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CHARACTERIZATION OF A NOVEL BIOLUMINESCENT REPORTER
PROTEIN FOR THE NON-INVASIVE PRECLINICAL IMAGING

OF VIRAL INFECTION

NADER CHEHADEH
ABSTRACT

RNA viruses pose significant public health concerns due to their high mutation
rates. This ability enables the rapid evolution of endemic viruses and the emergence of
new strains with enhanced virulence. Many RNA viruses originate from animals,
facilitating zoonotic transmission and the potential for pandemics. RNA viruses exhibit a
wide range of hosts, leading to interspecies transmission and the emergence of novel
diseases. Treatment options are often limited, and vaccine development can be
challenging due to genetic variability [1,2].

An exception that’s overcome this challenge is the Yellow Fever Virus (YFV). In
the early 20" century, a live attenuated strain of the YFV (17D) was deemed as an
effective vaccine against the mosquito-borne virus. Despite this progress, the virus
persists in endemic regions of Africa and South America, necessitating ongoing study
and surveillance. Continued research into the virus's biology, epidemiology, and
transmission dynamics is essential for maintaining global health security against this
enduring threat [3,4].

The integration of bioluminescent reporter genes into viral genomes presents a

cutting-edge approach in understanding how a virus propagates throughout the host. This
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allows for researchers to non-invasively track the infection's progression from start to
finish in laboratory animal models [5]. The aim of this study is to characterize a novel
bioluminescent reporter protein with increased tissue penetration ability for the
comprehensive non-invasive preclinical imaging of YFV infection. Such tool could open
novel avenues for the identification of critical host and viral determinants of viral disease,
and the evaluation of antiviral countermeasures.

In-vitro characterization of the novel reporter, NanoLSS1, was first achieved by
transducing A549 (Adenocarcinoma Human Alveolar Basal Epithelial) cells using a
lentiviral transduction system to demonstrate how the reporter emits signal at different
wavelengths [6]. Using a Bioluminescent Resonance Energy Transfer (BRET) system,
the reporter exhibits both excitation and emission peaks, with the excitation peak at
460nm and an emission peak of 615nm [7]. Both spectrophotometer and in vivo imaging
system (IVIS) platform were used to capture and quantify the emitted signals from the
transduced cells lines [8].

Specifically, different conformational variations of the NanoLSS1 were analyzed
to determine which exhibited the highest photon intensities emitted at multiple
wavelengths. The most optimal variation of the reporter was used in later experiments
[11]. By mimicking tissue depth using slices of ham overlayed over the transduced cell
lines, we also confirmed that NanoL.SS1 had the highest degree of tissue penetrance when
emitting signal [10] compared to conventional bioluminescent reporter, such as Nanoluc

[11].
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Utilizing a reverse genetics recombinant virus system, reporter proteins can be
introduced into a viral genome through PCR, resulting in viral particles expressing the
desired reporter genes upon infection and viral replication [9]. Using such system, we
successfully developed and rescued a NanoLSS1-expressing 17D virus. This newly
generated virus can infect 293T (Human Embryonic Kidney) and Huh7.5 (Hepatocyte-
Derived Carcinoma) cells, infection is associated with BRET function and a
bioluminescence emission peak of 615nm. The recombinant virus system was also
implemented to generate YFV-17D expressing Nanoluc to be used as a control for future
mouse infection studies.

Collectively, my work successfully characterized a novel bioluminescent reporter
protein for investigating viral dissemination into an infected host. My work open avenues
for unravelling novel facets of viral pathogenesis and developing innovative antiviral

countermeasures.
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INTRODUCTION
Yellow Fever Virus: A Forgotten Foe

Belonging to the Flaviviridae family of viruses, Yellow Fever Virus (YFV) is an
enveloped positive sense, single stranded RNA virus. YFV is endemic to regions in West,
Central, and East Africa with recorded outbreaks also documented as well as in Central
and South America [4]. Additionally, the ongoing climate change crisis is driving an
expansion of endemic regions of YFV and other flaviviruses increasing the threat of
Arbovirus outbreaks [12]. The increase in YFV cases in non-endemic or low risk areas
has raised the public concern about YFV, however there are still no effective antiviral
treatment options for the disease [1].

While the vaccine for YFV (YFV-17D) is one of the most effective vaccines to
date, its distribution is challenging due to increased demand in endemic areas and
manufacturing constraints from the complexity of producing the live attenuated virus.
These compounding issues necessitate the need to enhance our understanding of YFV
virus, its transmission, and disease caused by infection [13].

The primary carriers of the virus are the Aedes or Haemagogus mosquito species.
Transmission to humans occurs through from the bite of an infected mosquito, which
typically happens when a mosquito feeds on a non-human primate that is carrying YFV
and subsequently bites a person. This transmission between a non-human primate,
mosquito and human is known as the sylvatic cycle and is the primary cause of YFV
spread. Additionally, spread can occur through human-to-mosquito-to-human

transmission in urban areas where the sylvatic cycle is not possible. Despite vaccination



efforts and other initiatives such as mosquito eradication there are still outbreaks of YFV
in endemic areas [13].
History of YFV

Yellow fever has a long and devastating history marked by several significant
outbreaks (Figure 1). The first recorded epidemic occurred in 1648 in the Yucatan
Peninsula, though specific details are scarce. One of the most notable early outbreaks was
in Philadelphia in 1793, where the disease claimed about 5,000 lives out of a population
of 50,000, causing widespread panic and highlighting the limitations of contemporary
medical knowledge [14].

In the 20th century, scientific advancements began to change the trajectory of the
disease. In 1900, the Yellow Fever Commission confirmed that the Aedes aegypti
mosquito was the primary vector, leading to better prevention strategies. By 1937, Max
Theiler developed the 17D yellow fever vaccine, a critical tool in controlling the disease
[13].

Despite these advancements, yellow fever continued to cause significant
outbreaks. In 1986, West Africa experienced a severe epidemic with approximately
20,000 cases and 4,000 deaths, prompting international control efforts. Between 2005 and
2008, Sudan faced an epidemic that resulted in 732 cases and 166 deaths [15,16].

The 21st century has seen ongoing challenges with yellow fever. The World
Health Organization's (WHO) launch of the Eliminate Yellow fever Epidemics (EYE)
strategy in 2013 aimed to significantly reduce yellow fever cases through increased

vaccination and surveillance efforts. Advances in molecular biology from the 1960s to



the 1990s also contributed to a better understanding of the virus and improved prevention
strategies [17].

In 2016, Angola and the Democratic Republic of Congo reported over 7,000
suspected cases and at least 400 deaths. The following year, Brazil experienced a severe
outbreak with 777 confirmed cases and 261 deaths. In 2021, Ghana had 202 suspected

cases of Yellow Fever (YF) including 70 confirmed cases and 35 deaths [18].
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Figure 1: History of Yellow Fever Virus from 1648-2022
Clinical Manifestations of YFV
In many cases of YFV infection, patients are asymptomatic. However, the
infection can lead to a wide range of symptoms depending on the progression of the
disease. The initial stages involve an incubation period of 3-6 days, typically without any
signs of illness. After this period, individuals may experience flu-like symptoms such as

fever, headache, vomiting, and loss of appetite [10].



While many symptomatic YFV infections result in improvement and full
recovery, some progress to a state of viremia. In this second phase, more severe
symptoms begin to develop. The main organs affected are the kidneys and liver, leading
to jaundice, renal failure, and significant hepatic dysfunction. The infected individual
may also show signs of viral hemorrhagic fever, marked by bleeding from the mouth,
nose, and eyes [10,19]

Understanding the progression of YFV infection is crucial. After the initial bite
from an infected mosquito, the virus migrates to the lymph nodes and is later carried by
dendritic cells. The initial replication phase occurs in the lymph nodes before the virus
moves to the liver, where replication intensifies in hepatocytes, causing inflammation
[20]. Severe inflammation, known as a cytokine storm, results from a strong
proinflammatory response [21,22]. This, in turn, causes vasculitis, a narrowing of the
blood vessels due to immune system dysregulation, leading to shock from blood loss.
Widespread inflammation triggered by the body's response to YFV infection could
potentially lead to multi-organ dysfunction [23].

These combined symptoms contribute to a high mortality rate of 20-50% in
untreated cases. This emphasizes the importance of prompt and appropriate treatment for
YFV infections to reduce the risk of severe outcomes [24].

Vaccine Origins

In the early 20th century, researchers were able to isolate and study a pathogenic

variant of the YFV. Nicknamed "Asibi", after the West African patient it was derived

from, it is the parent strain of the vaccine that is commercially available today. The



process of developing the YFV vaccine involved serially passaging the Asibi strain by
inoculating the virus in mouse embryonic and brain tissues. The virus was extracted from
the tissues and further inoculated. This cycle was repeated several hundred times during
which the virus acquired mutations induced by adapting to the mouse host tissues.
Researchers monitored and selected for the virus progeny with reduced virulence [4]. The
final attenuated strain (17D) was chosen for its ability to stimulate an immune response
without causing disease, forming the basis of the YFV vaccine. Since there are no
approved antiviral treatments for YFV infection, vaccination is the primary method of
infection control [25]. By eliciting a robust immune response, the YFV-17D vaccine
provides long-term protection (30-35 years) against pathogenic strains of the virus
without causing disease [3]. With infections in the United States considered very rare,
visitors entering Yellow Fever endemic regions are recommended to be vaccinated [13].
Differences Between 17D and Asibi

The Asibi and 17D strains of YFV show significant differences that influence
their pathogenicity and immunogenicity. Genetically, they differ by 32 amino acids and
68 nucleotides, which play a crucial role in their distinct behaviors [26]. 12 specific
amino acid differences in located in the E envelope glycoprotein have been shown to
significantly affect the virus's entry pathways and immune response. YFV-17D uses
different cell entry pathways and promotes more efficient binding to host cells, resulting
in a robust antiviral response [27, 28]. In primary human vascular endothelial cells and
immune cells like Kupffer cells, macrophages, and dendritic cells, YFV-Asibi triggers a

stronger and more prolonged pro-inflammatory response compared to YFV-17D [29, 30].



Moreover, in dendritic cells, YFV-17D's restricted replication prevents apoptosis, aiding

better immune system activation and promoting the production of key cytokines in CD4+

T cells, enhancing adaptive immunity [31]. Understanding these differences between the

Asibi and 17D strains is essential for designing better vaccines and therapeutic strategies.
Reactions to Yellow Fever Vaccine

With over 500 million administered doses of the YFV vaccine, it remains one of
the most successful and safe vaccines to date [32]. Although rare, there have been
documented cases of adverse reactions to the YFV vaccine. Mild reactions include
headaches, myalgia, and a low fever which typically subside within a few days of
receiving the vaccine. Severe reactions are considered even more rare but are worth
noting. They can range from neurological diseases such as meningoencephalitis or
anaphylaxis to viscerotropic disease. Recent cases of yellow fever vaccine-associated
viscerotropic disease (YEL-AVD) were reported in individuals over the age of 60 in
Brazil, and historically, YEL-AVD has been documented with a bad lot of the vaccine in
the 1990s [33, 34].

While the overall risk of severe symptoms developing from vaccine
administration is low, the vaccine’s benefit to residents in endemic areas should be
considered. Travelers should consider being vaccinated when entering endemic areas or if
laboratory personnel are routinely working with the wild-type virus. Other factors, such
as residents living in high-risk settings where Aedes Aegyptus mosquitoes are prominent,

should also be considered [35].



Molecular Overview of YFV

YFV is an enveloped virus with a single-stranded, positive-sense RNA genome of
about 11,000 nucleotides. This genome contains a single open reading frame encoding a
large polyprotein of 3,400 amino acids, which is processed into ten viral proteins: three
structural proteins (Core, PrM, and E) and seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5). YFV initially binds non-specifically to
glycosaminoglycan heparan sulfate on host cells like hepatocytes and dendritic cells. The
exact receptor for the E envelope glycoprotein is unknown [36]. The assembly of YFV
particles is not fully understood, but it is thought that newly assembled nucleocapsids,
composed of core proteins and viral RNA, are engulfed within endoplasmic reticulum
(ER) membranes harboring the envelope glycoproteins E and PrM. These immature
particles migrate to the trans-Golgi network where they undergo glycosylation and
maturation [37,38,39]. The complete life cycle of YFV, including mechanisms of entry,
assembly, and replication, remains incompletely understood, necessitating further
research to develop potent antiviral strategies.

Implementation of Reporter Viruses for In-vitro Imaging

Using engineered reporter viruses, the spread of viral infection can be observed in
real time. Measurable signals such as fluorescence or bioluminescence are produced by
these viruses expressing different reporter genes (Figure 2). Infection dynamics, such as
the different stages of viral replication, viral pathogenesis, and susceptibility of certain

cell types or tissues, can be monitored using these reporter viruses [14,15].



Reporter viruses can potentially play a crucial role in tracking the effectiveness of
antiviral drugs in real time, providing insights into drug mechanisms and potential
resistance development. Additionally, they facilitate high-throughput screening assays to
pinpoint host factors involved in viral replication, thereby identifying potential targets for

therapeutic intervention. [40, 41].
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Luciferases: Bioluminescent Proteins
Bioluminescent proteins have been isolated from fireflies, deep sea shrimp, and

other organisms and are a naturally occurring phenomenon (Figure 3) [42]. In these

organisms, bioluminescent signal is produced when a substrate binds to a protein to

generate light. In some cases, ATP is required to facilitate this reaction. In scientific



applications, luciferase is commonly used as a bioluminescent reporter enzyme that has

helped to examine gene expression, monitor cellular process and many other applications.

The benefit of luciferase reporters is their ability to be used in both in vivo and in vitro

settings. Multi-wavelength imaging captures the emitted bioluminescence, allowing for a

nuanced analysis and quantifiable measurement of bioluminescent signal [43,44].

Throughout their use, luciferase proteins have been modified to enhance signal strength,

stability, and their effectiveness at reduced sizes. Unlike fluorescence-based techniques,

bioluminescence does not require external excitation light, minimizing background noise

and allowing for sensitive detection of low-level signals [45].
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Nanoluc: Small but Bright

Originally derived from the deep-sea shrimp Oplophorus gracilirostris, Nanoluc
(Nluc) stands out for its small size, rapid kinetics, and exceptional sensitivity. Compared
to larger luciferases such as Firefly Luciferase (61kDA) and Renilla Luciferase (36kDA),
Nluc’s (19kDA) smaller size allows for enhanced cellular penetration and more efficient
cloning into expression vectors [46]. Nluc utilizes furimazine (Fz) as a substrate, which
binds to the enzyme and undergoes oxidation to generate an excited-state intermediate.
This intermediate emits photons of light, producing a bright and stable luminescent signal
with a peak wavelength of 460 nm. Since Nluc’s discovery, there has been progress in
substrate evolution, significantly amplifying the produced signal when compared to other
luciferases [47]. This allows for a more sensitive readout of signal, requiring less protein
to produce a comparable signal to the larger luciferase. Unlike fluorescent proteins,
which require a continuous energy input for excitation, Nluc-mediated bioluminescence
does not deplete cellular ATP levels, minimizing stress on adjacent tissues and cells
[11,46]. Additionally, Nluc exhibits remarkable stability, retaining its luminescent
activity even after fixation with formalin, expanding the utility of Nluc in a wide range of
experimental settings [47].

Limitations of Reporter Viruses

The use of fluorescent and bioluminescent reporters in viral systems presents
some challenges, particularly in balancing reporter size with viral genome constraints.
Viruses, with their small genomes, tend to expel non-essential genomic material such as

reporter proteins, to enhance their fitness [48]. This expulsion can significantly impact
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viral replication Kkinetics or even result in the loss of the reporter gene during replication.
For instance, while large luciferase reporters like firefly and click beetle luciferase may
offer advantages such as higher emission wavelengths required for deeper tissue signal
penetration, the virus they’ve been introduced to might expel the reporter after the only
the a few replication cycles, rendering either the reporter obsolete or the virus non-
functional because of mutations [49]. In addressing these challenges, Nluc has emerged
as a promising reporter gene for studying viral infections [11].

Successfully implemented in various RNA viruses, including Hepatitis C virus
(HCV) and Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), Nluc
demonstrates only moderate effects on infection dynamics [2]. However, its emission
wavelength within the deep blue spectrum (350 to 495 nm), poses limitations for in vivo
imaging. Blue light, being rapidly absorbed by tissues, can only penetrate a depth of
approximately 0.3mm dermal tissue, resulting in weaker signals from an in vivo
perspective [11, 44]. This limitation hinders the early detection of viral replication, as
signals from low-level infections may be absorbed or might be too weak to be detected
[50].

To overcome these limitations, adaptations have been made to improve signal
intensities associated with Nluc [51]. Researchers at Promega have adapted both substrate
and enzyme constructs to significantly enhance signal intensity compared to previous
iterations of the reporter protein. However, this enhancement introduces another
challenge: with increased signal intensity, the localization of signals at deeper tissue

depths becomes more difficult. While the improved signal intensity is advantageous for
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detecting viral infections, especially at early stages, the difficulty in localizing signals in
deeper tissues poses practical challenges for in vivo imaging [52].
Bioluminescent Resonance Energy Transfer Reporter Systems

Bioluminescent Resonance Energy Transfer (BRET) leverages the transfer of
energy between a bioluminescent donor protein, such as luciferase, and an acceptor
fluorophore, enabling visualization of interactions at higher wavelengths and deeper
tissue depths [53]. When a luciferase enzyme reacts with its substrate, it results in the
emission of light. Bound to the luciferase donor is a fluorescent acceptor, such as a green
fluorescent protein (GFP) or a red fluorescent protein (RFP), that emit fluorescence when
excited by light of a specific wavelength (Figure 4). In the context of BRET signaling,
energy is transferred when photons emitted by the luciferase enzyme are absorbed by the

fluorescent protein, leading to energy transfer and fluorescent signaling [54].

<4—Acceptor

Substrate

Figure 4: BRET Construct Depicting the Interaction Between Substrate, Donor
Protein, and Acceptor Fluorophore
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A mechanism involved in BRET signaling that allows for minimal spectral
overlap is a long stokes shift (LSS). LSS refers to the difference between the excitation
and emission wavelengths of a donor and acceptor proteins. In the case of reporter
proteins that exhibit a long stokes shift, they can absorb light at a specific wavelength and
emit photons at a significantly longer wavelength. Longer emission wavelengths are less
prone to absorption by biological tissues, making them ideal for imaging through thick
tissues and facilitating deeper tissue light penetrance [55].

Developing a BRET system that utilizes Nluc as a donor protein and an acceptor
fluorescent protein that emits signal at a higher wavelength could address some of the
limitations of Nluc, particularly the issue of Nluc having sub-optimal tissue penetrance
for in vivo studies.

Circular Polymerase Extension Reaction System

Over the past decade, the circular polymerase extension reaction (CPER) system

has been employed to rescue positive-strand RNA viruses and incorporate reporter genes

into their genomes [9].
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NS1 proteins. B) Stages of the CPER reaction beginning by designing the virus fragments
required for the full virus assembly, transfecting them in permissive cells followed by
recovering virus particles expressing the reporter protein NanoLSS1b.

The general principle behind the CPER system (Figure 5) is to assemble full-
length viral genomes without the need for virus specific reagents. Using DNA
polymerase, overlapping fragments of the virus are annealed and extended to form the
complete circular DNA molecule. The flexibility of CPER allows for allows for the
modification of certain nucleotides of the viral genome or inclusion of various reporter
proteins. When transfected into permissive cells, the host cell machinery transcribes the
viral genome, producing viral particles with the desired modifications at a high titer. This

tool can be used to generate YFV constructs expressing reporter viruses without

disrupting the functionality of the virus [9].
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Goal of the Study

Traditional bioluminescent reporters like Nluc face limitations in in vivo imaging
due to suboptimal emission wavelengths and high signal intensities, which hinders signal
localization. By combining Nluc with RFP into a single polyprotein, we were able to
produce a novel reporter system (NanoLSS1) that utilizes a BRET system to address
these challenges. This advancement allowed for enhanced signal intensity without
compromising the localization of signals at deeper tissue depths. The goal of this study is
to characterize this novel bioluminescent reporter system. We show that NanoLSS1 emits
signal at a higher wavelength compared to Nluc, improving tissue penetration, and
enabling multi-wavelength signal observations.

Future goals will involve the confirmation of NanoLSS1 increased signal intensity
and penetration abilities in vivo upon 17D infection, enabling to gain novel insights into
the propagation of YFV within the host. This tool will open avenues for an increased
understanding of the viral and host determinants defining YFV virulence and attenuation,

and for evaluating novel antiviral drugs against this virus.
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METHODS
BSL-2 / BSL-3 Practices

Good laboratory practice and strict adherence to standard operating procedures
were implemented when handling potentially harmful biological specimens.

All YFV-17D isolates were handled inside a Class Il Biological Safety Cabinet
(BSC) following BSL-2 practices. This included all tissue culture work, transfections,
and plaque assays. Personal protective equipment (PPE) such as lab coats, gloves, and
eye protection were always worn when handling biological specimens.

Since the IVIS was in the BSL-3 suite, all experiments that involved using the
imager required following BSL-3 procedures, including dawning on the appropriate PPE,
and following the appropriate enter and exit procedures. Personnel entering the BSL-3
suite must wear solid-front and back-closing Tyvek suits, double gloves, foot covers, arm
sleeves and either be fitted for an N-95 respirator, or a HEPA filtered Powered Air
Purifying Respirator (PAPR).

Tissue Culture

Huh 7.5 and 293T cells were cultured under standard conditions to ensure optimal
growth and viability. Cells were maintained at 37°C in a humidified incubator with an
atmosphere of 5% CO2. The culture medium used was Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Cells were passaged at approximately 80-90% confluency to maintain

healthy growth and to prevent over confluency [65].
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Generation of NanoLSS1 Lentivirus
Human embryonic kKidney 293T cells (HEK293T) were transfected with a calcium
phosphate transfection to generate NanoL.SS1a or NanoLSS1b lentivirus. To do this,
3x1075 293T cells were plated in 6-well plate 24 hours prior to transfection. A mixture of
1ug of VSV g (plasmid 14888), 175ng of Gag Pol (plasmid add gene 14887), and 50 ng
of plasmids encoding pcDNA3.1 (NanoL.SS1). Media was changed 12-16 hours post-
transfection; cells were incubated in a cell culture incubator at 37°C 5% CO2 for 48
hours. Supernatant containing lentivirus was collected at 48 hours post transfection,
filtered with a 0.22 um filter, and stored at -80°C [56,57].
Generation of NanoLSS1 Cell Lines
Human lung adenocarcinoma cells (A549) were transduced with NanoLSS1,
NanoLSSS1a or 3xFT control lentivirus and incubated. This was done by plating 40,000
A549 cells in a 24-well plate for the day prior to transduction. Next day, media was

removed, and 1 mL of lentivirus was added to cells and incubated 24 hours [57,58].

Addition of
Substrate

Measure Signal

Transduction Selection
NanoLSS1 '
Variations | y

Nt

AS549 Cells A549
Expressing
NanoLSS1

Figure 6: Transduction Workflow A549 cells were transduced to express the different
reporter constructs to be later plated and imaged when supplemented with furimazine
medium.

By transducing A549 cells with lentiviral particles carrying variations of the

NanoLSS1 protein and the original Nluc protein, we generated four different cell lines

expressing different versions of the reporter proteins and one cell lines expressing Nluc.
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This approach allowed us to study the behavior and characteristics of the reporter
proteins in a controlled setting, providing insights into their function and utility for future
experimental applications.

IVIS Imaging

Images and measurements for Figures 10, 11, and 12 were acquired using the in
vivo imaging systems (IVIS) (Perkin ElImer, MA). An open wavelength channel was used
to detect all luminescent signal detected from the samples between 500 and 840 nm.
Followed by this capture, the VIS would detect and quantify luminescence through
wavelength channels in increments of 20 nm from 500 to 840 nm.

Wavelength Tissue Depth Penetration

The various transduced cell lines were plated at equal densities on a black 96 well
plate, with each variation seeded across two columns of the plate. The following day,
furimazine was added, and the plate was imaged using the IVIS system. First, images
were captured under an open wavelength channel to detect overall signal emission,
followed by imaging through the 640 nm wavelength channel.

On the same 96 well plate, 2mm slices of ham (purchased from a grocery store)
were placed across the top of plate and imaged periodically on the VIS after each 2mm
slice. Signal intensities of each column were recorded through the open wavelength
channel. This was meant to compare signal intensities of each reporter construct to Nluc
and to replicate tissue depth from an in vitro perspective. Images and calculations are

displayed in Figures 11 and 12.
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PrimeStar PCR Amplification

For the PCR reactions, each 50 pl reaction mixture contained 50-100 nM of
whole YFV-17D plasmid, 10 uM of the forward primer, 10 uM of the reverse primer, 25
pl of PrimerSTAR Max DNA Polymerase, and nuclease-free water to reach a total
volume of 50 ul. This setup was repeated eight times, each time using a different set of
forward and reverse primers to amplify different fragments of the plasmid. The primers
are listed in the figure below. Once the reaction mixtures were prepared, they were
aliquoted into separate PCR tubes. The tubes were then placed in a thermal cycler and
subjected to the following conditions: initial denaturation at 98°C for 10 seconds,
followed by 35 cycles of 98°C for 10 seconds, 55°C for 2 seconds, and 72°C for 30
seconds. Finally, an extension was performed at 72°C for 120 seconds. The reactions
were then held at 4°C until ready for further analysis [59].

Agarose Gel Preparation and Extraction

Agarose gel electrophoresis was performed to separate DNA fragments. To
prepare the gel, 3.5 grams of agarose powder were dissolved in 35 ml of 1X TAE buffer
by heating in a microwave for 45 seconds until fully dissolved. After cooling slightly,
2.45 pl of Cybersafe DNA stain was added and mixed thoroughly. The solution was then
allowed to cool to approximately 50-60°C before being poured into a gel casting tray
with a comb to create wells. The gel was left to solidify at room temperature for 20-30
minutes. Once solidified, the comb was removed, and the gel was placed in an
electrophoresis apparatus submerged in 1X TAE buffer. PCR products mixed with gel

loading dye were loaded into the wells along with a DNA ladder. The gel was run at 100-
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120 volts for 30-60 minutes. After electrophoresis, DNA bands were visualized using a
UV transilluminator, and desired bands were carefully excised with a scalpel.

For gel extraction, the excised gel slices were transferred to microcentrifuge tubes
and weighed. Three volumes of gel-dissolving buffer were added, and the mixture was
incubated at 50-60°C for 10-15 minutes until the gel was completely dissolved. The
dissolved gel solution was applied to a spin column in a collection tube and centrifuged at
13,000 rpm for 1 minute to bind the DNA to the column membrane. The column was
washed with 700 ul of wash buffer followed by centrifuging at 13,000 rpm for 1 minute
and discarding the flow-through. The column was centrifuged for an additional 1 minute
to remove residual wash buffer. DNA was eluted by adding 30-50 pl of elution buffer or
nuclease-free water to the center of the column membrane, incubating for 1 minute at
room temperature, and centrifuging at 13,000 rpm for 1 minute. The concentration and

purity of the eluted DNA were measured, and the DNA was stored at -20°C until further

use.
Region of
Primer YFV Fragment
Name Primer Sequence Amplified  Amplified
EC-
001 gctcgtttagtgaaccgtagtaaatcctgtgtgctaattgaggt F1 FWD
EC- 5 UTR -
002 gtaattccaatgcagtgagctgagtaggccggaccaacagc PrM F1 REV
EC-
003 ttggtccggcectactcagctcactgcattggaat F2 FWD
EC-

017 attaattgcacagccctggtcegecccaactcctagagacaaaaa E Protein  F2 REV
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EC-

018 tgtctctaggagttggggcggaccagggctgtgcaattaa NeonGreen- F3 FWD
EC- DenV

019 aagttgatggcgcatccttgatccgcttgaaccatgactccta Linker F3 REV
EC-

020 gtcatggttcaagcggatcaaggatgcgccatcaact F4 FWD
EC-

006 agtgcctcattcactgggatactccttcgcccaaatatg NS1-NS2A F4 REV
EC-

007 caacccgcatatttgggcgaaggagtatcccagtgaatgaggcac F5 FWD
EC-

008 aactagcacttcagcagctcccctcctaccttcagcaaactta NS2B-NS3 F5REV
EC-

009 aatttattaagtttgctgaaggtaggaggggagctgctgaagtgcetagtt F6 FWD
EC- NS4A-

010 aaagtttttccattcgcgctcececececggegtecagttttcatcttccatagattgta NS4B F6 REV
EC-
011 tatggaagatgaaaactggacgccgggggagcgcgaatggaaaaacttt F7 FWD
EC-
014  aggtggagatgccatgccgacccttaagtggttttgtgtttgtcatccaaa NS5-3' UTR  F7 REV
EC-

015 atgacaaacacaaaaccacttaagggtcggcatggcatcctcca F8 FWD
EC- Linker
016 cacctcaattagcacacaggatttactacggttactaaacgagct Protein F8 REV

Table 1: Primers used to amplify YFV-17D expressing Neon Green.
TOPO Vector Cloning

The previously amplified and gel purified YFV-17D fragments are cloned into a
pcDNA mammalian expression vector plasmid [60]. Stellar competent cells were
employed to introduce the PCR fragments and the pcDNA vector. The competent cells,
containing the cloned vector, were cultured at 37 °C and left overnight to achieve
confluence. The transformation product was subsequently plated on agar for antibiotic
selection, The transformed bacterial cells contain a plasmid expressing a Kanamycin

resistance gene that when plated on Kanamycin infused agar, selects for bacterial isolates
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that have successfully been cloned. Colonies were chosen from the plate and cultured in
TB broth, followed by plasmid extraction using the MACHEREY-NAGAL Plasmid kit.
The extracted plasmids underwent screening through restriction enzyme digestion and
DNA sequencing [61].
Initiating the CPER Reaction

After amplifying and synthesizing all the cDNA fragments, 0.05 pmol of each
fragment was calculated, and the eluted fragments were diluted to concentrations that
could be aliquoted to a minimum volume of 1 pL. For the PCR reaction, the mixture
(total volume: 50 pL) contained 10 pL of Primestar GXL polymerase, 4 pL of dNTPs, 10
uL of 5X buffer, 8 cDNA fragments, and nuclease-free water to adjust the total volume to
50 pL. The PCR protocol began with an initial denaturation at 98°C for 2 minutes,
followed by 34 cycles of denaturation at 98°C for 10 seconds, annealing at 55°C for 15
seconds, and extension at 68°C for 15 minutes. A final extension was performed at 68°C
for 15 minutes, and the reaction was then held at 25°C in the thermal cycler. The total
reaction time was approximately 10 hours, allowing it to be left overnight if necessary.
For a negative control, the reaction was replicated omitting one large fragment (F7).

Ligation of Circular Products

To seal the nicks between all the bound overlapping fragments, 1 pL of NAD+, 1
ML of Hifi Taq ligase is added to PCR reaction at room temperature. The reaction is
placed in a thermal cycler and put at 50°C for 30 minutes, 60°C for 30 minutes and kept

at 25°C. This is the final product to be used in the reverse transfection process [9].
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Reverse Transfection

A confluent T75 flask of 293T cells was trypsinized by first removing the media
using a vacuum suction pipette, then washing the cells with 5 mL of PBS distributed
evenly using a "T" movement. The PBS was removed, and 2 mL of Trypsin was added to
the flask, ensuring complete coverage of the surface. The flask was incubated at 37°C for
2-3 minutes until the cells detached. After the cells had fully detached, 8 mL of DMEM
was added to the flask, and the mixture was pipetted up and down to create a single-cell
suspension. One milliliter of this suspension was transferred back into the flask for future
use, and the remaining suspension was used for plating. This is repeated for another flask
of Huh7.5 cells.

To obtain a cell count in the suspension, 10 pL of trypan blue was mixed with 10
pL of the cell suspension to achieve a 1:1 dilution, which was then loaded into a
hemocytometer. An automated cell counter was used to take eight images and calculate
the average cell count per mL. 1*1076 293T cells are resuspended in 3.5 ml of DMEM to
be used for reverse transfection.

The CPER reaction is mixed with 500 puL of OptiMEM and 12 ul of Mirus
TransIT-X2® Dynamic Delivery System in an Eppendorf tube. After incubating for 20
minutes, the transfection mixture is added into the 293T cell suspension which is later
plated on to 2 wells of a 6 well plate. While the reaction is taking place, 2*10"6 Huh7.5
cells are seeded onto a T75 flask.

The next day, the media from both the flask and wells in replaced by DMEM

supplemented with 2% FBS. The now transfected 293T cells are collected by flushing
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directly with the overlaying media are then co-cultured with the Huh7.5 cells in the T75
flask. The difference in overall morphology between the two cell lines can be observed

under a bright field microscope.

Figure 7: Co-cultured Huh7.5 and 293T cells on Day 1 of the CPER reaction.

Over the next two days, infected media is collected and replaced with fresh
media. After two days, all cells will have dyed off and CPE can be seen across the flask.
The pooled supernatant is spun at 300g to remove any cellular debris and passed through
a 0.22um filter to be later used in a plaque assay to quantify the number of live infectious
particles.

Making 2X DMEM
To make the overlay medium required for plaque assays, 13.4g of DMEM

powder, 3.7g of NaHCO3, 10 ml of NA Pyruvate, 10 ml of Penicillin Streptomycin, 100
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ml of FBS and enough DI water are added to a flask on a heat block to get the total
volume to 500 ml.
Quantifying Viral Titers

To perform a plaque assay to quantify the viral titer of a Yellow Fever Virus 17D
stock, Huh7.5 cells were plated on a 24-well plate. The cell suspension was diluted to
90,000 cells/mL, and each well of a 24-well plate was seeded with 1 mL of this
suspension, resulting in 90,000 cells per well. The cells were incubated for 24 hours to
allow for adhesion. To enhance cell adhesion, the wells were treated with poly-L-lysine
prior to seeding the wells.

The viral stock obtained from the CPER reaction was prepared by performing 10-
fold serial dilutions. 900 pL of plain DMEM was aliquoted in each of five Eppendorf
tubes. 100 pL of the virus stock were added to the first tube and mixed thoroughly. From
this first tube, 100 pL was transferred to the second tube, mixed, and this process was
repeated until all five tubes contained serially diluted virus solutions. The media was
removed from the wells of the 24-well plate, and 200 pL of each viral dilution was added
to the wells, starting with the lowest concentration. The cells were incubated for 6 hours
at 37°C. For the overlay, equal parts of 2X DMEM and 20% methyl cellulose were
mixed.

After the 6-hour incubation, the viral inoculum was removed from each well, and
1 mL of the overlay solution was added to each well. The plates were incubated for 96
hours while being cautious as to not agitate the plate during incubation. After 96 hours,

the overlay was carefully removed from the wells, which were then washed with 1 mL of
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PBS. To fix the cell, 1 mL of 4% PFA was added to each well and incubated for at least 1
hour. In a fume hood, the PFA was removed, and the wells were stained with crystal
violet solution for at least 1 hour. The crystal violet was suctioned off after staining and
the plate was washed off with water and allowed to dry. Plaques were counted in wells

containing 15-40 plaques for accurate quantification.

Seed 90,000 Huh7.5 cells Prepare serial dilutions Remove media, rinse, then add 200
into plate wells of virus L of each dilution to all
_— —_—
v v
v L
W ¥~V ¥
1x10% 1x10° 1x10% 1x10° 1x10° J

[

Incubate for 6 hours. Then add 1 mL of Add 1 mL PFA to the overlay  Remove overlay disc and incubate Rinse with water and
overlay to each well and incubate for 96 hours and leave for 1 hour with crystal violet for 1 hour dry before examining
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Figure 8: Plaque Assay Procedure Step by step procedure on how to perform a plaque
assay.
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Figure 9: Stained Plaque Assay A 24 well stained plaque assay plate showing wells
with a completely blown out monolayer of Huh7.5 cells and others with visible plaques.
The first row quantified the viral titer of PO of YFV-17D-NanoLSS1b. The second row
quantified the viral titer of P1 of YFV-17D-NanoLSS1b. The third row quantified the
viral titer of PO of YFV-17D-Nluc. The fourth row quantified the viral titer of P1 of
YFV-17D-Nluc.
Generating Fragments Containing NanoL.SS1b and Nluc

To generate a fragment containing NanoLSS1b to be used in the CPER reaction,
the Neon Green reporter was put in its place NanoLSS1b. Through restriction enzyme
digestion, the plasmid containing the YFV-17D expressing the neon green protein was
linearized.

1mg of plasmid, 1ng of Agel restriction enzyme and enough nuclease free water

was added to a tube get the reaction to reach 50 ul. After incubating at 37C for 1 hour, the

reaction underwent gel electrophoresis and then gel purified.
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The primers used to amplify the NanoLSS1b and Nluc fragments are mentioned

in the table below.

Primer # | Sequence Amplified Region

DL-1157 aatttcgggaccggtatggtcttcacactcgaaga Agel to Nluc

DL-1158 | gaacgcattctggcgggcgecgcaacaaacttctct Nluc to P2A

DL-1159 | otitgttgcggegeccgecagaatgegticgcacage P2A to Nluc

DL-1160 | gaacattttaccggtcggtccaggattctcttcgacat DENV to P2A

DL-1103 | taatttcgggaccggatggtctctaagggtgagg Agel FWD

DL-1104 | cgaacattttaccggcggtccaggattctcttc Agel REV

Table 2: Primers needed to amplify NanoL.SS1b and Nluc genes.

The fragments are amplified using Q5 polymerase in a 50ul volume. 10ul of Q5
reaction buffer, 1 ul of dNTPs, 2.5ul of forward primer, 2.5 ul of reverse primer, 10 ul of
high GC enhancer, 0.5 ul of Q5 high fidelity polymerase and enough nuclease free water
to get it to 50ul are aliquoted into a 200ul tube. The tubes were then placed in a thermal
cycler and subjected to the following conditions: initial denaturation at 95°C for 2
minutes, followed by 5 cycles of 95°C for 15 seconds, 63°C for 15 seconds, and 72°C for
45 seconds followed by another 25 cycles of 95°C for 15 seconds and 72°C for 45
seconds to be finally kept at 4°C for later use. After the PCR cycle is complete, the
resulting product was subjected to electrophoresis on a 1% agarose gel for size-based
separation. The DNA fragments were then purified using the MACHEREY-NAGAL

PCR cleanup kit [62,63].
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PCR Gradient

Following the same conditions mentioned in Generating Fragments Containing
NanoLSS1b and Nluc, a PCR gradient was set up to troubleshoot amplifying the F8
fragment required for the CPER reaction. Primers EC-15 and EC-16 from Table 1 were
used were used to amplify a segment of the YFV-17D-NeonGreen backbone using Q5
Polymerase. Tubes were prepared in the same manner as the previous section and then
placed in a thermal cycler and subjected to the following conditions: initial denaturation
at 95°C for 2 minutes, followed by 5 cycles of 95°C for 15 seconds, followed by ranging
annealing temperatures between 60°C and 70°C and for 15 seconds, and 72°C for 45
seconds followed by another 25 cycles of 95°C for 15 seconds and 72°C for 45 seconds
to be finally kept at 4°C for later use. Based on the length and intensity of the band in the
agarose gel, it was excised out following the Agarose Gel Extraction method.

Bacterial Transformations

Using the Takara 5X Infusion Snap Assembly, 10-200ng of the purified PCR
fragments, 50-200ng of the linearized vector, 2 pl of 5X Infusion mix and enough
nuclease free water to get the reaction to 10 ul are aliquoted into a 200 pl tube. The
reaction is incubated for 15 minutes at 60°C then placed on ice.

JM109 competent cells were thawed on ice prior to adding 2 pl of the infusion
mixture to 50 pl aliquots of the bacterial cells. The tube is placed on ice for 30 minutes,
heat shocked at 42°C for 45 seconds, and then placed on ice for another 2 minutes. SOC

medium is warmed up to 37°C before being added to the competent cells to bring the
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final volume to 500 pl. This mixture is incubated for 1 hour at 37°C while shaking at 225
rpm.

The competent cells, containing the transformation mixture, were diluted at 1/10
ratio, and then subsequently plated on agar for antibiotic selection, utilizing Carbenicillin
and Kanamycin.

After incubating overnight at 37°C, colonies were chosen from the plate and
cultured in TB broth, followed by plasmid extraction using the MACHEREY-NAGAL
Plasmid kit. The extracted plasmids underwent screening through restriction enzyme
digestion and DNA sequencing [64].

Quantification of Bioluminescence Signals from Fixed Cells

The Varioskan™ LUX Multimode Microplate Reader (Thermo Fisher Scientific
Inc., Waltham, MA, USA) was used to image fixed Huh7.5 cells infected with the YFV
isolates expressing NanoLSS1b and Nluc. A 6 well plate seeded with 200,000 Huh7.5
cells was infected with the same dose of virus on each well (M.O.l. = 0.1). Cells were
fixed with 4% PFA at 24, 48 and 72 hours. After the addition of Fz, luminescence was
measured at 1000ms intervals through an open wavelength channel using the 6 well plate

format.
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RESULTS
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Figure 10: NanoLSS1 Reporter Functionality A) A breakdown of the fusion between
mBeRFP and Nluc to produce NanoLSS1b and their corresponding excitation and
emission wavelengths. B) Functional depiction of how the donor and acceptor proteins of
NanoLSS1b act when reacting with furimazine C) Graph showing the absorptions and
emission wavelengths of NanoLSS1b signified by a long stokes shift

Our collaborator, Kevin P. Francis, PhD, designed a NanoLSS1 reporter system
by fusing a fluorescence reporter mBeRFP to Nluc (Figure 10A). mBeRFP has an
excitation wavelength close to the emission wavelength of Nluc. When near an excited
Nluc, mBeRFP emits signal at a higher wavelength, forming the basis for the long stokes
shift reporter (Figure 10B-C). As seen in Figure 3, signal emitted at 615 nm can penetrate

through much deeper tissue depth allowing for more robust and localized signal

observations from in vivo studies.
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Figure 11: BRET Wavelength Characterization Different emission wavelengths of 6
transduced A549 cell lines in 20nm increments captured by the IVIS system.

We obtained multiple variations of NanoLSS1, which required a decision to
narrow down the choice to one or two variations of the reporter to be used in future
experiments. The different variations of NanoLSS1 (noted a and b) represent two distinct
conformational changes the reporter system undergoes when the substrate is consumed
and bioluminescent signal is produced. A stabilized version of NanoLSS1 has less
variance in the conformational change, while a codon optimized version has been
modified for a higher translation efficiency in mammalian cell lines.

The different constructs were transduced into A549 cells (see Wavelength Tissue
Depth Penetration in Methods), seeded in a black well 96 well plate, and treated with Fz.
An IVIS system was then used to compare the emission wavelength of the different
constructs. Non-transfected A549 cells were used as a negative control. The lowest

wavelength channel on the VIS was 500nm so the emission peak at 460 nm of Nluc
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could not be visualized. We were however able compare the BRET function of aand b
variations of the NanoLSS1 reporter systems. All NanoLSS1 constructs displayed a
robust emission peak at 615 nm compared to Nluc, as predicted (Figure 11). Construct
variations a and b appear to drive the main emission differences at 615 nm across
constructs. Optimization and stabilization did not impact emission peak. The a variation
had a higher R.O.I at 500 nm compared to the b variations while the b variations had a
higher R.O.I at 615 nm. The conformational change that NanoLSS1b underwent when
reacting with Fz produced a higher R.O.I at a higher wavelength which is preferred for in

vivo imaging to reduce the amount of signal absorbed by surrounding tissues.
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Figure 12: BRET Signaling Captured Using IVIS The same 96 Well plate seeded with
A549 cells transduced with NanoLSS1a stabilitized and optimized, NanoLSS1b
stabilized and optimized, Nluc and an non-transduced cell line supplemented by
furimazine was imaged under an open different conditions using the I1VIS. Cell lines were
seeded in duplicate rows beside each other. A) An open wavelengh channel from 500 to
880nm. B) A 640-wavelength channel C) An open wavelengh channel from 500 to
880nm with the plate overlayed with ham D) A 640-wavelength channel with the plate
overlayed with ham.
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We validated our findings using a 96 well black well plate, to reduce any spillover
of signal between the transduced cell lines (Figure 12A-B). We used both an open filter
and a 640 nm channel, and image bioluminescent signals using the VIS camera.
Captured under an open wavelength channel of the IVIS (Figure 12A), all transduced cell
lines emitted signal after Fz was added onto each well (Figure 12B). However, at 640 nm,
only NanoLSS1 (all variations) signals were detected.

Interestingly, after a 2mm layer of ham was added on the plate, there was a
stronger loss of signal for Nluc compared to NanoLSS1 variations under an open

wavelength channel as shown in Figure 12C.

NanoLSS1a Stabilized
NanolLSS1b Stabilized
NanoLSS1b Optimized
NanoLSS1a Optimized

Fold Increase
(Relative to NanoLuc)

02468 02468 02468 02468
thickness of ham (mm)

Figure 13: Signal Fold Increase Relative to Nluc Varying signal intensities captured on
the open wavelength channel of the IVIS each captured after the addition of 2 mm of
ham.

On the same black well plate from Figure 12, 2mm layers of ham were added

periodically before each image capture on the IVIS through an open wavelength channel.

Signal intensities of the different variations of NanoL.SS1 were quantified and compared
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relatively to Nluc. The optimized NanoLSS1b variation showed the highest fold increase
of signal relative to Nluc (Figure 13) and the highest promise to be implemented for

characterizing YFV-17D dissemination.

CPER Fragments

Figure 14: PCR Amplified Fragments of YFV17D The 7 different amplified fragments
of YFV17D used in the CPER reaction imaged after gel electrophoresis. The final
fragment was amplified separately using a PCR Gradient in the methods section.

We then moved forward in designing a YFV-17D recombinant virus expressing
the optimized variation of NanoLSS1b. The whole YFV-17D Neon Green genome was
used as a template to generate all 8 fragments required for the CPER reaction (Figure 14),
and the fragment coding for Neon Green was swapped with one coding for NanoLSS1b.
Primers from Table 1 were used following the PrimerStar amplification PCR methods.
The DNA ladder confirmed that the lengths of the amplified fragments and signal
intensity of the bands showed efficient binding of the primers and amplification of the
product. Troubleshooting of amplifying fragment F8 (farthest to the right on Figure 14)
needed to be implemented and is mentioned in the methods section PCR Gradient. YFV-

17D-NanoLSS1 was then generated as described in the Methods section using the CPER

system and reverse transfection.
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Figure 15: Spread of YFV-17D Neon Green made from CPER A) Huh7.5 cells
infected with YFV-17D Neon Green 24 post reverse transfection under bright field and
GFP lens imaged on the EVOS. B) Huh7.5 cells infected with YFV-17D Neon Green 48
post reverse transfection under bright field and GFP lens imaged on the EVOS. C)
Huh7.5 cells infected with YFV-17D Neon Green 72 post reverse transfection under
bright field and GFP lens imaged on the EVOS.
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As a positive control of our CPER reaction, we also reconstituted a recombinant
YFV-17D-NeonGreen. At 24 hours post reverse transfection, the cells showed no signs of
cytopathic effects (CPE) under brightfield, and no NeonGreen fluorescence was observed
(Figure 15). At 48 hours post transfection, some clusters of cells begin to change shape
and detach from the well. Feint traces of NeonGreen signal was seen throughout
monolayer of cells, showing that we were successful in generating a YFV-17D-
NeonGreen. At 72 hours post transfection, all cells were noticeably expressing

NeonGreen, further validating our success in reconstructing the recombinant 17D virus.
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Figure 16: BRET Functionality of NanoL.SS1b A) Exogenous expression of
NanoLSS1b in A549 cells B) Huh7.5 cells infected with YFV-17D-NanoLSS1b.

Huh7.5 were infected with YFV-17D-NanoLSS1b from the initial CPER reaction
(following co-culture with transfected HEK293t cells) and were fixed at 72h post-reverse

transfection to quantify bioluminescent signals across emission wavelength.
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Similarly, to NanoLSS1b-expressing cells, cells infected with YFV-17D-
NanoLSS1b recapitulated BRET function (Figure 16), underscoring that our viral

reporter could be implemented in in-vivo studies to track viral replication over time.
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Figure 17: Replication of YFV-17D- NanoLSS1b and -Nluc A) Huh7.5 cells infected
with YFV-17D-NanoLSS1b fixed with PFA at 24,48, and 72 hours imaged using the
Varioskan LUX. B) Huh7.5 cells infected with YFV-17D-Nluc fixed with PFA at 24,48,
and 72 hours imaged using the Varioskan LUX.

We then aimed to assess whether bioluminescence signals driven by YFV-17D-
NanoLSS1 are resolutive enough to reflect viral spread dynamic across a cell layer, and
infected Huh7.5 with a tittered stock of with YFV-17D-Nluc and YFV-17D-NanoLSS1b
ata M.O.l. of 0.1. Indeed, NanoLSS1 bioluminescent signal incrementally increased over
time in Huh7.5 following infection, and in a similar manner than cells infected with
YFV-17D-Nluc (Figure 17). These findings underscore the ability of NanoLSS1-induced

signals to recapitulate the dynamic of viral infection in vitro, highlighting the

functionality of our reporter system for investigating multiple aspects of the 17D life
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cycle in vitro and how it is regulated. Collectively, our reporter is now ready for in vivo

characterization.
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DISCUSSION
Summary

In this work, we report the characterization of a novel bioluminescent protein,
NanoLSS1. We examined its functionality at different wavelengths using transfected cell
lines expressing multiple variations of the reporter. NanoLSS1 showed a significant
BRET function and emission peak at 615 nm, yielding to an increase in tissue depth
penetration, addressing one of the limitations of Nluc. We also identified a specific
variation of NanoLSS1, NanoL.SS1b, to display the highest signal fold increase relative to
Nluc and other NanoLSS1 variations at 615 nm.

Using the CPER system, we successfully incorporated NanoLSS1b and Nluc into
YFV-17D. From this we validated that the BRET functionality of NanoLSS1b was
retained in YFV-17D. Furthermore, NanoLSS1b-induced bioluminescence signals were
resolutive enough to mirror incremental viral spread within an infected cell layer,
highlighting the value of this reporter system to characterize YFV-17D infection.
Collectively, our findings open avenues for the implementation of this reporter virus
system to in vivo mouse infection to hopefully shed light on the infection dynamics of
YFV-17D.

Future Experiments

Using YFV-17D-NanoLSS1b and -Nluc, the next step of this project will be to
compare the infection dynamics of both viruses in vivo through a pilot study. One cohort
of IFNAR K/O (Interferon alpha receptor Knockout) mice will be infected with YFV-

17D-Nluc and another with YFV-17D-NanoLSS1b.
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YFV-17D is unable to infect conventional, immunocompetent mice because
infection is restricted by type I interferon [72]. In contrast, IFNAR K/O mice, which lack
type | interferon receptors, are susceptible to YFV-17D infection, allowing researchers to
study YFV-17D infection in a small animal model [73]. Since YFV-17D is a live
attenuated virus, the experiment will be conducted in an ABSL-2 setting.

Every four days, mice will be injected intraperitoneally with a derivative of Fz
and bioluminescence will be quantified spatially in each animal, for both NanoLSS1b and
Nluc. This will allow us to compare the signal strength of both reporters through various
tissue depths and define the increased ability of NanoLSS1b to uncover YFV-17D
infection dynamics in many tissues. In parallel, additional mouse cohorts will be infected
and tissues of interest will be collected at specific time point to validate that our two
viruses display similar viral load in infected tissues; thereby excluding the possibility that
differences in bioluminescence signals are driven by differential replication rate.

Future Directions of the Project

The increased tissue penetration of YFV-17D-NanoLSS1b opens up a wide range
of investigations. First, we will be able to leverage the CPER system to incorporate
NanoLSS1b into the more virulent Asibi strain of YFV. This will allow us to compare the
infection dynamics of YFV-17D to its parent strain, unraveling key pathogenesis
differences between virulent and attenuated form of YFV. Second, the incorporation of
this reporter into virulent YFV strains and other flaviviruses will provide a pivotal tool to
comprehensively characterize the antiviral activity of specific drugs, efficacy of novel

vaccines or the roles of specific genes in regulating viral dissemination.
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Limitations of the Study

One of the issues that arises when attempting to introduce foreign genes into a
virus is that after several passages of the virus, the reporter gene is kicked out of the
genome to enhance viral fitness. If the reporter negatively affects the fitness of the virus,
then future lineages of the virus may no longer code for it [68].

A potential outcome from the in vivo infection studies would be that after several
replication cycles, later passages of the virus might not express the reporter protein. The
virus itself would still be replicating, but replication would not be associated with
bioluminescent signals anymore. Another outcome would be that extensive replication
rounds in tissues would cease to yield replicating viruses. One way to start addressing
this potential limitation would be to serially passage the virus in vitro and monitor the
stability of this reporter. During each passage, the viral titer of the supernatant will be
calculated so that each novel round of infection is performed using the same multiplicity
of infection (M.O.1.).

Signal strength would be the first variable to study reporter stability. The hope
would be that NanoLSS1b expression and bioluminescent signal is preserved across
passages and the signal intensity is relatively consistent. The other variable would be
viral titer across passages [69]. Another limitation to this work is that there might be
limited differences in bioluminescent signal resolution when comparing NanoLSS1b to
Nluc in vivo. Although the in vitro comparison showed promise, the differences might

not be as significant in vivo.
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Conclusion

Understanding how specific viral mutations can affect viral pathogenesis and the
course of disease is important to developing effective strategies against viral infections.
Specific mutations can lead to changes in viral protein structure and/or function, which
can enhance the virus's ability to replicate efficiently within the host, aid in immune
evasion, and expand the range of tissues that the virus can infect. YFV is but an example
of how a deviation of only a few nucleotides can lead to a much less virulent strain of a
deadly virus.

Mutations can also lead to resistance to antiviral drugs, allowing for continued
dissemination within the host and making it harder to control infection in
immunocompromised patients.

Bioluminescent viral reporters can provide real-time, non-invasive, and
quantitative data of the impact of viral mutations on viral dissemination, tissue tropism
and pathogenesis. They can also represent instrumental tool to evaluate antiviral drugs in
a cost-effective and rapid manner. Ultimately, the continuous development and
refinement of bioluminescent reporter proteins represent an essential facet of our ability

to effectively manage and mitigate viral diseases.
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