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ABSTRACT

Yellow fever (YF) is a mosquito-borne disease caused by the neurovirulent and viscerotropic YF virus (YFV). Fevers,
nausea, body aches, and fatigue commonly characterize the disease, with around 15% of infected people entering fatal
phases. The mosquitos that typically carry YFV roam over Africa and South America, where approximately 1 billion
people among 46 countries are at risk. A live-attenuated vaccine, strain 17D, was developed in the 1930s and used
ever since. However, cases of adverse events presented after the administration of YF vaccines. Additionally, certain
groups cannot take the YF vaccine due to its contraindications. Previous advancements in understanding the YFV and
developing the vaccine are attributable to the use of animal models. Model organisms are also critical in implementing
current modifications to the YF vaccine. This review will discuss these topics in greater detail with a heavy emphasis
on the contribution of animal models to the study of YF, along with alternative methods to maximizing global im-
munity against YF.

Introduction

Yellow fever virus (YFV) is an arbovirus carried by Haemagogus spp. and Sabethes spp. mosquitoes in South America
as well as Aedes spp. mosquitoes found in Africa and South America. Common symptoms of the illness include fevers,
nausea, body aches, and fatigue. However, around 15% of people infected with YF enter a critical phase that can lead
to organ failure and death [1]. While the production and administration of the current YF vaccine have proven to be
effective in protecting travelers and populations in endemic regions, there have been serious adverse events (SAEs),
including death following the administration of the vaccine. Vaccine alternatives, modified vaccine administration
methods, and advancements to the YF vaccine are necessary to expand immunity to as many people as possible. Using
model organisms like mice, hamsters, and nonhuman primates (NHPs) in the study of YF and protection against the
virus is critical. These animal models can replicate various aspects of the clinical disease and have provided insight
into the pathogenic mechanisms of the virus. During the 19th century, YF was a widely feared disease for which no
cause or treatment was known. Now, with the help of animal models, modifications to the YF vaccine are being tested,
and alternative administration methods are being developed to protect more people from YF outbreaks than ever be-
fore.

Yellow Fever Vaccine Background Information

YF-Vax®, the only YF vaccine licensed in the United States, is manufactured by Sanofi Pasteur, the vaccine division
of the French pharmaceutical company Sanofi [2]. Another YF vaccine produced by Sanofi Pasteur is Stamaril®,
which has been available in the United Kingdom, Uganda, Scotland, and other countries for decades [3]. The YF
vaccine is a live-attenuated virus, meaning it contains a weakened form of the yellow fever virus. The vaccine is
prepared by culturing the 17D-204 strain of YFV in living avian leukosis virus-free chicken embryos [4]. 17D-204 is
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one of three substrains of the 17D strain of YF. The original 17D vaccine was derived from a wild-type YFV Asibi
strain that was isolated from the blood of a patient with YF in 1927 [5, 6, 7]. YFV is grown in mouse and chick embryo
cells to make the YF vaccine. The final preparation of the vaccine occurs in eggs [4, 5, 8]. YFV is grown in embryo
cells repeatedly to weaken the strength of the virus. Therefore, when the live virus is administered, the body can
establish a protective immune response without causing illness [8]. For most people, a single dose of the YF vaccine
provides lifelong immunity [9].

Need for A Next-Generation Vaccine

Contraindications

Many people are prevented from receiving the YF vaccine and thus unable to develop immunity to YF due to the
vaccine's contraindications. Individuals allergic to eggs, egg products, or other vaccine components like gelatin are at
risk of anaphylaxis, a severe allergic reaction [2, 4, 10]. In addition, infants younger than nine months should avoid
the vaccine due to an increased risk of encephalitis—inflammation of the brain [10,11]. The vaccine should not be
administered to women who are breastfeeding infants younger than nine months old, as reports have raised concerns
that the YF vaccine virus can be transmitted through breast milk [11,12]. Individuals with severe immunodeficiency
due to HIV/AIDS, a thymus disorder, or other causes should also avoid the YF vaccine [2, 8, 11].

Vaccine Production Process

Organizations, including the World Health Organization (WHO), have designed a global strategy known as Eliminate
Yellow fever Epidemics (EYE) in response to a 2016 YF outbreak in Angola [13]. The EYE Strategy aims to protect
at-risk populations and prevent the international spread of YF by promoting vaccination activities. It is estimated that
between 393.7 and 492.9 million people reside in YFV transmission risk areas that must be vaccinated to achieve the
recommended 80% population coverage threshold [14, 15]. Despite several YF vaccine producers, supply has been
unable to keep up with demand. Only 80 million vaccines are being produced a year [16]. The YF vaccine production
capacity is limited due to the labor-intensive method involving embryonated eggs used to produce the vaccine, which
has been relatively unchanged since 1945 [17]. The incidence of YF appears to be increasing in under-vaccinated and
historically non-endemic areas. There is an insufficient vaccine supply to meet the needs of mass vaccination cam-
paigns.

Serious Adverse Events (SAEs)

Viscerotropic disease, a highly lethal acute illness resembling severe wild-type disease, was identified and connected
to the current YF vaccine, resulting in experts calling for the development of a safer vaccine [18,19]. Data from the
U.S. Vaccine Adverse Event Reporting System (VAERS) between 2007-2013 reveal that 3.8 SAEs occur per 100,000
doses [20]. Passive surveillance data from several non-endemic countries reveal rates ranging from 1.3 to 5.1 SAEs
per 100,000 doses [21]. Vaccine recipients between 60-69 years old had a rate of 6.5 SAEs per 100,000 doses, and
those over 70 years old had a rate of 10.3 SAEs [20]. The primary SAEs include anaphylaxis (0.2—1.8 per 100,000
doses), neurologic disease (0.1-3.9 per 100,000 doses) and viscerotropic disease (0.07-0.4 per 100,000 doses) due to
17D virus infection of the liver and visceral organs [21,22]. While cases of Yellow fever vaccine-associated viscero-
tropic disease (YEL-AVD) are rare events, the fatality rate is greater than 60% [23]. Older individuals may be at an
increased risk for YEL-AVDs due to immune senescence or underlying chronic diseases [23]. Findings from animal
models of YF disease support the hypothesis that an impaired innate immune system may allow the spreading of the
17D strain [24, 25].
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Animal Models in YF Vaccine Development

Mice

Mice are one of the most commonly used animal models for analyzing human disease, and for a good reason [27].
Mice are not only biologically similar to humans but can also contract several of the same diseases for the same genetic
reasons as humans. Mice are also small and have a fast generation time, making them easy to work with. Although
mice are naturally immune to infections with flavivirus [26], mice can be genetically manipulated to mimic human
diseases and conditions. A129 mice, for example, were modified to have a deficiency in type 1 interferon (IFN-o/f)
receptors. This modification allows A129 mice to be susceptible to flavivirus infection when exposed to viscerotropic
YFV [24]. After infection, the altered mice developed signs of viscerotropic disease, a symptom of YFV and a vaccine
complication seen in humans.

A separate study revealed that an individual's genetic background was associated with early events elicited
after YF17DD vaccination [28]. Mouse models with various genetic backgrounds can be used to more accurately
assess the safety and protective efficacy of vaccines that may respond differently due to genetic differences [26].

Furthermore, mice are used to test batches of the 17D vaccine to verify safety prior to evaluation in nonhuman
primates (NHPs) and people [29].

Hamsters

Another useful small animal model for preclinical testing and analysis of YFV is the Syrian golden hamster (Meso-
cricetus auratus). Similar to mice, the small size and fast generation time of golden hamsters make them easier to
work with. The hamster is susceptible to viscerotropic infection with YFV derived from Asibi clinical strains after
passages in hamsters [26]. The YF disease progression in hamsters is similar in many ways to humans. The Syrian
golden hamster produces immune responses to infectious pathogens comparable to humans, making it an advanta-
geous model for evaluating the pathogenesis of infection and assessing the efficacy of medications and vaccines for
those pathogens [30].

A study regarding YFV infection in the Syrian hamster reveals that the results of viremia and immune re-
sponse tests in hamsters after YF infection are similar to those in rhesus monkeys, a preferred animal model used to
investigate many human diseases. The study also observed indications of coagulation abnormalities during the acute
phase of YF infection in hamsters, which corresponds with hemorrhagic diathesis and dark-colored hematemesis,
signs of YF often observed in humans [31 ].

Other studies have displayed marked increases in cytokines (IFN-y, IL-2, TNF-a) for hamsters in the spleen,
kidney, and heart but reduced levels in the liver, which reflect levels seen in infected humans [30].

Syrian hamsters can also be utilized to assess various treatments and vaccines, which is crucial to providing
proof to support advancement toward clinical trials.

Nonhuman Primates

Nonhuman primate (NHP) models are natural hosts of YFV. Experimental infection of NHPs allows the observation
of YFV in a natural host, making them helpful in investigating critical stages of disease progression and developing
successful intervention strategies. In fact, the initial passage and characterization of YFV isolates were performed in
rhesus macaques (Macaca mulatta), a Southeast Asian monkey species [26].

YF observed in rhesus macaques models much of the disease progression in people. For instance, macaques
infected with YFV presented significant pathologic changes in the liver, kidneys, and gastrointestinal tract, which
occur in humans [32]. Additionally, lymphopenia, a low lymphocyte count disorder, was observed in infected models—
a characteristic similar to severe disease in humans after adverse vaccination events [26].

Another NHP system, the howler monkey (Alouatta sp.), also develops human aspects of YF disease like
fatal liver failure and massive cell death as a consequence of natural YF infection [33].
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NHPs not only aid in uncovering a deeper understanding of the pathogenic mechanisms of YF but also facil-
itate the evaluation of the 17D vaccine [26]. NHP models are essential in testing vaccine safety and are used for further
evaluation after the YF vaccines prove safe in rodent studies.

Figure 1. Benefits and Contributions of Model Organisms to Yellow Fever Study.
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YF Vaccine Alternatives

To address the limited production capacity of current YF vaccines and increase YF vaccination, vaccine manufacturers
should introduce modern technology into the development process of next-generation YF vaccines.

New vaccine candidates should ideally present lower cases of SAEs and safer profiles for infants, breastfeeding
women, individuals with compromised immune systems, and people of old age [34].

Recent research funded and sponsored by Sanofi Pasteur revealed the generation process and preclinical
profile of vYF-247, a modified live-attenuated YF vaccine candidate. vYF-247 was selected from twenty-four other
vaccine candidate substrains from the Stamaril® and YF-VAX® lineage that were created through transfection of
viral genomic RNA into Vero cells cultured in serum-free media. Out of the substrains, vYF-247 possessed the pre-
clinical profile with the lowest neurovirulence, viscerotropic effects, and immunogenicity in animal models [35]. vYF-
247 presented with lower neurovirulence compared to the current YF vaccines (Stamaril® and YF-VAX®) but is still
in the early stages of testing.

Another approach to counter YF infection through vaccines is using an inactivated whole virus vaccine that
would likely not create the adverse side effects associated with viral replication in the live-attenuated YF vaccine. The
inactivated vaccine would be produced by using the 17D virus grown in cell culture [36,37].

Besides producing new vaccines, dose-sparing methods--where the vaccine is administered at a reduced dose-
-are also being considered [38].
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Conclusion

The landscape of the current YF vaccine prevents certain people from being able to receive its protection, and in some
instances, SAEs have negatively impacted those who took the vaccine. Action is needed to modify the current vaccine
to achieve a higher level of global protection, which cannot be accomplished without the help of model organisms. In
addition, researchers must continue to explore alternative administration procedures like dose-sparing methods and
inactivated vaccines to amplify YF immunity.
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