3’
UTR contains a region that varies between different members of the Flavivirus genus,
though the presence of stem loops and pseudoknot interactions are a common theme. This
variable region is proceeded by two dumbbell structures that in the case of some viruses
also contain pseudoknots. Finally, there is a small hairpin (sHP) and highly structured 3’
stem loop (3’ SL) [42]. The variable region stem loops and pseudoknot, as well as the
dumbbells that follow, have been shown to stall cellular RNA exonucleases, leaving
different lengths of 3> UTR RNAs termed subgenomic flavivirus RNAs (sfRNA) [43—45].
These short RNAs play a number of different roles in increasing the virus’s ability to
productively infect a host cell, such as block the interferon response [46,47] and RNA

interference pathways [48].

FLAVIVIRUS LIFE CYCLE

Figure 1.2 gives an overview of the viral life cycle undergone by flaviviruses.
Virions bind a number of cellular receptors and are internalized by receptor-mediated
endocytosis. As the endosome progresses through the cytoplasm, pH drop triggers a
conformational change in E protein, initiating membrane fusion and release of viral RNA
[1]. The RNA is directly used to translate viral proteins on the ER membrane, where
genome replication and formation of the immature viral particle occur [49]. Subsequently,
viral particles bud and traffic to the trans Golgi network, where glycosylation occurs on
the E protein [50,51]. As the viral particle moves through the trans Golgi network, pH
changes induce a conformational change in prM and E, as well as furin-mediated cleavage

of pr from M. This last step leaves a mature and infectious flavivirus virion [9].
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FLAVIVIRUS DIAGNOSIS

NAAT

Diagnosis of flavivirus infection is preferentially done by nucleic acid amplification
testing (NAAT), traditionally RT-PCR based techniques. This method is highly specific
and, once reagents have been generated, relatively straightforward and fast. If an acute
serum sample is available and tests positive, it is enough for diagnosis [52]. The downfall
with NAAT is that transient and often low viremia associated with flavivirus infection
mean negative results from NAAT do not mean no infection, and even positive results do
not necessarily indicate the presence of infectious virus [53]. The next step of the testing

paradigm is serology.

Serology

The presence of IgM, the first antibody type generated against a new infection, is
typically indicative of a recent infection. Flavivirus serology assays focus heavily on IgM
capture immunoassays or ELISAs. These benefit from being relatively fast and easy to
carry out so many more laboratories have this capability [54]. Negative ELISA results are
generally conclusive, however positive results must be sent for additional confirmation by
plaque reduction neutralization testing due to flavivirus cross-reactivity [55]. The plaque
reduction neutralization test measures levels of neutralizing antibodies against a specific
virus, allowing the previous infectious agent to be determined [52]. These tests are very
specific and powerful for diagnosis but suffer from long assay time and low throughput
[52], the need for highly trained technicians [53], and do not differentiate between recent

and past infections [54]. Novel solutions are needed to address these issues.

REPORTER VIRUSES

The cloning and subsequent manipulation and experimentation of flavivirus

genomes with reverse genetic tools has resulted in a greater understanding of the viral and
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host determinants of infection in both mammalian and insect hosts [56] as well as paved
the way for designed vaccines [57,58] and tools such as replicons [59] and reporter viruses.
Reporter viruses enable simple, rapid, and high-throughput quantification of virus in a
variety of settings and applications, making them powerful tools for research, diagnosis,
and medicine. The following is a summary and discussion of the development and
shortcomings of reporter flaviviruses, covering different methods of construction and their
influence on the long-standing problem of genetic instability. Recent work by other groups
towards this end are also considered. A discussion of the current applications of reporter
flaviviruses is included, as well as how current and future applications can be benefited by

the increased genetic stability afforded by recent advances.

Timeline of Reporter Flavivirus Design

The first reporter flavivirus constructs were made with replicon RNAs, which are
autonomously replicating viral RNAs that lack structural proteins necessary for viral
particle formation. Replicons for Kunjin virus (KUNV) were first engineered with a
chloramphenicol acetyltransferase (CAT) gene [60] followed by a green fluorescent
protein (GFP) gene [61] in a permissible location in the 3’ UTR immediately following an
internal ribosome entry site (IRES). Similar work was also done with WNV [62]. Replicons
are powerful tools for viral replication experiments and testing drugs that affect viral
replication, especially as they require less strict containment measures, but they lack viral
structural proteins and do not complete a full viral life cycle. The KUNV replicon approach
was later applied for the establishment of a hepatis C virus (HCV) replicon system [63,64]

that was essential for the development of successful HCV therapeutics.

Full-length, infectious viruses can be more difficult to clone due to instability in
bacterial plasmids, but they do not have the shortcomings of replicons which do not cover

virus entry/fusion and virion assembly/release. The bacterial instability challenge was first
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overcome by in vitro ligation of cDNA fragments that cover the complete YFV genomic
RNA sequence [65]. Similar approaches were used to develop infectious clones for JEV
[66], DENV2 [67], and TBEV strain Hypr [68]. For other flaviviruses, stable full-length
infectious clones were established for DENV-4 [69], KUNV [70], TBEV strain Neudoerfl
[68], Murray Valley encephalitis virus (MVEV) [71], TBEV strain Langat [72], and WNV
epidemic strain [73]. The key solution to overcome the stability issue when amplifying

cDNA clones in E. coli is to use low copy number plasmid vectors.

The first report of a full-length reporter flavivirus came in 2003 using JEV [74]
which was engineered with GFP and luciferase in the 3° UTR, similar to the previously

published KUNYV replicons (Fig. 1.3A).

Successively, two reports of infectious reporter WNV were published in 2005, one
with green fluorescent protein (GFP) [75], and one with Renilla luciferase (RLuc) [76],
both reporter genes, under control of an IRES, placed in the 3> UTR. These reports both
document the genetic instability problem that plagued reporter flaviviruses for the next 15
years. In the first report, genetic stability was assayed by serial passage in HEK293T cells
then analyzing cells by flow cytometry for E protein and GFP signals after 48 hours of
infection. Greater than 90% of cells stained positive for E protein, while <60% were GFP
positive at 48 and 96 hours and GFP positive cells dropped to <10% by 144 hours. Viral
RNA was also harvested at different times post infection on BHK-21 cells and used as a
template for RT-PCR. Band size of the products was resolved on an agarose gel using
electrophoresis, showing a decrease in the size of the amplicon containing GFP as time
passed. Cloning and sequencing of these amplicons indicated that deletions across the
IRES/GFP sequences were occurring, implicating recombination as the source of genetic
instability [75]. This report also showed that placement of a reporter gene attenuated viral

growth when compared to the parental virus. The second report, using WNV-RLuc,
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passaged the virus seven times on BHK cells, followed by RT-PCR on viral RNA. The RT-
PCR product of the 3° UTR matched the size of the product from WT WNV and not
reporter WNV. These results corroborated those from WNV-GFP and established RT-PCR
on passaged viral RNA as the traditional assay to assess genetic stability. Similar versions
of other reporter flaviviruses, DENV [50,77] and ZIKV [78], using an IRES in the 3> UTR

have been made though not every report details the instability of the reporter gene.

Another, less used, strategy for constructing reporter flaviviruses was first
published in 2007 [79]. In short, EGFP was engineered in the 17D vaccine strain of YFV
at the junction between viral envelope protein (E) and nonstructural protein 1 (NS1), with
the stem-anchor domain of E and amino-terminus of NS1 duplicated to maintain correct
proteolytic processing and membrane orientation (Fig. 1.3B). Notably, duplicated regions
of'the genome can lead to increased levels of homology-directed recombination [80], which
had already been associated with reporter virus instability. Despite this, the authors did not
report codon scrambling of the duplicated sequences to decrease homologous
recombination. Stability results from this construct were mixed, with two of five plaque
purified viral populations showing loss of reporter signal between passage five and ten in
Vero cells by flow cytometry. This method has been used to design EGFP reporter LGTV
[81], a tick-borne flavivirus, and Nanoluciferase (NanoLuc) and EGFP ZIKV constructs
[82]. The E/NS1 NanoLuc ZIKV showed stability to ten passages but grew to lower titers
than other reporter schemes. However, EGFP ZIKV did not have detectable fluorescence
after transfection, leading the authors to conclude that this region is more restrictive in the
sequences that can be engineered there. Our own experience (unpublished data) affirms
that this method is less robust than those described hereafter. Of note, this strategy was
used to create YFV expressing simian immunodeficiency virus (SIV) gag protein and, after

modifying the gag sequence, it was reported stable up to twenty passages [83].
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The most robust scheme for reporter flavivirus construction to date was published
in 2007 using YFV [84]. In this method, EGFP was placed between the 5 UTR and the
capsid gene. Importantly, RNA signals for replication can be found in both the 5° UTR and
the capsid gene so, a portion of the capsid was necessarily duplicated upstream of the
reporter gene. The reporter gene was then followed by the 2A sequence from foot and
mouth disease virus (FMDV, F2A) to ensure EGFP separation from the polyprotein. To
reduce homology and usage of the downstream 5’ cyclization sequence, the codon
sequence of the complete capsid gene was optimized (Fig. 1.3C). To assess genetic
stability, virus was passaged five times in BHK-21 cells. Cells were then stained for viral
antigen and analyzed by flow cytometry for both viral antigen and GFP. Results indicated
11 % of the viruses had lost GFP signal, indicating this strategy to be more stable than

IRES driven cassettes in the 3> UTR.

The capsid duplication strategy has been successfully applied to many other
flaviviruses, with slight variations giving different results in stability and utility, though
addition of a reporter gene causes general attenuation in all cases [82,85-95]. As a rule,
reporter viruses made without reducing the homology between duplicated capsids show
marked instability, similar to the 3’ UTR reporter viruses [86,91,93—95]. On the other hand,
reducing the homology increases stability, reported usually out to five passages in cell
culture [87,88,90,94]. Reporter WNV and JEV with no homology reduction were initially
shown to be unstable. Then, multiple rounds of plaque purification led to selection of stable
variants that all contained a mutation in the downstream copy of the 5’ cyclization sequence
[91,93], lending evidence that decreasing homology, perhaps especially in the cyclization
sequence, can increase stability. Engineering of similar mutations in other flaviviruses
though, has not led to similar levels of stability [90]. Lastly, a report using DENV indicated
that doubling the 2A sequence immediately downstream of the reporter gene could increase

genetic stability by up to two or three passages [94].
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Methods for Further Stabilization of Reporter Flaviviruses

As seen through the decade following the first reporter flavivirus, better design
methods have resulted in more stable, and more robust, reporter viruses. Despite these
improvements, interest still remains in engineering increased stability. Viruses carrying
reporter genes with long-standing stability can be used in long-term pathology
experiments, such as experiments involving transmission among multiple hosts, in
diagnostic applications where reliability of the reporter signal is crucial, and in industrial
applications where large viral batches are needed from small seed stocks. Therefore, recent
work has shown multiple strategies that can be applied to ensure engineered reporter genes

are maintained.

Interest recently in split reporter proteins, where the large subunit of the protein
becomes active after addition of a smaller, critical subunit, has increased because of their
minimal genome perturbation and ability to be introduced by CRISPR technology [96].
Such a system has been developed for NanoLuc [97] and was applied to JEV and DENV4
by Tamura, ef al [98]. The small size of the insert, 57 nucleotides, was initially engineered
after the E protein and includes a linker sequence, the small NanoLuc subunit (HiBit), and
a small NS1 duplication to ensure proper polyprotein processing. Stability was initially
shown out to five passages and, notably, reporter viruses replicated similarly to parental
viruses in vitro. Later, this work was further expanded on with experiments in mice infected
with JEV-HiBit [99]. Reporter virus-infected mice showed less mortality than those
infected by WT JEV, highlighting the attenuation even a small insert can cause. Further
optimization of the insertion site after protein modeling, in vitro screening, and in vivo
experiments led to a JEV-HiBit virus with an insert at NS1349, with no duplication of NS1

(Fig. 1.4A).
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This improved reporter virus was stable to ten passages in Huh7 cells and,
remarkably, had similar mortality to WT JEV in immunocompetent mice. This leads to a
potent tool for assessing viral titers in in vitro and in vivo experiments, with the drawback
of being unable to do live animal imaging because of the challenges of supplying the large

NanoLuc subunit and the secretory nature of NS1.

Volkova, et al developed a separate, elegant technique using ZIKV bearing
NanoLuc as a model [82]. They built on the capsid duplication method, noting that, for
ZIKV, the reported sizes used for the duplication range from 25 amino acids [89], to 33
amino acids [95], to duplication of the full capsid [88]. They methodically tested
duplication lengths, concluding that a duplication of 50 amino acids (C50) is the shortest
length that replicates similarly to WT ZIKV. To further ensure stability, a +1-frameshift
mutation was introduced at the beginning of the C50 and restored at the end of C50 (Fig.
1.4B). This strategy preserves the RNA elements in the C50 but changes the amino acids
that are translated. If recombination deletes the engineered NanoLuc, the +1 frameshift
mutation, and not the -1 restorative mutation, is introduced into the polyprotein resulting

in mistranslation. This method secured the NanoLuc gene for ten passages.

Applications of Reporter Flaviviruses

Reporter genes, including fluorescent and bioluminescent genes, allow for easier
quantification of virus levels. This simple concept has seen many applications that advance
virus and disease understanding as well as countermeasure development. One of the earliest
reports of reporter flaviviruses was in conjunction with antiviral compound testing.
Traditionally, these tests are done by adding virus and putative antiviral compounds to
relevant cells. Following multiple rounds of viral replication, supernatant samples are
assayed by plaque or focus-forming assay, which take up to five days or more to obtain

results and are not amenable to high-throughput. Using reporter viruses, results can be
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obtained using reporter output in place of infectious virus, increasing throughput,
turnaround, and ease of quantification [76,77,87,89,91,100,101]. This technology has
enabled high-throughput compound library screens, in which hundreds to thousands of

potential antiviral compounds can be tested.

Similar to antiviral testing, conventional testing for neutralizing antibodies by
plaque reduction neutralization tests (PRNT) is a long and labor-intensive process. Several
methods for using reporter gene output, instead of viral titers, have been described to
shorten this assay from a week to as little as 4 hours and increase throughput by using either
a flow cytometer or plate reader [101-104]. In addition, the ability to make chimeric
reporter flaviviruses, or viruses with heterologous prM-E genes, has the potential to quickly
expand this method to many other flaviviruses [105-107]. However, it remains to be
determined if a chimeric virus containing a heterologous viral prM-E could be equally
neutralized by positive serum specimens as an authentic virus without chimeric prM-E.
Neutralization assays play an important role in both vaccine efficacy trials and flavivirus
diagnostics, and as such, stable reporter constructs have great potential to hasten both of
these pursuits. In both cases, these laboratories are not routinely equipped with necessary
equipment, such as an electroporation apparatus, nor the technical expertise to rescue stock
reporter viruses when more is required. Stable reporter viruses allow these crucial
laboratories to amplify viral stocks many times over and maintain confidence in the
reporter signal output. Thus, recent advances could allow this technology to be used more

easily and routinely, increasing the pace of disease diagnosis and vaccine trials.

Another powerful application of reporter flaviviruses comes in the use of luciferase
carrying viruses to be quantified in living animals. Powerful cameras can detect luciferase
signals in infected mice, allowing for temporal quantification and tracking of infection in

the same mice. This real-time view of infection, also known as bioluminescent imaging
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(BLI), also reduces the number of mice needed and can represent viable models for both
antiviral and vaccine studies. Such studies have already been done with DENV?2 [90] and
JEV [93]. More stable reporter viruses could be used in a similar fashion to model not only
pathology or medical countermeasures, but also host-host transmission over an extended
time. As the flavivirus life cycle involves both insect and mammalian hosts, this type of

proposed model could benefit our understanding of this complex progression.

The possibility of approved flavivirus vaccine strains, specifically the 17D strain of
YFV, being used to deliver heterologous antigens as a vaccine has long been considered
and studied. It was initially restricted to small T and B cell epitopes engineered either in a
space in the envelope protein [108,109] or between NS2B and NS3 [110-112] and was
thus limited in scope and efficacy. Longer antigens have been developed in the E/NS1
junction (see Fig. 1.2B) with mixed results [83,113]. The newly developed gene
stabilization methods for flaviviruses open the door to reliable delivery of larger
heterologous antigens that can be used as experimental vaccines. As YFV17D is one of the
oldest and best performing vaccines available, this method represents a promising pathway

for rapid vaccine development against new and emerging pathogens.

CONCLUSIONS

Since first creation, reporter flaviviruses have found uses in molecular virology
[85,86], antiviral drug studies [76,77,87], pathology studies (including live animal
imaging) [90,93,99], and neutralizing antibody quantification [101-103]. Initial methods
of reporter virus construction, placing an IRES driven gene in the 3> UTR, were found to
be genetically unstable due to recombination. Subsequent methods, using the 5° UTR-
capsid junction, proved more robust and stable if homology was reduced in duplicated
capsid regions. Further improvements to achieve long-term stability, usually regarded as

stable for ten passages in cell culture, was the goal of this project. The greater stability of
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these viruses would enable more widespread and diverse use of these virological tools.
ZIKV was used as an initial model and it was hypothesized that a ZIKV construct with
long-term stability will be beneficial as both a diagnostic tool and an effective therapeutic.
The following dissertation will describe two different methods for stabilizing reporter

flaviviruses as well as their application in drug screening and serum neutralization tests.
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Figure 1.1 Flavivirus Genome.

A. General flavivirus genome organization. C-capsid, prM-pre-membrane, E-envelope,
NS-nonstructural. B. Depiction of some of the important RNA structures and sequences at
the 5° and 3’ ends of the flavivirus genome. SLA-Stem Loop A, SLB-Stem Loop B, AUG-
Start codon, 5> DAR- 5’ downstream of AUG region, cHP-conserved hairpin, 5° CS- 5’
cyclization sequence, DCS-PK- downstream of cyclization sequence pseudoknot, DB1-
dumbbell 1, DB2-dumbbell 2, 3° CS- 3’ cyclization sequence, 3> DAR- 3° downstream of
AUG sequence. Note that some of the structures and sequences at the 5’ end are within the

coding region of the capsid gene.
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Figure 1.2 Flavivirus Life Cycle

General scheme of the major steps of the flavivirus life cycle.
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Figure 1.3 Flavivirus Reporter Schemes-Less Stable

A. 3’ UTR reporter insertion. The reporter gene is inserted into a permissive site in the 3’
UTR under control of an internal ribosomal entry site (IRES). B. E/NS1 reporter insertion.
The reporter gene is placed at the junction between E and NS1, with a duplication of the
N-terminus (N) of NS1 and the transmembrane (tm) domains of E. C. 5’ reporter insertion.
The reporter gene is placed at the junction of the 5> UTR and the capsid protein. The first
25 amino acids of the capsid are duplicated (C25) and the reporter gene is followed by the
foot and mouth disease virus 2A sequence (F2A) and codon scrambled capsid gene

(represented by the slanted lines).
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Figure 1.4 Flavivirus Reporter Schemes-Stable.

A. NSI1 insertion of split luciferase. The small subunit of split NanoLuc (HiBit) was
inserted in NS1 at amino acid 349. B. C50 with frameshift mutation. The reporter gene is
engineered after a duplication of 50 capsid amino acids (C50) and flanked by F2A and the
ubiquitin sequence (Ubi). C50 contains a +1-frameshift mutation after the fourth codon,

which is restored at the end of C50. Slanted lines indicate codon scrambling.
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Table 1.1 Summary of published reporter flaviviruses.

Year of publication Reporter gene and flavivirus Reference
1997 CAT KUNV replicons [60]
1999 GFP KUNV replicon [61]
2003 IRES-GFP/Luc JEV [74]
2005 IRES-GFP WNV [75]
2005 IRES-RLuc WNV [76]
2007 IRES-RLuc DENV2 [50]
2007 E/NS1-GFP YFV [79]
2007 5-GFP YFV [84]
2009 5-RLuc DENV2 [85,86]
2010 IRES-RLuc DENV2 [77]
2011 5-RLuc DENV2 [87]
2012 5'-GFP/FLuc DENV2 [90]
2014 E/NS1-gag YEV [83]
2016 5-RLuc ZIKV [89]
2016 5-GLuc WNV [91]
2016 5'-GFP ZIKV [95]
2017 E/NS1-GFP LGTV [81]
2017 5-GFP/mCherry/NanoLuc ZIKV [88]
2017 5-RLuc JEV [93]
2017 NS1-HiBiT JEV/DENV4 [98]
2018 5'-GFP/Clover2/bfloGFP DENV2 [94]
2019 5" NanoLuc DTMUV [92]
2019 NSI1-HiBiT JEV [99]
2020 IRES-NanoLuc/GFP ZIKV [78]
2020 E/NS1-NanoLuc/GFP ZIKV [82]
2020 5'-GFP/NanoLuc ZIKV [82]
2020 5 w/+1C-1 NanoLuc/GFP ZIKV [82]
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LONG TERM STABILIZATION OF REPORTER FLAVIVIRUSES

Chapter 2- Recombination Dependent Lethal Mutations?

INTRODUCTION

The preceding summary of reporter flavivirus work done since the first reverse
genetics system was developed [65] shows the considerable advances that have been made
in the construction and application of these tools. It also highlights the shortcomings and
hurdles that still need to be overcome. The largest hurdle is that of recombination-mediated

genetic instability, which limits widespread reporter flavivirus use.

Reporter virus stability (defined by how long it can be grown on cells and maintain
an intact, functional reporter gene) is vital for long-term pathogenesis studies that rely on
reporter gene output. As arboviruses, flaviviruses cycle between mammalian and insect
hosts. Experiments that capture this complicated life cycle could be simplified by the use
of reporter viruses, though the long-term nature of these investigations would require these
viruses to be exceptionally stable and retain near-WT levels of virulence. Reporter DENV
and JEV have been analyzed in vivo using BLI, though not in the context of multi-host
transmission [90,93]. Additionally, diagnostic and industrial use of reporter flaviviruses
for large-scale drug screens and serology assays will require stiff confidence in the reporter
output and how it relates to viral titers. To answer these unmet needs, we developed a
method of stabilizing reporter flaviviruses to greater than ten passages, using Zika virus as

a model.

2 Contents of this chapter have been previously published: Baker C, Xie X, Zou J, Muruato A, Fink K, Shi
P-Y. Using recombination-dependent lethal mutations to stabilize reporter flaviviruses for rapid
serodiagnosis and drug discovery. Ebiomedicine 2020; 57: 102838.
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The first Zika reporter virus was published alongside the first cDNA clone of that
virus [89]. While its stability was not reported, other ZIK'V constructs have been made and
their stability after passaging reported [78,88,95,114]. None have been reported as stable
beyond four or five passages in cell culture, with the exception of a recently published Zika
reporter virus that uses a similar method as that developed here [82]. Their work compares
different lengths of duplicated capsid and the effect thereof on viral replication. This
testing, coupled with a frameshift mutation in the duplicated portion, was sufficient to
stabilize their reporter virus, with the frameshift mutation disrupting correct protein
translation if recombination occurs.

Our initial efforts to stabilize a reporter gene focused on codon optimization of the
reporter gene sequence. The capsid duplication method of reporter flavivirus construction
was chosen due to its robustness. Two strategies were tested: codon matching to the ZIKV
genome and reduction of AU rich regions. It is well known that cell types have a preference
for certain codons and that this can affect protein production and transcript stability [115].
These methods were tested by serial passaging experiments but had little effect on stability
(data not shown). A new technique was needed.

Here, we have developed a strategy to stabilize reporter flaviviruses, using
recombination-dependent lethal mutations in the duplicated capsid portion to block virion
formation upon recombination. We showed this strategy to be effective for stabilizing both
a NanoLuc ZIKV and YFV to greater than ten passages and demonstrated these stabilized

viruses’ effectiveness in serology and antiviral assays.
MATERIALS AND METHODS

Viruses and Cells

Zika virus strain Dakar 41525 and YF17D strain YFS11 were cloned into full-
length plasmids using the low copy pCC1 vector as has been previously described [89,116].

The NanoLuc gene and capsid mutations for ZIKV were inserted using an overlap PCR,
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restriction digest, and ligation strategy. Gene insertions and mutations were cloned in YFV
using NEBuilder HiFi DNA Assembly mix (NEB E2621). Viruses were recovered after
electroporation (Biorad GenePulser Xcell) of in vitro transcribed RNAs in Vero (ATCC
Cat# CCL-81, RRID: CVCL 0059) cells as previously described [89]. All Vero cells were
grown in Dulbecco’s Modified Eagle Medium (DMEMB, Gibco 11965) supplemented
with 10% fetal bovine serum (FBS, Hyclone SH30071) and 1% penicillin/streptomycin
(Gibco 15140). Huh7 cells (RRID: CVCL 0336) were grown in DMEMwith Glutamax
(Gibco 10566) supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% non-
essential amino acids (Gibco 11140). Infections were carried out in the same media
excepting supplementation with 2% fetal bovine serum instead of 10%. Cells were grown

at 37°C in a humidified incubator with 5% COx-.

Capsid Mutation Screens

This experiment was carried out as detailed in [86]. Briefly, in vitro transcribed
RNAs were electroporated into Vero cells and plated in 24-well plates. Cells electroporated
with no RNAs were used as a negative control (mock). At 4, 24, 48, 72, and 96 h, the
supernatants were harvested, and the cells were washed with phosphate buffered saline
(PBS, Gibco 10010023), lysed with Cell Culture Lysis Reagent (Promega E153A), and
frozen at -80°C. The supernatants were used to infect fresh Vero cells, which were washed
and lysed at 24 h. Lysed cells were moved to a 96 well plate and read for luciferase activity
after addition of NanoGlo substrate (Promega N1150) using a Biotek Cytation 5 plate

reader according to the manufacturer’s recommendation.

Immunofluorescence Assay

Vero cells were aliquoted into chamber slides post-electroporation. At the indicated
time points, cells were washed with PBS and fixed with cold methanol, covered, and placed

at -30°C for >30 minutes. Slides were then washed with PBS and blocked with PBS+1%
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FBS overnight at 4°C. The pan-flavivirus envelope antibody 4G2 (ATCC Cat# HB-112,
RRID: CVCL J890) was used to probe for infected cells. A secondary goat anti-mouse IgG
antibody conjugated with Alexa Fluor 488 (Thermo Fisher Scientific Cat# A-11001, RRID:
AB 2534069) was then used to probe for 4G2. Slides were stained with DAPI (Vector
Laboratories, H-1200) and then imaged on a Nikon Eclipse Ti2 microscope. ImageJ (NIH)

was used to process these images.

Focus Forming Assay

All viruses were titered using a focus-forming assay. Viruses were serially diluted
ten-fold and used to infect Vero cells that had been seeded the day previously at 2x10° cells
per well in a 24-well plate. After a 1-h infection, the inoculum was removed and
methylcellulose (Sigma C5013) and DMEM was overlaid. At four days post infection, the
overlay was removed, and cells were fixed with a 1:1 solution of methanol/acetone for >15
minutes. Plates were washed with PBS 3X, blocked with PBS+3% FBS, and then incubated
with virus-specific mouse immune ascites fluid (MIAF, World Reference Center for
Emerging Viruses and Arboviruses, UTMB). After >1-h incubation with MIAF, plates
were washed and incubated with a horseradish peroxidase-conjugated anti-mouse IgG
antibody (SeraCare KPL Cat# 474-1806, RRID: AB 2307348). After a 3X PBS wash, foci
were developed using an AEC peroxidase substrate kit (Enzo 43825) according to the

manufacturer’s protocol. Images were acquired with a BioRad ChemiDoc Imaging System.

Growth Curve

Vero cells were seeded at 8x10° cells per well in a six well plate the day before
infection. Cells were infected at a MOI of 0.01 for 1 h followed by a 3X PBS wash and
addition of media supplemented with 2% FBS. Cell supernatant samples were taken at 24,

48,72, 96, and 120 h and titered by focus-forming assay. Samples at 24 hours were directly
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used for focus-forming assay, while samples taken at 48-120 hours were first diluted 10-

fold, thus giving a ten-fold difference in the limit of detection.

Luciferase Assay

Vero cells were seeded in an opaque, white 96 well plate at 1.5x10* cells per well
the day before infection. Viruses were diluted to a MOI of 0.5 and added to plates after
removal of media. At the indicated time points, the media was removed, and cells were
washed 2X with PBS. NanoGlo substrate, diluted 1:50 in NanoGlo Assay Buffer, was then
directly added to cells and plates were read on a BioTek Cytation 5 instrument after 3

minutes.

Reporter Virus Passaging and Stability

Virus recovered after electroporation formed the PO stock. 500 pL of this was added
to a T75 flask seeded the day before with Vero cells. The infection continued until cell
death was observed (3-day average for DK Nano and YF Nano, 4-day average for DK23
Nano and YF4 Nano) after which media was harvested, clarified by centrifugation, and
aliquoted. 500 pL of an aliquot was then used to infect a fresh T75 flask for a new passage.
This was carried out in duplicate series for each virus. Stability was assessed by isolating
viral RNA (Qiagen 52904) and using this for an RT-PCR reaction (Invitrogen 12574) with
primers encompassing the 5> UTR through the capsid. The products were then run on a

0.6% agarose gel to observe size.

Reporter PRNT Assays

Reporter neutralization tests were done by serially diluting sera two-fold, starting
at 1:50 in DMEM. Serum samples against ZIKV and DENV1-4 were pooled from mice
infected with the respective virus. YFV and JEV serum samples were from mice vaccinated

against the virus. Normal serum was pooled from mice that were naive for flavivirus
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infection. Serially diluted serum samples were mixed 1:1 with the respective reporter virus
and incubated at 37°C for 1 h. The virus/sera mixture was then plated on Vero cells in a
white 96 well plate that was seeded at 1.5x10* cells per well the day before. After a 4-h
infection at 37°C, the wells were washed 2X with PBS and 50 pL of NanoGlo substrate
diluted 1:50 in NanoGlo Assay Buffer was added to each well. Plates were read in a BioTek
Cytation 5 plate reader after 3 minutes. Positive controls consisted of virus infection with
no sera. Negative controls comprised virus plated in wells with no cells. This negative
control allows for subtraction of background luciferase signals from the virus media.
Results were graphed as a percent of positive control, with the negative control set as zero.
The data were analyzed by four parameter nonlinear regression, with the top and bottom

constrained to 100 and zero, respectively.

Plaque Reduction Neutralization Tests

PRNT assays were done as previously published [103]. Briefly, 2-fold serially
diluted serum samples were mixed 1:1 with virus equal to 200 plaque-forming units. After
1-h incubation at 37°C, the mixture was placed on a confluent monolayer of Vero cells in
a 6-well plate for 1 h. Afterwards, the inoculum was replaced with a methylcellulose
overlay and the plates were further incubated until plaques became clear under a

microscope. The wells were then stained with crystal violet and plaques were counted.

Antiviral Assays

The panflavivirus inhibitor NITD0O08 was two-fold serially diluted in 90% DMSO
to a concentration starting at 10 uM. These were mixed with virus (MOI 0.01) and plated
on Huh7 cells that were seeded at 1.5x10* cells per well the previous day. Cells were
washed 48 h post infection three times with PBS followed by addition of NanoGlo substrate
diluted 1:100 in NanoGlo Assay Buffer. Plates were read by a BioTek Cytation 5 plate

reader after 3 minutes.
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IVIS

An equal mix of male and female mice (5 M, 6 F) were infected at three-weeks old
by subcutaneous route with both DK Nano and DK23 Nano. They were weighed daily and
monitored for signs of disress such as hunched posture and ruffled fur. The mice were bled
on days 3-6 and imaged with an IVIS apparatus daily on days 0-7 and then every other day
on days 8-14. For imaging, mice were subcutaneously given 100 uL of NanoGlo substrate
diluted 1:50 in PBS. Mice were then anesthetized by isoflurane and transferred inside the
apparatus, which allowed for continual delivery of anesthetic. The program was initialized,

and images were captured.

Statistical Analysis

Graphpad Prism 8 was used for graphing and statistical analysis. Statistical tests
used, as well as significance levels, are denoted in the figure legends. Instead of standard

deviation, all replicated values are shown on each graph.

Illustrations

Figures were created using Biorender and Abode Illustrator.

RESULTS

Recombination-Dependent Fatal Mutations

Flavivirus reporter genes are commonly engineered at the beginning of the genome,
after the 5> UTR [84,85,87,89] (Fig. 2.1a). RNA regulatory elements are present in both
the 5° UTR and the capsid gene, [reviewed in [117,118]], thus the beginning of the capsid
gene (25 amino acids) must be duplicated before the reporter gene in order to preserve viral
translation and replication (see Fig. 2.1a). Duplicating this portion of the capsid greatly

increases the chance of homology-mediated recombination, leading to elimination of the
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reporter gene. Reducing the homology by codon optimization of the full capsid gene
improves stability but does not stop recombination (see Fig. 2.2E, DK Nano, top panels).
We explored a further way of stabilizing a reporter ZIKV (Dakar strain, DK). It is known
that DENV requires a threshold of positive charges at the beginning of the capsid protein
in order to form infectious viral particles [86]. We hypothesized that this information could
provide a way to stabilize a reporter ZIKV. Charge reversing mutations, from positively to
negatively charged amino acids, were designed in the C25 region that upon recombination
would become part of the full capsid gene and lead to non-infectious viral particle

formation (Fig. 1b). In this way, only non-recombined reporter viruses are passed on.

To test this strategy, we first engineered an increasing number of positive to
negative charge mutations in the full capsid gene of a NanoLuc reporter ZIKV to find what
was sufficient to stop viral particle formation (Fig. 2.1c). Fig. 2.1d details the experimental
scheme. Luciferase levels assayed at 4, 24, 48, 72, and 96 h following transfection of in
vitro transcribed RN As indicate robust translation and replication for all viruses (Fig. 2.1e).
The supernatants for each of these time points was used to infect fresh Vero cells which
were assayed for luciferase levels as a surrogate for infectious virus. The very low
luciferase levels for DK Nano C567,23 (numbers represent the amino acid position in
capsid protein) indicate that four capsid mutations are necessary to abrogate production of

infectious virus (Fig. 2.1f).

Stable NanoLuc ZIKV

The four-amino acid capsid mutations (found to be necessary to stop virus
formation) were engineered in the C25 region of a reporter ZIKV (designated DK23 Nano)
and compared against a reporter ZIKV without capsid mutations (DK Nano) (Fig. 2.2a).
Both reporter viruses show delayed growth and spread post-electroporation compared to

DK WT (non-reporter) virus by immunofluorescence assay (IFA). The replication of DK23
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Nano was further delayed compared to DK Nanoj; nevertheless, by day 3, 100% of cells
were E protein positive (Fig. 2.2b). Growth kinetics were assayed by both focus-forming
(Fig. 2.2c, top panel) and luciferase assay (bottom panel). Jointly, these experiments show
that DK23 Nano was attenuated in replication when compared to DK Nano, but appreciable
titers (>10% FFU/ml) and luciferase levels (>10° light units) were still attained. Both viruses
were serially passaged ten times in duplicate as detailed in Fig. 2.2d. Stability was assessed
by observation of the size of the RT-PCR product from the 5’ UTR to the capsid. The RT-
PCR product of DK Nano decreases in size at P6 or P7 (Fig. 2.2e, top panels), while the
DK23 Nano product is consistent through P10 (bottom panels). P10 RT-PCR products were
sequenced, and results confirmed that DK23 Nano was unchanged while DK Nano had
reverted to WT. Comparison of foci size between PO and P10 showed consistent results
from DK23 Nano, while DK Nano P10 foci resembled DK WT plaques in that they were
large and formed distinct plaques—indicating that the virus had reverted to WT levels of
virulence (Compare Figs. 2.2f and 2.3a). Finally, luciferase assay carried out at multiple
MOIs comparing PO and P10 viruses showed that DK23 Nano P10 virus performed
robustly, even significantly more robustly than the original PO virus (Fig. 2.2g, right panel).
Sequencing the DK Nano and DK23 Nano P10-1 and P10-2 viruses showed minimal
consensus level amino acid changes (Fig. 2.3b). In contrast, DK Nano showed considerably
decreased luciferase activity (Fig. 2.2g, left panel). Collectively, these data demonstrate
that recombination-dependent lethal mutations were successful in stabilizing a NanoLuc

reporter ZIKV to at least ten passages in cell culture.

Stable NanoLuc YFV

We next hypothesized that this strategy for stabilizing reporter ZIKV could be
successful with another flavivirus, YFV. We followed a similar workflow with YFV as
with ZIKV and first screened charge-reversing mutations in the full capsid gene of a

YF17D NanoLuc virus (Fig. 2.4a). These mutations did not affect viral translation and
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replication after the genome-length RNAs were electroporated into cells (Fig. 2.4b, left
panel). Infection outcomes indicated that, similar to ZIKV, four capsid mutations were
necessary and sufficient to block viral particle formation (Fig. 2.4b, right panel). The YF4
Nano virus was created carrying four capsid mutations in the C25 (Fig. 2.4c). Viral growth
characteristics were assayed by IFA post-electroporation (Fig. 2.4c), replication curve (Fig.
2.4d), luciferase kinetics (Fig. 2.4e), and focus-forming assay (Fig. 2.4d). These data
together show that YF4 Nano, similar to DK23 Nano, was attenuated when compared to
YF Nano, but that high titers (8x103 FFU/ml) and robust luciferase (>10° light units) levels
could still be attained. YF Nano and YF4 Nano were passaged for ten rounds on Vero cells
and their stabilities were evaluated by RT-PCR band size (Fig. 2.4f). The P10 bands were
sequenced and PO and P10 viruses were compared in a luciferase assay. The YF Nano
without the four mutations rapidly lost its luciferase expression (Fig. 2.4g, top panels),
whereas the P10 of YF4 Nano with the designed mutations consistently retained luciferase
activities (bottom panels). Together, these results validate that recombination-dependent
lethal mutations are not only effective for stabilizing a reporter ZIKV but can be effectively

applied to another flavivirus.

Reporter Virus Applications

To establish the utility of these novel reporter viruses, we used both DK23 Nano
and YF4 Nano viruses in plaque reduction neutralization tests (PRNT). Reporter viruses
have been proposed and used in these assays previously, as a way to increase throughput
and decrease assay turnaround time [102,103]. However, due to the bright nature of
NanoLuc, we found that these assays can be read as early as 2-4 h post infection (Fig. 2.2¢
for reporter ZIKV and Fig. 4e for reporter YFV, Fig. 2.6a), which is a significant
improvement over the traditional three to five days of a standard PRNT and the 24-48 h of
other reporter PRNT assays. The luciferase signals at 2-4 h post infection represent initial

translation of input genomic RNA after virus entry [100].
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Fig. 2.5a shows a scheme for the reporter neutralization tests. DK23 Nano and YF4
Nano were used to evaluate the neutralizing activity of a panel of sera from mice previously
vaccinated/infected with relevant flaviviruses, including ZIKV, YFV, JEV, WNV, and
DENV1 to DENV4. Fig 2.5b summarizes the cross-neutralizing titers, whereas Figs. 2.6b-
c present the raw neutralizing curves. When tested against ZIKV DK23 Nano, ZIKV-sera
consistently neutralized the virus; only one DENV3-serum weakly neutralized ZIKV; all
other flavivirus-sera had NTso values below the initial dilution of 1:50 (Fig. 2.5b).
Likewise, when tested against YF4 Nano, only YFV-sera fully neutralized the virus,
whereas other sera NTso values were either below or just above the first 1/50 dilution (Fig.
2.5b). Compared with ZIKV, YFV seemed to be weakly cross neutralized by other
flavivirus sera. As negative controls, uninfected mouse sera did not neutralize ZIKV
though some neutralization was seen with YFV (titer of 1/51). The latter result indicates
that the neutralizing titers in the range of 1/50 and 1/64 against YFV should be considered

negative (Fig. 2.5b).

Furthermore, a panel of ZIKV-positive human sera were analyzed by both reporter
and plaque reduction neutralization tests (Fig. 2.5¢) and the results from both were graphed
on separate axes for comparison (Fig. 2.5d). The R? value of 0.93 affirms that the reporter
neutralization results are strikingly similar to those from a traditional neutralization test.
Together, these outcomes support the conclusions that (i) reporter viruses could be used
for measuring neutralizing antibody titers, (ii) the relative neutralizing levels among
different flaviviruses may indicate the type of viral infection, (iii) flavivirus antibodies
cross neutralize, (iv) reporter viruses can be used in place of traditional PRNT assays for

improved turnaround time.
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Finally, we tested the utility of reporter viruses for antiviral testing. Huh7 cells were
treated with a known flavivirus inhibitor NITD008 (an adenosine analog [119]) upon
infection with the two viruses (Fig. 2.5¢). At 48 h post infection, the luciferase signal was
inhibited by NITDO00S in a dose-responsive manner, leading to ECso of 0.47 uM for ZIKV
(Fig. 2.5f) and 0.46 uM for YFV (Fig. 2.5g). These ECso values are equivalent to the
previously reported values using plaque reduction assay [119,120], demonstrating the

utility of reporter viruses for antiviral testing.

DiscussiON

Reporter flaviviruses, useful tools though they are, have been stymied by instability
since they were first described. Efforts to rectify this shortcoming, until recently, have been
inadequate. We have developed a method for stabilizing reporter flaviviruses, using
recombination-dependent lethal mutations, and shown it to be successful for two
flaviviruses, ZIKV and YFV. This strategy relies on two functions that the capsid gene
plays in the viral life cycle. The capsid gene codes for the capsid protein, which requires
positive charges in the N-terminus, though their role is still unclear. It has been proposed
that they assist in binding viral RNA [86], though models of capsid-RNA binding have
been suggested that do not include the N-terminus [12,121]. The N-terminus is flexible and
unstructured and accordingly this region has yet to be incorporated in solved crystal
structures. Though its function remains obscure, our results show that multiple flaviviruses,

not just DENV, require a threshold of positive charges in this region for virion assembly.

The capsid gene also provides RNA replication elements essential for viral
replication. The flavivirus 5> UTR is highly structured, with two well defined stem loops,
A and B. The start codon (the beginning of the capsid gene) is present on the descending
side of stem loop B. Other required RNA signals in the capsid gene include the well-defined

5’CS [34], the cHP [36], 5 DAR [122], and DCS-PK [40]. Ideally, the engineered capsid
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mutations that stabilize the reporter flaviviruses would change the protein charge, but not
perturb these cis-acting RNA elements. The attenuation of replication seen when
comparing DK Nano and DK23 Nano or YF Nano and YF4 Nano indicates we have not
wholly achieved this ideal condition. Exhaustive screening of mutations in this region may
yield a mutant that is more replication robust compared to what has been published here,
though it is unlikely to be completely unattenuated. It is possible that simply increasing the
length of the genome perturbs genome cyclization or viral RNA packaging and thus
agitates the viral life cycle. As demonstrated, the attenuation inherited with the stability
does not inhibit the virus’ capacity for robust growth in cell culture, nor its utility as a
screening and serological tool. We have shown this system is valuable for rapidly testing
sera for neutralizing antibodies and compounds for antiviral activity, though the number of
serum samples and compounds tested was relatively small. Further validation with more
serum samples, including those with a broad range of neutralizing activity, and antiviral

compounds is warranted.

Recently, Volkova, et al. published a paper describing a stable Zika NanoLuc and
EGFP virus. Their strategy, analogous to ours in that it stops viruses that have recombined,
involves adding a frameshift mutation at the beginning of the duplicated capsid. This
elegant approach involves very little perturbation of RNA elements and still results in a
stable virus [82]. It should be noted that the C25 NanoLuc ZIKV here reported is
significantly more robust than their described C25 ZIKV, as seen by comparison of viral
titers from growth kinetics on Vero cells. Another elegant and successful approach in
flavivirus reporter constructs was first reported in [98] and further improved on in [99]. A
split NanoLuc construct was utilized and engineered in a permissive site in JEV NS1. Such
a small insertion (11 amino acids) lends itself to great stability and Tamura, ef al. modeled
and tested insertion sites until the reporter virus and WT JEV had no statistical difference

in mortality in mice. Despite stability and lack of attenuation, this system sacrifices the
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flexibility present when the virus codes the full protein, most notably being unable to

perform in vivo imaging.

The long-term stability of reporter flaviviruses could be used to further probe the
complicated, multi-host life cycle of these human pathogens. /n vivo imaging of ZIKV
transmission between live mice and mosquitoes was the original goal of this research
project. Unfortunately, neither the DK Nano nor the DK23 Nano virus succeeded in
causing disease in A129 mice or showing robust luciferase signal in an IVIS setup (Fig
2.7). Mice did become briefly viremic but did not lose weight or show outward signs of

disease. Rectifying these shortcomings are ongoing research aims.

In conclusion, we have achieved a stable NanoLuc ZIKV and YFV by incorporating
recombination-dependent lethal mutations that abolish formation of viral particles if they
have recombined. These viruses have potential to be used in enhanced, rapid-turnaround,
PRNT assays and drug screenings. They can also be used as a platform for stable, long-

term transgene delivery.
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Figure 2.1 ldentification of Recombination-Dependent Fatal Mutations.

a. Scheme of reporter ZIKV based on the African lineage Dakar 41525 strain (DK). The
nano luciferase gene (Nano) is eliminated by recombination, resulting in WT virus, despite
codon optimization (denoted by white C25). b. Scheme of reporter virus carrying
recombination-dependent lethal mutations in the C25 (indicated in red). These mutations
become lethal to viral particle formation upon recombination with the full capsid protein.

¢. Genome scheme for deleterious capsid mutation screen. Basic amino acids in the
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beginning of the capsid protein were mutated to negative or neutral amino acids. d.
Experimental scheme to screen capsid mutations for effect on viral particle formation. In
vitro transcribed RNAs of full-length reporter ZIKV with-and-without capsid mutations
were electroporated on Vero cells and plated on 24 well plates (n=4). At 4, 24, 48, 72, and
96 h post transfection, cell supernatants were collected for subsequent infection and cells
were washed and lysed for luciferase measurement (transfection). The cell supernatants
were used to infect naive Vero cells, which were all washed and lysed 24 h post infection
after which luciferase readings were taken. Each virus was done in quadruplicate. e.
Luciferase readings from electroporated RNAs at the indicated time points. f. Luciferase
readings taken at 24 h post infection with supernatants collected at the time points indicated
on the X axis from E. High luciferase activity indicates that high titers of infectious virus
were made post electroporation, with results indicating charge-reversing mutations in the

capsid inhibit viral particle formation.
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Figure 2.2 A Stable NanoLuc ZIKV.

a. Genome scheme of reporter ZIKV with and without capsid mutations. For reference, the

amino acids corresponding to the 5’ cyclization sequence are highlighted in blue. b.
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Comparison of WT Dakar strain ZIKV, DK Nano, and DK23 Nano IFA. Vero cells were
seeded post-electroporation and fixed on days 1-3. Viral envelope protein was probed by
4G2 Ab. Scale is the same for all pictures. ¢. Replication kinetics of the different viruses
on Vero cells by both focus forming (MOI 0.01, n=3) and luciferase assay (MOI 0.5, n=4).
Data comparison was done with 2-way ANOVA, using Tukey‘s post-hoc test for multiple
comparisons (*=p<0.05, **=p<.0.01). d. Virus passaging scheme. Virus collected post
electroporation was termed PO and 500 pL was used to inoculate a T75 flask of naive Vero
cells. Infection proceeded until CPE was observed, ~3 days, after which virus was
harvested and 500 puL was passaged onto fresh Vero cells until P10 was reached. This was
done in two independent passaging series. Viral RNA was harvested from each passage
and RT-PCR performed from the 5 UTR through the end of the capsid gene. Stability was
observed by the size of the RT-PCR band compared to PO. e. Passage results from two
independent series PO to P10 for DK Nano and DK23 Nano. RT-PCR band for full length
reporter virus is 1,225 bp. The WT, non-reporter virus product is 508 bp. DK Nano shows
instability at P6 or P7, while DK23 Nano maintains a consistent RT-PCR product size
through P10. f. Focus sizes for DK Nano and DK23 Nano PO and P10 after 4 days of
infection on Vero cells. The PO viruses formed tiny foci for both DK Nano and DK23 Nano
viruses. However, the P10 DK Nano developed large foci, whereas P10 K23 Nano
remained tiny foci. g. Luciferase assay of PO and P10 viruses. Vero cells were infected
with indicated viruses at different MOIs. At 24 h post infection, intracellular luciferase
activities were measured. Each time point was repeated 3 times, with each replicate shown.
2-way ANOVA with Tukey’s post-hoc test was used to assess significance (*=p<0.05,
**=p<0.01, ***=p<0.001, ****=p<0.0001).
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Figure 2.3 Additional Viral Characterization

a. DK WT foci on Vero cells. b. Consensus-level mutations found in DK Nano and DK23
Nano viruses after ten passages on Vero cells. ¢. Immunofluorescence assay showing
infection of YF and YF4 Nano viruses on Vero cells after electroporation. Viruses were
probed by 4G2 antibody while cells were counterstained using DAPI. The scale of all
images is the same. d. Foci of the respective YF viruses after a four-day infection on Vero

cells.
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Figure 2.4 A Stable NanoLuc YFV.

a. Genome scheme of YF17D reporter virus carrying different charge-reversing capsid
mutations. These viruses were used to screen deleterious capsid mutations in YFV. b. YFV
capsid mutation screen results. See Fig. 1d for experimental scheme. Transfection results
for different YFVs with capsid mutations taken at different time points after electroporation
show robust luciferase expression. Subsequent infection using infected cell supernatants
taken at the indicated time points shows four and five amino acid changes are sufficient for
knockdown of viral particle formation. ¢. Genome scheme of YF Nano and YF4 Nano,
showing positions of capsid mutations (red) and the amino acids that correspond to the 5’
CS (blue). d. Replication kinetics of YF17D WT, YF Nano, and YF4 Nano on Vero cells
(MOI 0.01, n=3). 2-way repeated measures ANOVA with Tukey’s post-hoc test was used
to assess significance (*=p<0.05, **=p<.0.01, ***=p<0.001, ****=p<0.0001). e.
Luciferase kinetics of YF Nano and YF4 Nano on Vero cells (MOI 0.5, n=4). Significant
differences in the data were assessed by 2-way ANOVA with Tukey’s post-hoc test. f.
Passaging results for YF Nano and YF4 Nano. See Fig 2d for passaging scheme. The RT-
PCR band from intact reporter virus is 2,388 bp, while the non-reporter band (with
luciferase gene deleted) is 631 bp. The consistent band size seen in YF4 Nano indicates its
stability through 10 passages. g. Luciferase assay comparing PO and P10 luciferase activity
between YF Nano and YF4 Nano at different MOIs (n=3). Infection was carried out for 24
h on Vero cells. Significant differences were measured using 2-way ANOV A with Tukey’s

post-hoc test (*=p<0.05, **=p<.0.01, ***=p<0.001, ****=p<0.0001).
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Figure 2.5 Applications of Stable Reporter Viruses.

a. Scheme for four-hour reporter neuralization test. Briefly, Vero cells are plated at 1.5x10*
cells per well in a 96 well plate. The next day, sera are serially diluted 2-fold (starting at
1:50, n=2) and mixed 1:1 with virus and incubated for 1 h at 37°C. The sera:virus mixture

is plated on the cells and incubated for 4 h. Following PBS wash, the plates are read by
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plate reader after addition of luciferase substrate. b. Table with NTso values of a panel of
sera from mice inoculated with the indicated virus. Sera were tested against both DK23
Nano and YF4 Nano viruses. ¢. NTso values from a panel of Zika-positive human serum
samples, tested by both 4-h reporter neutralization test and traditional plaque assay. Data
generated by colleague Xuping Xie. d. Graphical comparison of reporter and plaque NTso
values. Simple linear regression was used to create a line of best fit. e. Antiviral assay
scheme. Huh7 cells are seeded at 1.5x10* cells per well in a 96 well plate. The following
day, reporter virus is mixed with diluted compound and plated on the cells (n=2). Following
a 48-h incubation, cells are washed, and luciferase substrate is added. Luciferase levels are
read by plate reader. f-g. Antiviral activity against DK23 Nano and YF4 Nano,

respectively, assessed by luciferase levels.
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Figure 2.6 Neutralization Curves

a. Neutralization curves obtained from sera neutralizing YF4 Nano read at 4, 6, and 24
hours after addition of sera:virus mixture to Vero cells. b-c. Reporter neutralization curves
used to determine NTso values in Fig 4b for DK23 Nano and YF4 Nano, respectively.
Luciferase values from negative control wells were averaged and subtracted out as
background. Positive controls were set at 100% and other values plotted as a percent of the

positive control.

60



o A129 Viremia
5- o e DKNano
4] =  DK23 Nano

FFU/mL (log)
s

JOTT T I eT™

Day 3 Day 4 Day 5 Day 6
Days Post Infection l
| 30

B

DK Nano

DK23 Nano

Radiance
(p'secicnt/sr)

Figure 2.7 DK Nano and DK23 Nano in A129 Mice

Three-week old A129 mice were inoculated subcutaneously inoculated with 1x10°
FFU/mL. A. Two mice from each group were bled by retro-orbital route on days 3-6. Each
sample was titered by focus-forming assay. B. Viral luciferase signals were assessed by
IVIS imaging. Mice were given 100 puL of NanoGlo substrate in PBS and anesthetized by
isofluorane. They were then placed in the machine and then imaged. The mouse on the

right of each picture is a non-infected control.

61



MIAF-WRCEVA, UTMB

Virus Strain
ZIKV FSS 13025
DENV1 Hawaii
DENV2 NGC
DENV3 H 87
DENV4 Unknown
YFV Asibi
JEV Unknown
WNV Ib An 23601

Table 2.1 Virus strains used to raise MIAF
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Chapter 3: Reporter Stabilization by Optimization of Capsid

Duplication Lengths

INTRODUCTION

Viruses from the arthropod-borne genus Flavivirus afflict people across the globe
causing febrile, neurologic, and hemorrhagic disease [123]. Notable among the flaviviruses
are the four serotypes of dengue virus (DENV), which cause an estimated 96 million
symptomatic infections yearly [7], Japanese encephalitis virus (JEV) which causes the
annual loss of 709,000 disability-adjusted life years [ 124], the recently emerged Zika virus
(ZIKV), which has become associated with congenital malformations [125], encephalitic
West Nile virus (WNV), and yellow fever virus (YFV), which periodically emerges from
its sylvatic transmission cycle to start an urban transmission cycle [126]. Concerted efforts
by scientists and clinicians have brought about vaccines for YFV, JEV, and DENV [8,127]
though effective antiviral drugs have yet to be approved. Reporter flaviviruses, first
published in 2003 [74], have been critical for high-throughput antiviral compound screens
[87,100], host and virus pathogenesis studies [128], and serological diagnosis [102,103].
Despite these advances, reporter flaviviruses suffer from genetic instability during longer

periods of growth or passaging, thought to be primarily mediated by recombination [75,86].

Our previous work showed that we could overcome the genetic instability problem
by the use of recombination-dependent lethal mutations, though that technique had only
been applied ZIKV and YFV [101]. We next sought to apply this technique to other
flaviviruses in order to expand the serological and pharmaceutical tools available. First, we

used the DK23 Nano backbone and made a panel of prME chimeric flaviviruses using

3 Content of this chapter has been previously published: Baker, C.; Liu, Y.; Zou, J.; Muruato, A.; Xie, X.;
Shi, P.-Y. Identifying optimal capsid duplication length for the stability of reporter flaviviruses. Emerg
Microbes Infec 2020, 1-32, doi:10.1080/22221751.2020.1829994.
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DENV1-4,JEV, YFV, and WNV as prME donors. This technique is well described for the
generation of vaccines using both the YF17D and JEV 14-14-2 vaccine strains [57,129—
131], as well as in diagnostic applications [104,105,107,132]. After questions arose about
these viruses’ ability to be neutralized in the same way authentic viruses were, the decision
was made to pursue a panel of authentic, stable reporter viruses instead of continuing

testing of the chimeric viruses.

Reporter genes are routinely engineered at the beginning of the single open reading
frame of the viral polyprotein, between the 5 UTR and the capsid gene, as first described
using YFV [84]. RNA signals that aid in genome cyclization, which is essential for viral
replication, and facilitate translation are continuous from the 5° UTR into the beginning of
the capsid. These signals must function together, therefore it is necessary to duplicate a
portion of the capsid gene and place it upstream of the inserted reporter gene. Until
recently, efforts to stabilize these constructs centered on reducing homology between the
duplicated capsid sequences by codon scrambling in an effort to reduce homologous
recombination [84,88]. This also had the benefit of expunging the cis-acting elements in
the full capsid sequence, leaving only the upstream elements. Two additional methods for
stabilizing reporter flaviviruses have been newly developed, both focusing on blocking
recombined reporter viruses from continued infection. Volkova and colleagues report a
single-nucleotide insertion to the duplicated capsid portion of a reporter ZIKV that
minimally perturbs critical RNA elements but causes a +1 frameshift [82]. If recombination
occurs between the duplicated capsid sequences that flank the reporter gene, this frameshift
mutation is incorporated into the viral polyprotein and causes mistranslation, effectively
taking out recombined viruses from the population. We developed a related method for
reporter ZIKV and YFV using recombination-dependent lethal mutations in the duplicated
capsid [101]. These lethal mutations stop viral particle formation if recombination brings

them into the viral polyprotein.
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The length of capsid duplications in different flavivirus reporter constructs that
have been reported varies from 25, to 33 or 34, 38, 50, or even the full capsid [82,84,85,87—
91,93]. Shorter lengths are tolerated by some viruses and not by others. At the onset of this
investigation, there was no published comparison of the effect of capsid duplication length
and its effect on stability. It was believed that shorter capsid repeats were preferred because
the shorter homologous sequence minimizes homologous recombination. We hypothesize
that an optimal length of capsid duplication is required for efficient viral replication; a
shortened capsid duplication imposes a selection pressure on viral replication, leading to
undesired recombination and deletion of the engineered reporter gene. The goal of this
study was to test this hypothesis by engineering different lengths of capsid duplication and
investigating the length effect on the stability of the reporter gene in various flaviviruses.
Indeed, we found an optimal length of capsid duplication of 34 or 38 amino acids that can
increase the reporter gene stability for at least ten rounds of cell culture passages. Taking
this new approach, we have developed a panel of long-term stable NanoLuc-tagged
flaviviruses, including the four serotypes of DENV, JEV, YFV, WNV, and ZIKV. In
addition, we demonstrated the use of the reporter flaviviruses for rapid antibody
neutralization testing and antiviral drug discovery. Taken together, our results have
established a previously unrecognized approach to generate stable reporter flaviviruses that

are useful for research and countermeasure development.
MATERIALS AND METHODS

Viruses and cells

Zika virus strain Dakar 41525, yellow fever strain 17D YFS11, dengue virus 1
strain Western Pacific, dengue virus 2 strain New Guinea C, Japanese encephalitis virus
strain 14-14-2 1454, and West Nile virus strain NY99 with NS5 E218A [133,134] were

cloned into full-length plasmids using the low copy pCC1 vector as has been previously
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described [116]. NEBuilder HiFi DNA Assembly mix (NEB E2621) was used to assemble
all plasmids. Full length dengue virus 3 strain VN32 and dengue virus 4 strain MYO01
transcripts were assembled from four and three fragments, respectively, by in vitro ligation.
Viruses were recovered after electroporation (Biorad GenePulser Xcell) of in vitro
transcribed RNAs in Vero (ATCC Cat# CCL-81) or BHK21 (ATCC Cat# CCL-10) cells
as previously described [89]. Vero and BHK21 cells were grown in DMEM (Gibco 11965)
with 10% fetal bovine serum (FBS, Hyclone SH30071) and 1% penicillin/streptomycin
(Gibco 15140). Huh7 cells were grown in DMEM with Glutamax (Gibco 10566)
supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% non-essential amino
acids (Gibco 11140). C6/36 mosquito cells were grown in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin. Infections were carried out in the same media
excepting supplementation with 2% fetal bovine serum instead of 10%. Vero, BHK21, and
Huh7 cells were grown at 37°C in a humidified incubator with 5% CO2. C6/36 cells were

grown at 30°C in a humidified incubator with 5% COa.

Immunofluorescence assay

Vero cells were seeded into chamber slides immediately post-electroporation. At
the indicated time points, cells were washed with PBS and fixed with cold methanol at -
30°C for >30 minutes. Slides were washed with PBS and blocked with PBS+1% FBS
overnight at 4°C. The flavivirus envelope reactive antibody 4G2 (ATCC Cat# HB-112),
diluted in blocking buffer, was used as a primary antibody incubated for 1 hour at room
temperature. A secondary goat anti-mouse IgG antibody conjugated with Alexa Fluor 488
(Thermo Fisher Scientific Cat# A-11001) was then used to probe for 4G2 for 1 hour. Slides
were then washed 3X with PBS and stained with DAPI (Vector Laboratories, H-1200) and
then imaged on a Nikon Eclipse Ti2 microscope. ImageJ (NIH) was used to process the

images.
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Focus forming assay

All viruses were titered by focus-forming assay. Viruses were serially diluted ten-
fold in DMEM supplemented with 2% FBS and used to infect Vero cells that had been
seeded the day previously at 2x10° cells per well in a 24-well plate. After a 1-h infection
with rocking every 15 minutes, the virus was removed and methylcellulose (Sigma C5013)
/DMEM overlay was added. After four days of infection, the overlay was removed, and
cells were fixed with a 1:1 solution of methanol/acetone for >15 minutes. Plates were then
washed 3X with PBS, blocked with PBS+3% FBS for 30 minutes, and then incubated with
virus-specific mouse immune ascites fluid (MIAF, World Reference Center for Emerging
Viruses and Arboviruses, UTMB, see Table 2.1). After >1-h incubation with MIAF, plates
were washed with PBS and incubated with a horseradish peroxidase-conjugated anti-
mouse IgG antibody (SeraCare KPL Cat# 474-1806). After a 3X PBS wash, foci were
developed in the dark using an AEC peroxidase substrate kit (Enzo 43825) according to

the manufacturer’s protocol and imaged using a BioRad ChemiDoc Imaging System.

Reporter virus passaging and stability

Virus recovered from electroporation was termed P0. 500 uL of this was added to
a T75 flask with a confluent layer of Vero cells. Once cell death was observed the
supernatant was collected and clarified by centrifugation. 500 pL of the new passage was
then used to infect a new T75 flask for the next passage. This was carried out in two parallel
series for each virus. Stability was assessed by isolating viral RNA (Qiagen 52904 or
TriZOL, Invitrogen 15596026) from each passage and using this as a template for an RT-
PCR (Invitrogen 12574) with primers that spanned the 5° UTR to the end of the capsid.
The products were then run on a 0.6% agarose gel and imaged with a BioRad GelDoc EZ

Imager.
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Growth Kkinetics by focus forming assay

Six well plates were seeded at 8x10° cells per well with Vero cells the day before
infection. Cells were infected at a MOI of 0.01 in triplicate for 1 h with shaking every 15
minutes, followed by a 3X PBS wash and addition of media supplemented with 2% FBS.
Supernatant samples were taken at 24, 48, 72, 96, and 120 h and titered by focus-forming

assay.

Reporter neutralization assays

Reporter neutralization tests were done by two-fold serially diluting sera, starting
at 1:50 in DMEM with 2% FBS. Sera samples positive for ZIKV and DENV1-4 were
pooled from mice infected with the respective virus. YFV and JEV serum samples were
from vaccinated mice. Sera dilutions were mixed 1:1 by volume with the respective
reporter virus and incubated at 37°C for 1 h. The virus/sera mixture was then plated on
Vero cells in a white, opaque 96 well plate that was seeded at 1.5x10* cells per well. After
a 4-h incubation at 37°C, the wells were washed 2X with PBS and 50 pL of NanoGlo
substrate diluted 1:50 in NanoGlo Assay Buffer was added to the cells. Plates were read in
a BioTek Cytation 5 plate reader after 3 minutes with a gain of 150. Positive controls
consisted of virus infection with no sera. Negative controls comprised virus plated in wells
with no cells. This negative control allows for subtraction of background luciferase signals
from the virus media. After subtraction of negative controls, values were converted to a
percent of the positive control. The data were then analyzed by four parameter nonlinear
regression, with the top and bottom constrained to 100 and zero, respectively, and the NTso

reported.

Antiviral assays

The panflavivirus inhibitor NITD00S was diluted in 90% DMSO to 10 uM and then

two-fold serially diluted 8 times. These dilutions were mixed with virus (MOI 0.1-DENV 1,
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DENV2, DENV3; MOI 0.01-ZIKV; MOI 0.001-DENV4, YFV, JEV) and plated on Huh7
cells that were seeded at 1.5x10% cells per well the previous day in media with 2% FBS.
Cells were washed 48 h post infection three times with PBS followed by addition of
NanoGlo substrate diluted 1:100 in NanoGlo Assay Buffer. Plates were read by a BioTek

Cytation 5 plate reader after 3 minutes.

Luciferase Expression

Luciferase expression was assayed on C6/36 cells. The day prior to infection, 2x10*
cells per well were seeded into a white, opaque 96 well plate. Infectious were done at MOI
0.1. Inoculum was removed at the assay time point, followed by 2X wash with 150 uL of
PBS. 50 uL of NanoGlo substrate diluted 1:50 in Nano Assay Buffer was added to each
well, followed by a three-minute incubation. Plates were read by a BioTek Cytation 5

instrument at a gain of 100.

Mosquito infections

For the micro-injection study, Rockefeller strain Aedes aegypti mosquitoes were
injected (100 nL) intrathoracically with virus diluted in PBS so that each mosquito received
50 FFU. Mosquitoes were cultured at 28°C for 8, 12, and 18 days. For blood feeding study,
sheep’s blood was centrifuged at 1000g, 4°C for 20 minutes to separate plasma and cells.
The plasma was heat-inactivated at 56°C for 1 hour and the cells were washed twice with
PBS after which they were combined again. The blood was spiked with virus to a
concentration of 2x10° FFU/mL. Engorged mosquitoes were further reared and harvested
at 8, 12, and 18 days. At the time points indicated mosquito samples from both experiments
were thoroughly homogenized (Qiagen TissueLyser II) in 200 uL. PBS and centrifuged to
pellet the tissue. 50 pL of supernatant was used for both RT-qPCR and luciferase assay.
RNA was harvested using Qiagen RNeasy minikit and used in a Tagman RT-qPCR

reaction targeting a region in NS5. Aedes aegypti actin served as a control. For luciferase
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assay, 50 uL of supernatant from homogenized mosquito was added to a 96 well opaque
white plate, followed by addition of NanoGlo substrate, diluted 1:50 in NanoGlo Assay
Buffer. Samples were read in a BioTek Cytation 5 plate reader. Background luciferase

levels (no mosquitoes) and clean, uninfected mosquitoes were used as negative controls.

Statistical analysis

Graphpad Prism 8 was used for graphing and statistical analysis. Statistical tests
used, as well as significance levels, are noted in the figure legends. All replicated values

are shown on each graph.

Ilustrations

Figures were created using Biorender and Abode Illustrator.
RESULTS

Panel of reporter flaviviruses

Reporter flaviviruses were constructed as first described by [84] using capsid
duplication lengths as found in the literature [84,87,89,91,93] (Fig. 3.1A-B). All viruses
except DENV3 and DENV4, which were assembled by in vitro ligation (Fig. 3.2), were
constructed using traditional, plasmid-based reverse genetics approaches [73]. DENV3 and
DENV4 full genomes are difficult to clone in bacteria, due to putative toxic elements
present [135,136]. The NanoLuc gene followed by the 2A sequence from thosea asigna
virus (T2A) were inserted between a duplicated portion of the capsid and the full-length
capsid. To help prevent homologous recombination, the codons in the capsid sequence
corresponding to the duplicated portion were scrambled to reduce homology. All full-
length DNAs were used as a template in an in vitro transcription reaction to generate full-
length RNAs, which were subsequently electroporated into Vero cells (for ZIKV, YFV,
and WNV) or baby hamster kidney (BHK) cells (for DENV1-4 and JEV).
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Immunofluorescence assay (IFA) was used to indicate viral spread, post electroporation
(Figs. 3.1B and 3.3A). Focus-forming assay shows all reporter viruses form distinct foci
(Fig. 3.1C), but no plaques when stained with crystal violet (data not shown). The IFA and
focus-forming results corroborate the viral replication kinetics among different versions of
reporter viruses (see later replication kinetic results in Fig. 3.3). To assess stability, viruses
were passaged ten times on Vero cells according to the scheme in Fig. 3.4A. RT-PCR
products corresponding to each passage show consistent band size for all viruses out to
P10, including West Nile virus (WNV) which results were obtained after the initial review
of this manuscript (Fig. 3.3B). The exception to this positive outcome is ZIKV and YFV,
which have the shortest capsid duplication, 25 amino acids (Fig. 3.1D). These two viruses
showed a decrease in band size during passaging. These results suggested that the length

of the capsid duplication may have an impact on virus stability.

Extended capsid duplication

The results from passaging these different flaviviruses indicated that a longer capsid
duplication could positively impact its stability. This hypothesis was tested by creation of
ZIKV and YFV C38 NanoLuc viruses. C38 was chosen based on the robust results from
DENV 1-4 using this length. During this time, Volkova, et al., published a report on reporter
ZIKV and the effect of capsid duplication size on replication. Their conclusion was that
C50 is the optimal length for viral growth, with this being the shortest length that was not
statistically attenuated compared to WT virus [82]. Based on this report, we also
constructed a C50 ZIKV. IFA results post-electroporation suggested that ZIKV C38 virus
replicated more robustly than the C25 and C50 virus, while YFV C38 showed little
difference compared to YFV C25 (Fig. 3.5A, compare to Fig. 3.1B). Focus size (Fig. 3.5B)
comparison between ZIKV C25 and ZIKV C50 showed little difference but, ZIKV C38
formed clear, larger plaques similar to non-reporter wild-type ZIKV (Fig. 3.4B). YFV C38
focus size was only slightly larger than YFV C25. The C38 ZIKV and YFV and C50 ZIKV
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were continuously passaged and analyzed for reporter gene stability by RT-PCR (Fig
3.5C). Unexpectedly, ZIKV C50 showed early instability, so only passaging results from
PO-P2 are shown. In contrast, ZIKV and YFV C38 were stable after ten rounds of
continuous cell culture. These results suggest that an optimal length of duplicated capsid
sequence (e.g., C38) is required for reporter virus stability. Under such condition, the
frameshift or other mutations in the duplicated capsid region is not required for the stability

of reporter virus.

Effect of extended capsid duplication on viral growth

The effect of capsid duplication length on viral growth was assessed on Vero cells.
Cells were infected with ZIKV C25, C38, and C50 at a MOI of 0.01 and assessed at 24,
48, 72, 96, and 120 h post infection by focus forming assay (Fig. 3.6A). ZIKV C38
replicated to significantly higher titers than ZIKV C25 and ZIKV C50, reaching 107
FFU/mL, at 24, 48, and 72 h post infection. ZIKV C25 and ZIKV C50 growth are similar
across the same time period, though ZIKV C25 titers did continue to increase until 96 h.
Conversely, growth comparison of YFV C25 and YFV C38 showed no significant
difference at any time point, despite YFV C38’s increased stability (Fig. 3.6B). DENV1-4
and JEV growth kinetics on Vero cells (MOI 0.01) show that DENVI1 replicated
significantly higher at times 24-96 h post infection (Fig. 3.6C). Together these data show
that among C25, C38, and C50, C38 is the most optimal capsid duplication length for ZIKV
replication. In contrast to these results, there seems to be no replication advantage for YFV
C38 over YFV C25.

To directly examine the effect of reporter gene insertion on viral replication, we
compared the replication kinetics between the parental wild-type ZIKV and the reporter
ZIKV C38 on Vero cells (Fig. 3.7A). The results showed that replication between the two
is similar at all time points but 72 h, where WT virus is 10-fold lower, possibly due to death

of the host cells.

72



Rapid neutralization tests and antiviral discovery

One of the aims of this study was to develop stable reporter flaviviruses for
neutralization tests and antiviral compound assays. As we have previously done, the stable
reporter viruses were used to test a panel of flavivirus-immune mouse sera (Fig. 3.8A) in a
four-hour neutralization test. NTso results are indicative of the previous infection with the
homologous virus yielding the highest NTso, though some cross-neutralization by
heterologous viruses was observed (Fig. 3.8B). Using the flavivirus inhibitor NITD008
[119,120], each virus was used in an antiviral compound assay (Fig. 3.8C). Increasing
concentrations of NITDO008 decreased luciferase expression compared to control (Fig.
3.4D) resulting in potent ECso values, comparable to previously published data
demonstrating sub-micromolar efficacy [119] (Fig. 3.8E). These results support our
previous data showing that NanoLuc-tagged flaviviruses can be valuable tools in rapid

sero-diagnostic assays and antiviral compound screens.

ZIKV C38 in mosquitoes

Reporter virus use in mosquito experiments is highly advantageous, where RNA
extraction from individual mosquitoes is time-consuming. Intrathoracic injection of
mosquitoes with ZIKV C25 showed no viral replication and no luciferase expression (data
not shown), possibly due to reporter gene induced replication attenuation. Because ZIKV
C38 had more robust luciferase expression compared to C25 in C6/36 cells (Fig 3.9A) we
characterized ZIKV C38 replication in whole Aedes aegypti mosquitoes by both micro-
injection, which surpasses the midgut barrier, and membrane blood feeding. Mosquitoes
were micro-injected in the thorax with 50 FFU ZIKV C38 and at days 8, 12, and 18, whole
mosquitoes were homogenized in PBS and assayed by both qPCR (Fig. 3.10A, left panel)
and luciferase assay (right panel). Although viral RNA did not increase from day 8 to day
12, the luciferase assay shows a statistically significant peak at day 12. In a separate

experiment, mosquitoes were allowed to feed on blood spiked with 2x10°® FFU/mL ZIKV
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C38. These mosquitoes were also homogenized on days 8, 12, and 18 and evaluated by
both qPCR and luciferase assay (Fig. 3.10B, right and left panel, respectively). By blood
feeding, ZIKV C38 titers increased at each time point by qPCR, though the increase was
not statistically significant. Corroboratively, the luciferase activities significantly increased
from day 8 to 18. Uninfected mosquitoes were also assayed (Fig. 3.10B, right panel) as a
negative control. These data show that ZIKV C38 replicates in Aedes aegypti mosquitoes

and luciferase output can be used to assay viral replication.

DiscussiON

Flavivirus reporter constructs have been notoriously unstable since they were first
reported [75,76]. Improvements in design [84] have increased the stability, but previous
efforts have fallen short of the high standard of ten passages. Here we report a panel of
NanoLuc-tagged flaviviruses with stability to at least ten passages in cell culture, which is
double the passages routinely reported. It was found that C38 ZIKV and YFV reporter
viruses were more stable than their C25 counterparts, and in the case of ZIKV, C38 had a
distinct replication advantage. Previous hypotheses for constructing reporter flaviviruses
assumes that shorter capsid duplication lengths would be more stable, due to a shorter
stretch of homologous sequence. These results challenge that assumption, suggesting that
C38 is optimal. The establishment of a stable reporter virus system will greatly facilitate
the production of reporter virus in cell culture through viral infection and amplification
rather than transfection of viral RNA transcribed from its infectious cDNA plasmid. The
ease of stable reporter virus production enables potential high-throughput flavivirus
neutralization testing and antiviral screening, as recently demonstrated for reporter SARS-

CoV-2 [137,138].

Many different cis-acting elements present in the flavivirus capsid coding region

have been mapped, including the 5’CS [34], the cHP [36], the 5" DAR [122], and the DCS-
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PK [40] (see Fig 1.1B). These elements work together to regulate RNA translation, genome
cyclization, and viral replication. C25 includes all of those elements except the full DCS-
PK, a pseudoknot that has been modeled in various flavivirus genomes, including ZIKV
[139], and experimentally been found to aid viral replication in DENV2 [140] and DENV4
[40]. Extending C25 to C38 includes the full DCS-PK (see Fig 1.1B), which may explain
the increased replication capacity of ZIKV C38 compared to ZIKV C25. We hypothesize
that the lack of the DCS-PK in ZIKV C25 caused increased selective pressure and helped
drive recombination. Inclusion of DCS-PK in ZIKV C38 lessened this selective pressure,
expanding its stability. In contrast, YFV C38 replicated very similarly to YFV C25,
supporting a model that YFV lacks, or has a shortened, DCS-PK [40]. Despite this, the
lengthened capsid duplication still had a positive effect on YFV stability. It remains to be

determined what RNA element in the C38 coding sequence facilitates YFV replication.

Previous work with reporter ZIKV identified C50 as an optimal length for capsid
duplication in relation to replication but its effect on stability was not independently tested
[82]. In our hands, C38 performed remarkably better in both stability and viral replication
when compared to C50. The discrepancy could be due to different ZIKV strains, different
sequences flanking the reporter gene, and the absence of a frameshift mutation which was
included to help block recombination. ZIKV C50 includes the DCS-PK, along with the
other required replication elements and as such would be expected to replicate similar to
ZIKV (C38. The extra capsid amino acids C39-C50, which contain residues shown to be
important in capsid dimerization [12], could allow the C50 capsid fragment to interfere
with full-length capsid, thus explaining the attenuation of C50 compared to C38. This
selective pressure, along with a larger region for possible recombination, could also be

driving the poor stability seen during passaging.
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We used sera from known virus-infected mice to demonstrate the utility of the
reporter virus for neutralization testing. The reporter virus neutralization assay has been
optimized in a 96-well format for high-throughput testing. For clinical use of the reporter
neutralization testing, the assay must be first validated using patient sera with well-defined
viral infections. The validation could be achieved by comparing the antibody neutralizing
titers derived from the conventional plaque reduction neutralization test (PRNT) with those
derived from the reporter virus assay. Efforts are ongoing to obtain the well-defined patient

sera to perform the clinical validation of reporter virus neutralization assay.

CONCLUSION

Together, these results demonstrate that extending the portion of capsid duplicated
to make ZIKV and YFV reporter viruses can increase their stability and in the case of ZIKV
enhance its replication capabilities in mammalian cells and whole mosquitoes. These data
help inform a new generation of stable flavivirus reporter constructs to be used for high-
throughput drug screens, serological diagnosis, pathogenesis studies, and transgene

delivery.
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Figure 3.1 Panel of Reporter Flaviviruses.

A. Scheme of NanoLuc insertion in the flavivirus genome. The duplicated capsid portion
varies from 25 to 38 amino acids, depending on the virus. The white beginning of the capsid
gene indicates the codon scrambling to reduce homology with the duplicated portion. B.
Virus, corresponding number of capsid amino acids duplicated, and representative [FA
images from Day 1 to 3 post electroporation. The pan-flavivirus envelope antibody 4G2
was used to probe for virus and cells were counterstained with DAPI. C. Focus-forming
assay after 4-day infection on Vero cells. D. Genetic stability results after two independent
series of ten passages in Vero cells. Viral RNAs from each passage were used as templates
in an RT-PCR reaction with primers that spanned the 5 UTR to the capsid. Full-length
band sizes are as follows ZIKV: 1,162 bp; DENV1: 1,086 bp; DENV2: 1,128 bp; DENV3:
1,126 bp; DENV4: 1,131 bp; YFV: 1,282 bp; JEV: 1,360 bp.
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Figure 3.2 DENV3 and DENV4 In vitro ligation cloning scheme

In vitro ligation scheme for DENV3 (A) and DENV4 (B). The nucleotide positions of each
fragment junction are indicated in red according to GenBank accession numbers EU482459

and FN429920, respectively.
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Figure 3.3 WNV IFA and Genetic Stability

A. Capsid duplication length of WNV along with IFA images stained with 4G2 and DAPI.

B. Stability results of passaged WNV-Nano, full length size 1,140 bp. Passaging done by

colleague Antonio Muruato.
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Figure 3.4 Passaging Scheme

A. Scheme for passaging reporter viruses. PO is used to denote viral stock recovered after
electroporation. 500 puL of PO was used to inoculate a T75 flask of confluent Vero cells.
Infection was allowed to proceed until cell death was observed. This was repeated until
P10 virus was obtained. Viral RNA was obtained from each passage and used in an RT-
PCR reaction that bridged the reporter gene. These products were run on an agarose gel to
observe band size. B. Focus-forming assay using WT ZIKV on Vero cells after a 4-day

infection.
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Figure 3.5 Extended Capsid Duplication.

A. Virus, corresponding number of duplicated capsid amino acids, and representative Day
1 to Day 3 IFA images. The anti-flavivirus envelope antibody 4G2 was used. B. Focus-
forming assay on Vero cells after four-day infection. C. Reporter gene retention after ten
passages on Vero cells. RT-PCR products covering the reporter gene are shown for the two
independent passaging series. ZIKV C50 passaging was discontinued after P2 due to loss
of reporter gene. Band sizes corresponding to the full-length reporter gene are as follows

ZIKV C38: 1,201 bp; ZIKV C50: 1,237 bp; YFV C38: 1,321 bp.
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Figure 3.6 Effect of Capsid Duplication Length on Viral Growth.

Multi-step growth kinetics (MOI 0.01, n=3) on Vero cells, using focus-forming assay to
quantify growth for A. ZIKV C25, C38, and C50; B. YFV C25 and C38; C. DENV1-4 and
JEV. 2-way repeated measures ANOV A with Tukey’s multiple comparisons test was used
to assess significance for A and C. 2-way repeated measures ANOVA with Sidak’s
multiple comparisons test was used for B (p>0.5=ns, p<0.5=*, p<0.1=**, p<0.01="***,

p<0.001=%*%%),
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Figure 3.7 ZIKV and ZIKV WT Growth Comparison

A. Growth kinetics comparison of ZIKV C38 and WT ZIKV on Vero cells (MOI 0.01,
n=3). Significant differences were assessed with 2-way repeated measures ANOVA with
Sidak’s multiple comparisons test (p>0.5=ns, p<0.5=*, p<0.1=** p<0.01=***,

p<0.001=****)_Data for ZIKV C38 is the same as shown in Fig 3A.
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Figure 3.8 Neutralization and Antiviral Assays.

A. Reporter virus neutralization scheme. Vero cells were seeded in an opaque, white 96

well plate at 1.5x10* cells per well the day before. Sera samples were two-fold serially
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diluted, starting at 1:50 and then mixed with equal volume of virus and incubated for 1 h
at 37°C. The sera:virus mixture was then used to inoculate Vero cells in a 96 well plate.
After 4 h incubation at 37°C, plates were washed twice with PBS and then NanoGlo
substrate was added and luciferase levels read by plate reader. B. NTso values of a panel of
mouse sera tested with the stable reporter viruses. For ZIKV and YFV NTso tests, the C38
virus was used in both instances. C. Antiviral assay scheme. Huh7 cells (1.5x10% cells per
well) were seeded the previous day. NITD008 was two-fold serially diluted starting at 10
uM. The dilutions were mixed with virus and plated on the Huh7 cells in a white, opaque
96 well plate and incubated at 37°C for 48 h. Following a 3X PBS wash, results were read
by plate reader after addition of NanoGlo substrate. D-E. ECso results from testing
NITDOO0S8 against the panel of stable reporter viruses in both graphical and table formats,

respectively.
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Figure 3.9 Kinetics of luciferase expression on C6/36 cells.

C6/36 cells were infected at MOI 0.1, n=3 and assayed for luciferase activity at 24, 48, 72,
96, and 120 hours for ZIKV (A), YFV (B), and DENV or JEV (C). 2-way repeated
measures ANOVA with Tukey’s post-hoc test was used to assess significance (*=p<0.05,

*k=p<. 0,01, ***=p<0.001, ****=p<0.0001).
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Figure 3.10 ZIKV C38 Nano in Mosquitoes.

A. Aedes aegypti mosquitoes were micro-injected with 50 FFU ZIKV C38 Nano (n=30 per
day). On days 8, 12, and 18, whole mosquitoes were collected and individually
homogenized in PBS. Samples were analyzed by both qPCR (left panel) or luciferase assay
(right panel). B. Aedes aegypti mosquitoes (n=50 per group) were inoculated by membrane
blood-feeding on sheep’s blood spiked with 2x10°® FFU/mL ZIKV C38 Nano. Mosquitoes
were then analyzed as in panel A. For the luciferase assay, clean (uninfected) mosquitoes
were used as a control. Values for luciferase activity are reported relative to background
(no mosquito) levels. ANOVA with Tukey’s post-hoc test was used to assess significant
differences in all panels (p>0.5=ns, p<0.5=*, p<0.1=** p<0.01=*** p<0.001="****),

Data generated by colleague Yang Liu.
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DISCUSSION

Chapter 4: Development of Stable Transgene-bearing Flaviviruses

INTRODUCTION

As detailed in the introduction, progress had already been made in increasing the
stability of flavivirus reporter constructs [79,84,87,91] over what was initially published
[75,100]. This work builds further on that, describing two different methods,
recombination-dependent lethal mutations and extended capsid duplication, that can
further increase the stability of reporter flaviviruses, focusing initially on ZIKV as a model,
but also expanding to a panel of the most medically relevant viruses including all four

DENV serotypes, JEV, YFV, and WNV [101,141].

RECOMBINATION-DEPENDENT LETHAL MUTATIONS IN OTHER FLAVIVIRUSES

After showing that recombination-dependent lethal mutations successfully stabilize
reporter ZIKV and YFV, we sought to apply this method to DENV1-4 and JEV to have a
panel of stable viruses. Thus each virus was cloned first without any mutations and then
also initially with four or five capsid mutations in similar locations as was done with ZIKV
and YFV. To our surprise, these viruses were substantially less tolerant of these mutations
than ZIKV and YFV. This was most explored with JEV, in which WT reporter virus grew
to greater than 108 FFU/mL while virus with 5 mutations was unrecoverable, 4 mutations
grew to 10* FFU/mL, 3 mutations grew to 103 FFU/mL, and 2 mutations grew to 10’
FFU/mL. This observation is exemplified in comparison of IFA data from the different

JEV reporter viruses (Fig 4.1)

It is expected that a greater number of mutations would exacerbate attenuation, but

this was a more marked case than was seen with ZIKV or YFV. It is still unknown exactly

88



how these mutations attenuated the virus, though it is expected that these mutations are
disrupting RNA elements and structures that enable efficient genome replication. It
highlights the differences between flaviviruses in this region and hints that what is
applicable in one virus does not always translate to its close relative. It seems that JEV is
more sensitive to changes in the RNA sequence and structure around the cis-acting RNA
elements than ZIKV or YFV. Whether that difference in sensitivity is from differences in

RNA structure or NS5 recognition, or a combination of both, remains to be seen.

COMBINATION OF METHODS

Multiple methods have recently been published to enhance stability of reporter
flaviviruses, two of which are described here. The question arises if they are compatible to
be used in conjunction with each other to further stabilize the reporter virus. When
Volkova, et al. described the frame-shift mutation to stabilize reporter ZIKV [82], they first
tested capsid duplication lengths, surmising that C50 is the optimal length, and then added
the frame shift mutation. Neither were tested independently of each other for stability. Our
own results suggest that C50 is not stable by itself, though C38 is. With the idea that a
frameshift mutation was less attenuating than capsid mutations, we have made trans-gene
bearing ZIKVs that combine both C38 and the frameshift mutation in an effort to further
increase stability. Though still early, preliminary results suggest that the effect of these are
not additive, as addition of a frameshift mutation had little, if any effect, on transgene
stability. The frameshift mutation is not detrimental to the virus if the recombination
happens at a point that is beyond the return of the normal reading frame (thus downstream
viral proteins are in-frame). Alternatively, recombination can occur in such a way that will
restore the original reading frame (i.e. in the middle of a codon instead of between them).
It may also be that the frameshift mutation is more beneficial for stability in the context of

the extra 12 amino acids found in C50 than in C38.
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Recombination-dependent lethal mutations are also susceptible to some of these
faults, as they do not stop recombination from occurring within a long transgene, only from
C25 to the full capsid. Indeed, longer reporter genes, such as mScarlet (696 bp) [142] or
iRFP670 (933 bp) [143], are not as stable as NanoLuc (513 bp) in this system (Fig 4.2).
Despite this, recombination-dependent lethal mutations may be a more robust method for
stabilization of reporter flaviviruses. In virus with C38 and a frameshift mutation (C38a),
recombination events from the end of C38a into the beginning of the capsid gene were
observed (see Fig 4.3). In this scenario, C38 is out of frame but the greater balance of the
capsid protein is in-frame and this virus is viable, in part we believe, due to the presence
of positively charged amino acids still present in the frameshifted C38. If, instead, this C38
virus was further stabilized by recombination-dependent lethal mutations, the charge
change brought by capsid mutations would render this particular recombined virus
deficient in viral particle formation. Thus, an immediate future direction is the creation and
characterization of recombination-dependent lethal mutation-bearing C38 ZIKV and YFV
for testing of this hypothesis. It is believed that these methods would be synergistic and

further stabilize the transgene.

FURTHER OPTIMIZATION

Further optimization, beyond combination of methods, of the stable reporter viruses
reported here is possible, as has been shown with reporter JEV and the optimization it
underwent [98,99]. Though many different factors could be contributing to the attenuation
that occurs when engineering foreign genes into the flavivirus genome, including differing
codon usage, added genome length and possible packaging constraints, and changes in
polyprotein structure, the proximity of 5° gene insertions to cyclization signals lends itself
to the possibility that perturbation of these elements is the greatest source of attenuation.
The conclusion that C38 is more stable and robust than C25 because it contains a more

complete set of these signals also supports this hypothesis [141].
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Understanding of the regions important for cyclization and replication has
expanded immensely over the past two decades [42,117,118]. The original methods
utilizing in silico modeling, biochemical probing, and reverse genetic approaches have also
been supplemented with newer methods such as next generation sequencing techniques
[139] and RNA crystallography. These methods have been instructive for determining WT
conformations, but how transgenes interact with these signals on an RNA level is still
unknown. Probing of the RNA structure of reporter flaviviruses could identify sequence
and structural motifs that inhibit normal interactions and allow improvement of the reporter

gene sequence, resulting in a virus superior in replication and stability.

FUTURE DIRECTIONS

Beyond combining ours and other’s methods to test if they can work in tandem and
determining the RNA structure of the reporter insertion, there remain a number of other

future directions and further applications of the platforms discussed above.

Flavivirus Diagnostics

Infections with different flaviviruses are often difficult to distinguish from one
another, as they are often endemic in overlapping areas and are accompanied in many cases
with non-specific symptoms, such as fever, rash, malaise, and arthralgia [144]. The surest
way to diagnose infection is by RT-PCR, but the window of viremia is often fleeting, and
so serological tests are used [123]. Despite having a much longer timeframe for effective
diagnosis, differentiating different flavivirus infections by is serological also complicated
due to the high cross-reactivity of immune sera. To date, the most specific tests for
serodiagnosis remains the plaque-reduction neutralization test (PRNT) [103,145] though

the test requires skilled technicians, biocontainment, and long incubation times [123].
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Recent work in our lab, including that described here, has employed reporter viruses to

dramatically limit the incubation down to 24 or even 4 hours [101,103,141].

While the incubation time has been decreased, the 4-hour rapid neutralization tests
have not yet been compared head-to-head with traditional PRNTs. This comparison is
needed to ensure the rapid test performs similarly to the traditional assay and this remains
an outstanding research aim. We are optimistic that this comparison will show the rapid
neutralization tests are a good substitute based off of positive results from the small amount
of human patient ZIKV-immune serum samples tested [101] as well as previous head-to-
head comparisons made using a similar assay [146]. A large panel of human immune sera
against our panel of reporter flaviviruses, tested both against analogous and heterologous

sera, will enable these viruses to be validated for clinical diagnosis.

Glioblastoma

Glioblastoma, a particularly recalcitrant type of brain tumor, effects over 12,000
people in the United States every year and has a bleak survival rate of 5% at five years
[147]. Current therapies are limited, namely resection followed by radiotherapy and the
chemotherapy drug temozolomide, which altogether increase the two-year survival rate
from 10% to 27% [148]. The most recent advance was the addition of tumor-treating fields
(TTF) to therapeutic options. These electrical fields target dividing cells and were shown
to increase progression-free survival by 2.7 months in conjunction with temozolomide
compared to temozolomide alone [149]. Despite these advances, prognosis is still bleak
and new therapeutics, like immunotherapies, oncolytic viruses, and targeted therapies, are

slow to come [147].

One of the prevailing hypotheses explaining, among other hurdles, the difficulty in

treating glioblastoma is that of the cancer stem cell theory. In this theory, a subset of stem
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cell-like cancer cells retains the ability to differentiate into the different malignant cell
populations. These cells can initiate new tumors, are responsible for metastasis, and are
also resistant to chemotherapy [150]. Stem-like cells have been identified in glioblastoma
[151,152], and have been experimentally shown, in at least some cases, to arise from neural
stem cells (NSCs) which accumulate low level mutations [153]. Additionally, these
glioblastoma stem-like cells (GSCs) have been directly implicated in chemotherapy
resistance and tumor recurrence [154]. Taken together, the evidence is accumulating for

targeting GSCs as a novel and effective cancer therapy.

The neurotropic ZIKV has been shown to preferentially infect NSCs and neural
progenitor cells (NPC) over neurons or glial cells [155,156]. Immune activation causes
shrinkage of this cell population and cell death [157,158]. Other work shows infection
inhibits neurogenesis and induces autophagy [29]. Given ZIKV’s ability to preferentially
infect NSCs over other neural cell types, it was tested in several models of glioblastoma
both as WT virus [159] and attenuated vaccine strain [160] in an effort to see if it would
target the difficult to treat GSCs. These studies showed that ZIK'V targets the stem-like cell
populations in glioblastoma just as it does in benign tissue, and that intracranial inoculation
in tumor bearing mice significantly improved survival. Experiments with other CNS
tumors showed similar stem-cell like targeting and increased survival in the treatment
group [161]. These show that treatment of glioblastoma using ZIKV may be a viable new

therapeutic.

Given ZIKV’s status as a potential new cancer therapy, we hypothesized that its
oncolytic activity could be enhanced by stable engineering of a transgene. This increased
cell killing could be achieved by applying a number of different approaches, including gene
therapy, immune activation, and checkpoint blockade [162,163]. In typical gene therapy

treatments, foreign genetic material is introduced into cancer cells by either adenovirus or
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retrovirus vector. These genes include known drug targets, such as herpes virus thymidine
kinase or bacterial/fungal cytosine deaminase. These enzymes, once introduced to the cell,
can then convert prodrug, given locally or systemically, into a cytotoxic active drug, killing
the host cell [163]. Immune activation works by stimulating the body’s natural, anti-cancer
immune response to help control aberrant proliferation. The CNS is typically thought of as
an immune-privileged site, though this dogma is changing [164], and cytokines such as IL-
2, interferon, or GM-CSF, may help stimulate the desired anti-cancer response. Lastly,
immune checkpoint blockade uses antibodies to target the tumor-initiated downregulation
of the immune system by PD-1/PD-L1 (programmed cell death protein 1/programmed cell
death protein 1 ligand) and CTLA4 (cytotoxic T-lymphocyte-associated protein 4)
[162,165].

ZIKVs bearing transgenes covering these different methods of increasing its
effectiveness as an anti-glioblastoma therapy are currently being designed and tested. This
represents a novel and exciting application of the stable reporter virus technology and

demonstrates its ability to be translated to other areas of medicine.

Bioluminescent Imaging

Luciferase expression can be monitored in real-time through the skin of live
animals using highly sensitive charge-coupled device cameras in bioluminescent imaging
(BLI). Used in gene expression studies [166—168] and frequently in oncology to monitor
tumors [159,160], this technology was first applied to an infection model using bacteria
transformed with bacterial luciferase [169] and then later in viral infections with herpes
simplex virus, Sindbis virus, and vaccinia virus [170—172]. In all of the above examples,
light output correlated with pathogen levels and was localized to specific body areas or
tissues. The power of this type of model comes in the continual monitoring of infection in

the same animals, instead of the serial sacrifice of infected animals that is required for
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monitoring any tissue besides blood. The effect of antibiotic, antiviral, or interferon

treatments can also be monitored by this method.

BLI has been used to study both DENV2 [90] and JEV [93]. In DENV2 infection
of AG129 mice by intravenous route, luciferase expression was detected at the site of
infection and spread to associated lymph nodes and other areas of the gut. To further tease
apart locations of DENV infection in this model, organs were also imaged ex vivo, with the
surprising finding that gut-associated lymphoid tissue was infected as well as the spleen.
Luciferase levels dropped or were completely eliminated with treatment of antibodies or
antivirals. In JEV infection, BLI was used to image infection in the brain, as well as visceral
organs. Treatment with ribavirin and NITD008 were evaluated with this model as well as
immunization with the vaccine virus JEV 14-14-2. Similar work has also been recently
published using ZIKV [173]. The work with ZIKV shows similar dissemination and results
after treatment with immune sera as JEV but adds a new dimension by imaging pregnant

mice and the fetuses, enabling in vivo imaging of congenital infection.

Work with the alphavirus Chikungunya virus shows that infected mosquitoes can
also be imaged using BLI [174]. This potential opens up many future directions for
flaviviruses, most notably being the ability to image the complete infection cycle between
mammalian and insect hosts. These studies would start with the infection in mosquitoes,
which would be allowed to feed on and infect mice. Once the mice were viremic, fresh
mosquitoes would take a blood meal and the infection could be monitored at each stage.
This kind of long-term experiment could be highly useful in getting a full view of the effect
of mutations or medical interventions on the transmission cycle of flaviviruses; however,
this type of setup would also require a reporter virus with ensured stability. This remains
an outstanding goal of this project, one we have moved a step closer to showing that ZIKV

C38 NanoLuc replicates, and produces luciferase, in mosquitoes [141].
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Vaccine Platform

As has already been discussed, the 17D vaccine strain of YFV has been used as a
platform to vaccinate against other diseases, most successfully DENV and JEV. This has
been accomplished using prME chimeric technology first developed for DENV [57,175].
YFV17D has also served as an experimental vaccine against diverse conditions with the
insertion of short T and B cell epitopes, as well as longer gene insertions at junctions in the
polyprotein [176]. A recently released preprint shows the full S protein of SARS CoV2
engineered in the E/NS1 junction and indicates that this method can be used to successfully
vaccinate mice and hamsters against emerging pathogenic threats [177]. Though a
promising strategy, details on how the S protein was engineered and how stable it is were

not available.

The platform described here for stable reporter viruses could be easily adapted to
express foreign antigens in the backbone of vaccine strain flaviviruses like YF17D or JE
14-14-2. Possible protective antigens against important or emerging viruses include SARS
CoV2 S receptor binding domain [178,179], influenza stem fragments for universal flu
vaccination [180,181], GP38 from Crimean-Congo hemorrhagic fever virus [182], or the
head of Ebola virus glycoprotein [183]. Coupled with plasmid -launched DNA vaccination
technology [116,184], this platform could be used to rapidly develop, distribute, and

vaccinate against rapidly emerging diseases.

CONCLUSION

This work describes two methods that can be used to stabilize NanoLuc tagged
reporter flaviviruses, overcoming a long-standing hurdle in the use of these virological
tools. Recombination-dependent lethal mutations block virion formation if recombination
occurs and optimized capsid duplications relax replication constraints by providing

complete RNA replication signals. These stable viruses can be used in antiviral drug testing
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and rapid, 4-hour neutralization tests, as well as assaying pathogenesis in mosquitoes. They
have many potential future applications including flavivirus serodiagnosis, glioblastoma
treatment, live animal imaging and transmission studies, as well as rapid vaccine

development.
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JEV Nano IFA-Day 2

Number of

Mutations 5 4 4 3 2 0

Capsid MTEEPGGPGENRAINM  MTEEPGGPGENRAINM  MTEEPGGPGKNRAINM  MTEEPGGPGKNRAINM MTEEPGGPGKNRAINM  MTKKPGGPGKNRAINM
sequence LERGLPRVFPLVGVERVV LKRGLPRVFPLVGVERVV LERGLPRVFPLVGVERVV LERGLPRVFPLVGVKRVV LKRGLPRVFPLVGVKRVV LKRGLPRVFPLVGVKRVV

Figure 4.1 Increasing number of capsid mutations in JEV Nano.

IFA pictures from JEV Nano two days post electroporation. The number of mutations in
the capsid duplication are presented above each picture, as well as the sequence, with the

charge reversing mutations in red.
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DK23 mScarlet PO-P10 DK23 iRFP670 PO-P5

Series 1

Series 2

Figure 4.2 Stability of DK23 mScarlet and DK23 iRFP670

Reporter ZIKVs with the mScarlet and iRFP670 genes were passaged on Vero cells in two
independent series 10 (mScarlet) or 5 (iIRFP670) times. Stability was assayed by RT-PCR
on viral RNA from each passage covering the reporter gene region. A shift in band size

indicates instability.
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Figure 4.3 C38a Recombination.

Scheme indicates observed recombination events during passaging of C38 viruses with a

frameshift mutation (indicated by red +1 and -1).
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