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Preface

Conservation medicine studies the interrelationship among the environment, animal
health, and human health. Within these interconnections, it explores bidirectionally
the processes of health and disease, as well as the impact of ecosystems that may drive
certain pathogens to cross the species barrier, expanding transmission to new hosts.
In this sense, conservation medicine addresses zoonoses, which are defined as infec-
tious diseases that are naturally transmitted from animals to humans, either directly,
indirectly, or through an intermediate host.

Among these intermediates—also known as vector-borne transmission—are insects
and other arthropods (vectors) such as mosquitoes or ticks, which transmit pathogens
from animals to humans or vice versa, while incorporating this process into their life
cycle. Viruses are among the most extensively studied pathogens that have caused
serious public health problems, as they are constantly evolving due to the nature of
their genomes and the impact of ecosystem changes. This underscores the need for
continuous knowledge updates, which gave rise to the present book.

In April 2023, the International Committee on Taxonomy of Viruses (ICTV) approved
a new taxonomy for the family Flaviviridae. The genus name Flavivirus was changed
to Orthoflavivirus to avoid ambiguities with the root “flavi”, which had been present
both in the family and genus. In addition, all species names within this family were
modified to a binomial format, similar to the nomenclature used for other biological
species. For example, what was previously known as “Dengue virus” is now desig-
nated as Orthoflavivirus denguei. Thus, the Flaviviridae family currently includes four
genera (Hepacivirus, Orthoflavivivus, Pegivirus, and Pestivirus) and 89 species. This
book focuses on Orthoflavivirus, providing updated information on nomenclature,
recent discoveries related to transmission, immune responses, novel treatments,
diagnosis, and prognosis in humans. It also addresses viruses of veterinary impor-
tance transmitted by vectors or between rodents and other animals, such as bats.
Special emphasis is placed on preventive and control measures, ranging from personal
protection to reducing vector habitats.

Update on Orthoflavivirus — Understanding Orthoflavivirus, Potential Reemerging
Pathogens is composed of seven highly specialized chapters covering topics such as
the evaluation and development of vaccines through clinical trials using PRNT for
“Yellow Fever Virus” (Orthoflavivirus flavi). One chapter addresses the challenges
and advances of vaccines and immune responses to Orthoflavivirus. Another chapter
presents an in-depth discussion on Orthoflavivirus denguei, focusing on humoral
immune responses, vertical transmission, and coinfection by Aedes aegypti—the
latter also including “Zika virus” (Orthoflavivirus zikaense). Other specialized topics
include the impact of obesity on clinical severity caused by Orthoflavivirus infection
and an updated review of hepatic damage associated with severe dengue, in which
alcohol consumption is described as a risk factor that exacerbates liver injury induced
by Orthoflavivirus dengue.



This book also serves as a guide to facilitate the transition from the former nomencla-
ture to the newly established taxonomy of this viral family. This book was authored
by researchers from diverse international academic institutions (Mexico, France,
Dakar, and Kenya), underscoring its scientific quality. We hope that this editorial
effort, led by the Laboratory of Conservation Medicine of the Escuela Superior de
Medicina, Instituto Politécnico Nacional, meets and exceeds your expectations.

Dra. Jazmin Garcia-Machorro and Dr. José Antonio Morales-Gonzalez
Laboratorio de Medicina de la Conservacidn,

Escuela Superior de Medicina,

Instituto Politécnico Nacional,

Mexico City, Mexico

Dra. Gabriela Mellado-Sanchez

Unidad de Desarrollo e Investigacién en Bioterapéuticos (UDIBI),
Escuela Nacional de Ciencias Bioldgicas,

Instituto Politécnico Nacional,

Mexico City, Mexico
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Chapter 1

Introductory Chapter: From the
First Described Flavivirus to
the Latest Classification

Gabriela Mellado-Sdnchez, José Antonio Morales-Gonzdlez

and Jazmin Garcia-Machorro

1. Introduction
1.1 Flaviviruses: A persistent threat

Flaviviruses (from the Latin “flavus,” meaning “yellow”) are small, spherical
viruses measuring approximately 50 nanometers in diameter. Their genetic material
consists of a single-stranded, positive-sense RNA genome, ranging from 9 to 13 kilo-
bases in length. The virus structure includes a protein capsid (C) with icosahedral
symmetry and a lipid envelope containing two key proteins: the envelope (E) and
membrane (M) proteins [1].

These viruses primarily infect mammals—including humans, pigs, horses, cattle,
sheep, goats, rodents, and primates—but they have also been found in birds, reptiles,
and even bats, which serve as natural reservoirs. Transmission occurs in both wild
(sylvatic) and urban environments through arthropod vectors, such as mosquitoes
and ticks (see Figure1).

In humans, flavivirus infections can cause a wide range of diseases, from fever
and skin rashes to hemorrhagic syndromes, neurological complications, severe liver
damage, and even death.

1.2 A bit of history

The first virus ever identified in humans was the yellow fever virus (YFV), discov-
ered in 1901. Its name refers to the characteristic yellowing of the skin and mucous
membranes (jaundice), caused by liver damage and elevated bilirubin levels in the
blood. This is also the origin of the name of the Flaviviridae family [1].

Symptoms of dengue virus (DENV) infection were described in China during the
Jin Dynasty (265-420 AD). In the Americas, the first reported outbreaks occurred in
the eighteenth and nineteenth centuries. The viral nature of dengue was confirmed in
the 1940s, and the first DENV serotypes were isolated in 1943 [2].

The Zika virus (ZIKV) was first discovered in 1947 in the Zika Forest in Uganda.
Since then, more viruses belonging to this family have been identified. Interestingly,
flaviviruses were initially classified under the Togaviridae family due to structural

1 IntechOpen
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Figure 1.
Sylvatic and wrban transmission cycles of flaviviruses. In black, viruses such as yellow fever (YFV), dengue (DENV),
and Zika (ZIKV); in blue, others such as West Nile virus (WNV) and Japanese Encephalitis virus (JEV).

similarities with alphaviruses. It was not until 1984 that the Flaviviridae family
was established, based on key differences in genome structure and viral replication
mechanisms [3].

1.3 Expanding vectors

One of the major public health challenges today is the geographical expansion
of flavivirus vectors, particularly the mosquitoes Aedes aegypti and Aedes albopictus.
Deforestation, urban expansion, and climate change have enabled these vectors to
inhabit new areas, increasing the risk of outbreaks in previously unaffected regions.

A clear example is ZIKV, which originally circulated only in Africa and Asia. In
2015, it spread to Central and South America, becoming a reemerging disease in the
region [4]. Since then, it has circulated alongside other flaviviruses such as DENV;
which was already considered a reemerging disease in tropical areas.

2. What this book covers

This book explores various scientific and clinical aspects of flaviviruses, begin-
ning with YFV, one of the oldest and most well-known viruses. Its vaccine remains
among the most effective and long-lasting, making it important to understand how its
efficacy is evaluated in the laboratory.

We then delve into the molecular and immunological basis of the antibody
response induced by dengue virus (DENV), a particularly complex pathogen with
four antigenically distinct serotypes. The book also addresses cross-reactivity with
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other flaviviruses, such as ZIKV, and the phenomenon known as antibody-dependent
enhancement (ADE), which can worsen disease outcomes.

Additionally, a chapter is dedicated to recent advances in vaccine platforms being
developed for this virus family—a highly relevant topic for global health.

Other chapters explore the link between DENV and obesity, as obesity may
increase the risk of developing severe complications. We also examine liver damage
caused by DENYV, discussing potential pathological mechanisms and proposing clini-
cal and biochemical liver monitoring as a tool for prognosis.

The book concludes with a chapter on the use of botanical extracts as an alterna-
tive strategy to control mosquito vectors of DENV and ZIKV. This connects with the
principles of conservation medicine, which studies the interrelationships between
environmental, human, and animal health—the central theme of this book.

3. A new name for familiar viruses

On the other hand, this work seeks to disseminate the most current nomenclature
of flaviviruses, given their relevance in public health. In 2023, the International
Committee on Taxonomy of Viruses (ICTV) officially replaced the genus name
Flavivirus with Orthoflavivirus, while retaining the Flaviviridae family name [5]. This
change aims to avoid confusion between family and genus names and to implement a
binomial system for naming viral species.

Some examples of the new nomenclature include:

YFV — Orthoflavivirus flavi

DENV — Orthoflavivirus denguei

ZIKV — Orthoflavivirus zikaense
* West Nile virus — Orthoflavivirus nilense

* Japanese encephalitis virus — Orthoflavivirus japonicum

4. Final thoughts

Even with improved classification systems and effective vaccines for some flavi-
viruses, if sylvatic transmission cycles continue to exist, these viruses will remain
difficult to eliminate. Infected vectors will continue to facilitate transmission to
humans and other vertebrate hosts, making orthoflavivirus a continuing concern for
both human and animal health.
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ADE antibody-dependent enhancement

C capsid

DENV dengue virus, Orthoflavivirus denguei
E envelope

JEV Japanese encephalitis virus, Orthoflavivirus japonicum
M membrane

WNV West Nile virus, Orthoflavivirus nilense
YFV yellow fever virus, Orthoflavivirus flavi
ZIKV Zika virus, Orthoflavivirus zikaense
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Chapter 2

Yellow Fever: New Insights on an
Old Disease

Jordana Rodrigues Barbosa Fradico,
Izabela Mauricio de Rezende, Andreza Parveivas Gongalves,

Jaquelline Germano De Oliveira, Ana Carolina Campi-Azevedo,
Olindo Assis Martin-Filho and Andréa Teixeiva-Carvalho

Abstract

Yellow fever (YF) is an acute arboviral hemorrhagic disease caused by the yellow
fever virus (YFV), species Orthoflavivirus flavi, of the Flaviviridae family. YF remains
a significant public health threat in endemic regions of Africa and South America,
where recurrent outbreaks have occurred, despite the availability of a safe and
effective vaccine. In recent years, YF has reemerged in previously unaffected areas,
including densely populated regions of Brazil, highlighting ecological shifts, vaccine
coverage gaps, and increased vulnerability of populations, raising concerns about its
potential global impact. This chapter provides an updated and comprehensive over-
view of YF, addressing virological characteristics, transmission cycles, epidemiologi-
cal trends, and pathogenesis. Special emphasis is placed on recent scientific findings,
including sylvatic transmission of YFV in Brazil, which has played a central role in
recent outbreaks and presents a continued risk of reurbanization. The clinical spectra
of YF are reviewed, ranging from mild febrile illness to severe, multisystem disease
associated with high case-fatality rates. Diagnostic strategies are discussed, including
molecular and serological tools, as well as biomarkers associated with disease sever-
ity. Particular attention is given to the host immune response, including cytokine
dysregulation, which contributes to the pathogenesis and outcomes of severe cases.
Recent findings on immune-mediated mechanisms of late-relapsing hepatitis are also
discussed. Finally, prevention strategies are addressed, with a focus on the safety and
efficacy of the vaccine 17D/17DD and the occurrence of rare adverse events following
vaccination. The chapter underscores the importance of sustained surveillance strate-
gies, immunization, and research to mitigate the burden of this reemerging disease.

Keywords: yellow fever, sylvatic transmission, epidemiology, immunopathogenesis,
vaccination, biomarkers, diagnosis
1. Introduction

Yellow fever (YF) is a reemerging viral hemorrhagic disease that continues to pose
a significant public health challenge in endemic regions of Africa and South America.
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Caused by the yellow fever virus (YFV), the disease is transmitted primarily through
mosquito bites and may range in presentation from a mild, self-limiting febrile illness
to a severe and potentially fatal hemorrhagic condition involving multiple organ
failure [1, 2].

Despite the availability of an effective vaccine for more than 80 years, YF out-
breaks have increased in recent decades, particularly in unvaccinated populations,
owing to uncontrolled urbanization at the forest-urban interface, deforestation,
ecological changes, and gaps in immunization coverage [1, 3]. The 2016-2018 out-
breaks in Brazil and Angola underscored the disease’s epidemic potential and the
global risk it represents due to increased human mobility and the presence of com-
petent mosquito vectors in non-endemic areas [3, 4]. The recent outbreaks in South
America in 2024-2025 show a change in the geographic distribution of the disease and
raise concerns again about the potential of the YFV to establish an urban cycle in this
region [5].

This chapter provides an updated overview of YF, including virological and
epidemiological features, transmission dynamics, clinical and pathological aspects,
host immune responses, diagnostic tools, management strategies, and vaccine-related
issues, emphasizing recent scientific findings and public health concerns.

2. Yellow fever virus

The YFV, species Ortoflavivirus flavi, of the Flaviviridae family, is a single-
stranded RNA virus presented as an enveloped virus with an isometric capsid and a
genome of approximately 11 kilobases. Its genome encodes a single polyprotein that
is subsequently cleaved into three structural proteins (capsid [C], pre-membrane/
membrane [M], and envelope [E]) and seven non-structural (NS) proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5) involved in viral replication, pathogenesis,
and immune evasion [2, 6-11].

Phylogenetic analyses have identified seven YFV genotypes—West Africa I, West
Africa II, East Africa, Central Africa, Angola, and South AmericalandII [12].In
South America, two main lineages, from the South American I genotype, circulate,
but recent outbreaks in Brazil (2016-2018) revealed a new lineage expanding into
southeastern regions previously free of the virus. This spread underscores YFV's
potential for ecological shifts and geographical expansion [4].

3. Transmission cycle

YFV transmission occurs through complex ecological interactions involving non-
human primates (NHPs), mosquitoes, and humans. Three main transmission cycles
are recognized: sylvatic (forest), intermediate (savanna/peri-urban forests), and
urban (Figures 1 and 2). These cycles differ in terms of geographical context, vector
species, and host involvement but share the mosquito-borne transmission mechanism
[2, 9], as described below.

3.1 Sylvatic cycle

In the sylvatic (or enzootic) cycle (Figures 1 and 2), YFV circulates between NHPs
as primary reservoir hosts and arboreal mosquitoes such as Haemagogus spp. and
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Yellow Fever Transmission Cycle - Africa

Jungle Urban Intermediate
(Sylvatic) (Savanna)

Figure 1.
Yellow fever virus transmission cycles in Africa. Source: CDC. https://wwuw.cdc.gov/yellow-fever/php/
transmission/index.htm

Yellow Fever Transmission Cycle - South America

Jungle
(Sylvatic)

Figure 2.
Yellow fever virus transmission cycles in South America. Source: CDC. https://www.cdc.gov/yellow-fever/php/
transmission/index.html

Sabethes spp. as vectors, primarily in South America. Humans can become incidental
hosts when venturing into forested areas and are bitten by infected mosquitoes [4, 9].

Recent Brazilian outbreaks (2016-2018) revealed an alarming reemergence of
the sylvatic cycle in fragmented forests close to urban areas. Studies have detected
viral RNA in NHP carcasses and vector pools in peri-urban forests, emphasizing
the increasing risk of spillover to human populations and potential reurbanization
of YF [4].
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3.2 Intermediate cycle (Africa)

This cycle (Figures 1), observed in African savanna regions, involves both
NHPs and humans as amplifying hosts. Semi-domestic mosquitoes (e.g., Aedes spp.)
breed near human settlements, facilitating localized outbreaks when conditions are
favorable [13].

3.3 Urban cycle

The urban cycle (Figures 1 and 2), responsible for devastating historical out-
breaks, occurs when infected humans introduce YFV into densely populated areas
with high Aedes aegypti infestation. The vector thrives in urban environments and can
transmit the virus from human to human without NHP involvement [9, 13].

Although Brazil has not reported confirmed urban YFV transmission since the
mid-twentieth century, the coexistence of YFV circulation and abundant A. aegypti
raises concern for potential reurbanization, especially in under-vaccinated areas [4].

Several environmental and social factors critically influence the YF transmission
dynamics. Climate change and deforestation play a pivotal role by altering ecosys-
tems, promoting the dispersion of sylvatic mosquito vectors, and forcing NHPs
into closer contact with human populations. Simultaneously, urban expansion has
intensified human-vector interactions in peri-urban areas, where fragmented forest
environments overlap with densely populated communities. These conditions cre-
ate ideal scenarios for zoonotic spillover and potential reurbanization of the virus.
Compounding these risks, vaccine coverage gaps—particularly in regions previously
considered low-risk—have allowed outbreaks to reach susceptible and immunologi-
cally naive populations, often with devastating consequences [3, 4, 6, 14].

4. Sylvatic yellow fever in Brazil

Brazil has experienced recurrent sylvatic YF outbreaks throughout its history,
but the 2016-2018 epidemic marked a turning point in the YFV’s behavior, with its
geographic expansion into densely populated regions of the Southeast and South
regions of the country. This unprecedented spread highlighted the vulnerability of
unvaccinated populations and the limitations of traditional containment strategies
[4, 15].

4.1 Reemergence and geographical expansion

Historically, YFV circulation was restricted to the Amazon Basin in the Americas
region. However, beginning in late 2016, the virus spread rapidly in Brazil through
the states of Minas Gerais, Espirito Santo, Rio de Janeiro, and Sdo Paulo—regions
with low historical exposure and low vaccine coverage at the time of these outbreaks.
Phylogenetic analyses confirmed that the outbreaks were caused by the South
American genotype I lineage, which underwent silent enzootic expansion before
causing explosive epizootics and human cases [4, 15, 16].

NHP mortality, particularly among Alouatta spp. (howler monkeys), served as an
early indicator of YFV circulation. Surveillance systems that incorporated primate
epizootics were critical for identifying viral hotspots and directing emergency vac-
cination campaigns [4, 16].
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4.2 Vectors and environmental drivers

The primary vectors in Brazil’s YF sylvatic cycle are mosquitoes of the genera
Haemagogus and Sabethes. These mosquitoes breed in forest canopies but can also be
found in forest fragments within urban and peri-urban zones, facilitating zoonotic
spillover events. Environmental degradation, including deforestation and forest
fragmentation, has played a significant role in increasing contact between humans,
NHPs, and sylvatic vectors [4].

4.3 Demographic and temporal patterns

Epidemiological data from recent YF outbreaks in Brazil have revealed distinct
demographic and seasonal trends. Adults, particularly males aged 20-59 years, are
disproportionately affected, likely due to occupational exposure in forested and
peri-forested areas, where sylvatic transmission predominates. The disease also follows
amarked seasonal pattern, with incidence peaking during the tropical rainy season
(December to May), which coincides with increased mosquito breeding and activity
[4]. Moreover, case-fatality rates among confirmed cases have ranged from 30 to 50% in
severe presentations, underscoring the virulence of the virus and the challenges posed
by limited access to intensive care units in many affected rural and remote areas [6].

4.4 Public health implications

The reemergence of sylvatic YF in southeastern Brazil revealed gaps in routine
immunization and surveillance in areas previously not considered at risk. The
outbreaks prompted mass vaccination campaigns, deployment of mobile labs, and
intensified entomological monitoring. Importantly, these events reignited the global
discussion on the risk of urban YF reestablishment due to the presence of Aedes
aegypti in affected regions [4, 15].

The outbreaks also demonstrated the importance of integrating eco-epidemiological
data—such as NHP surveillance, entomological mapping, and land-use changes—into
real-time public health decision-making. Efforts like the Brazilian National Surveillance
Plan for Yellow Fever Epizootics in Non-Human Primates (Plano de Vigilancia de
Epizootias em Primatas Nao Humanos) were strengthened to provide early warnings
for potential human cases and inform vaccine deployment strategies [4, 16].

Despite control efforts, the continued circulation of YFV in the Atlantic Forest
biome and the expansion of competent mosquito vectors to urban fringes indicate
an ongoing risk of viral reemergence in previously unaffected areas, especially in the
context of low vaccine uptake or delayed immunization response.

5. Epidemiological features

YF remains a significant public health concern in tropical regions of Africa and
South America, with periodic outbreaks driven by complex ecological, social, and
immunological factors. Despite the challenges in surveillance systems leading to
underreporting, it is estimated that up to 200,000 cases and 30,000 deaths occur
annually worldwide [6]. The disease’s epidemiology is characterized by its distinct
transmission cycles and the dynamic interplay between human populations, NHPs,
and mosquito vectors.
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Historically, the urban transmission cycle was responsible for large-scale epidem-
ics in cities across the Americas and Africa during the nineteenth and early twentieth
centuries. The successful implementation of vector control programs and mass
vaccination campaigns interrupted urban transmission in the Americas by the mid-
twentieth century. However, the sylvatic cycle persists in forested areas, maintaining
an ecological reservoir in NHPs and mosquitoes such as Haemagogus sp. and Sabethes
spp. in South America and Aedes africanus in Africa [17].

5.1 Global burden and distribution

Endemic transmission persists in different African and South American countries,
with the highest disease burden concentrated in sub-Saharan Africa. However, recent
large-scale outbreaks, notably in Brazil from 2016 to 2018, demonstrated a concerning
reemergence of YF in regions with historically low incidence. This shift reflects dynamic
changes in YFV ecology, including potential viral evolution and vector adaptation, and
underscores the vulnerability of previously unaffected or less affected areas [4, 18].

As of May 2025, the Pan American Health Organization (PAHO) reported 235
confirmed YF cases in the Americas, including 96 deaths [5]. This marks an increase
from previous years, with cases spreading beyond the Amazon basin into regions such
as Sdo Paulo in Brazil and Tolima in Colombia [19, 20]. Similarly, in Africa, the World
Health Organization (WHO) has highlighted the need for enhanced surveillance and
vaccination efforts to combat the disease [21].

A particularly concerning feature of recent epidemics has been the expansion of YFV
into densely populated urban and peri-urban areas. This phenomenon creates a potential
bridge for urban transmission, as the highly anthropophilic Aedes aegypti mosquito, a
primary vector in urban settings, is prevalent in these areas. The convergence of sylvatic
and urban ecologies, driven by factors such as deforestation, human encroachment into
forested areas, and increased population mobility, significantly elevates the risk of large-
scale outbreaks. This complex epidemiological landscape underscores the urgent need
for integrated vector surveillance, robust vaccine strategies, and public health prepared-
ness to prevent future epidemics and control the spread of YF [4, 16, 22]. The movement
of unvaccinated human populations into or through areas with active sylvatic cycles also
contributes to the risk of spillover events and subsequent urban spread.

5.2 Challenges in surveillance and reporting

Despite global efforts, the true burden of YF remains challenging to ascertain
due to significant limitations in surveillance and reporting systems, particularly in
endemic regions. Subclinical infections, where individuals experience no or very mild
symptoms, often go undetected, contributing to a substantial underestimation of case
numbers. Furthermore, the nonspecific nature of early symptoms can lead to mis-
diagnosis, with YF often confused with other febrile illnesses prevalent in the same
geographical areas, such as dengue, malaria, leptospirosis, or viral hepatitis [4, 10].
This diagnostic ambiguity further complicates accurate reporting.

In recent years, advancements in diagnostic capacity, coupled with the application
of molecular and geospatial tools, have significantly enhanced outbreak detection and
response capabilities. These tools allow for more precise identification of the virus,
tracking of its spread, and mapping of high-risk areas. Nevertheless, limited access to
advanced diagnostic facilities in remote or resource-poor areas remains a persistent
obstacle to comprehensive surveillance. The lack of robust laboratory infrastructure,
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trained personnel, and reliable supply chains for reagents hinders timely and accurate
diagnosis, thereby impeding effective public health interventions. Improving these
aspects is crucial for achieving a more accurate understanding of the disease’s epide-
miology and for implementing targeted control measures [23].

5.3 Conservation medicine and ecosystem dynamics

Understanding YF through the lens of conservation medicine is essential for
addressing the complex interactions between environmental changes, wildlife health,
and human disease risk [24]. Conservation medicine—closely linked to the One
Health framework—emphasizes that the health of humans, animals, and ecosystems
is inseparably connected [14].

In Brazil, the sylvatic cycle of YF vividly demonstrates this interdependence. NHPs,
especially howler monkeys (Alouatta spp.), are highly susceptible to YFV and actas
early sentinels for viral circulation in forested areas [17]. Epizootics among these primate
populations frequently precede human outbreaks by weeks or months, providing a critical
early-warning system [14]. For example, during the 2016-2019 outbreaks, large die-offs of
Alouatta guariba were detected in the Atlantic Forest biome of Minas Gerais and Espirito
Santo, triggering targeted vaccination campaigns in surrounding communities [17].

Ecological pressures such as deforestation, forest fragmentation, and urban
expansion have forced NHPs into closer contact with human settlements and peri-
urban forest fragments, intensifying the risk of zoonotic spillover [24]. At the same
time, changes in vector distribution, driven by habitat alteration and climate variabil-
ity, have expanded the range of sylvatic mosquitoes like Haemagogus and Sabethes spp.
into areas near urban centers [14].

In practice, Brazil has integrated conservation medicine concepts by combining
primate surveillance, entomological monitoring, and remote sensing of forest cover
[17]. Health authorities and environmental agencies collaborate to report and investi-
gate sudden primate deaths, collect samples for laboratory testing, and map epizootic
clusters to guide emergency vaccination corridors [24]. These integrated actions have
proven effective in containing outbreaks and preventing urban transmission [17].

By reinforcing this approach, conservation medicine bridges veterinary science,
wildlife ecology, epidemiology, and public health, creating a more robust surveillance
network capable of anticipating disease emergence [14, 24]. Sustained investment
in training, local community engagement, and intersectoral data sharing are key to
maintaining this early-warning capacity and minimizing the impacts of future YF
outbreaks [17].

6. Clinical presentation

The YFV replicates in various cell types, including monocytes, macrophages, den-
dritic cells, and hepatocytes. Hepatic involvement is a hallmark of severe YF, leading
to the characteristic jaundice that gives the disease its name [9].

The incubation period for YF typically ranges from 3 to 6 days after the mosquito
bite, though it can extend up to 10 days. YF presents with a wide clinical spectrum,
ranging from asymptomatic or mild infection to severe, life-threatening illness
(Tablel) [2, 4, 6, 9].

Yellow fever classically presents in three phases. The acute phase begins suddenly
with symptoms such as fever, chills, severe headache, backache, generalized myalgia,
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Infection Remission Intoxication Phase Convalescence Phase
Phase Phase 3-8days 2 weeks - several months
3-6 days 2-24 hours
Signs and Fever Alleviation of Headache Some cases might present:
Symptoms Headache symptoms Epigastric pain Prolonged asthenia, persistent
Asthenia Vomiting alopecia, progressive jaundice
Myalgia Phase Myalgia - may occur even if it did not
Malaise often goes Malaise appear during the first 14 days
Vertigo unnoticed Jaundice of illness
Nausea Oliguria - Anuria
“Soft liver” Benign outcome:
Conjunctival Hypotension — Transaminases and bilirubins
infection Shock return to normal after 1 month
Bradycardia Torpor — Coma without the need for treatment
(Faget sign) Hypothermia
White tongue Hemorrhage
Convulsions
Encephalopathy
Pancreatitis
Laboratory Leukopenia Thrombocytopenia Frequent fluctuations in
Features Neutropenia Leukocytosis transaminases occur, and
C-reactive 1 AST > ALT normalization may take months
protein — low Proteinuria in some patients
1 AST > ALT Azotemia
Proteinuria Hypoglycemia
1+ LDH Acidosis
Recovery or Death Late Hepatitis — New elevation
of transaminases during the
convalescent period in 16% of
patients
Detection Viremia Antibodies Antibodies

Source: Adapted from Brazilian Ministry of Health, 2020.

AST: Aspartate Aminotransferase, ALT: Alanine aminotransferase, LDH: Lactate Dehydrogenase.

Table 1.

Phases of yellow fever virus infection and the main clinical and laboratory characteristics of the disease clinical
course of yellow fever. Classically, four periods of the disease are described: infection, remission, intoxication, and
convalescence. The symptoms and clinical signs characteristic of each period differ, with a general worsening of
the clinical condition observed during the intoxication period, when some patients progress to death. Among those
who recover from the disease, around 16% experience a new elevation in transaminases, characterizing a condition

known as late-velapsing hepatitis.

prostration, nausea, and vomiting. This phase typically lasts 3-4 days, after which
most patients recover, developing lifelong immunity (Table 1) [4, 9, 25].

However, in approximately 15-25% of cases, after a brief remission of symptoms—
called a “period of remission” lasting hours to a day—the patient progresses to the
more severe toxic phase. This phase is characterized by the reappearance of fever, often
accompanied by more severe and systemic manifestations. These include a hemor-
rhagic diathesis presenting as epistaxis, gingival bleeding, hematemesis (often referred
to as “black vomit” due to gastrointestinal hemorrhage), melena, petechiae, purpura,
and ecchymoses. Jaundice is indicative of severe liver damage and is the origin of the
“yellow” in yellow fever. Renal dysfunction manifests as oliguria, anuria, and acute
kidney injury. In severe cases, the disease can lead to multiorgan failure, involving
the liver, kidneys, and heart. Neurological symptoms such as convulsions, delirium,
or coma may also occur. Mortality in the toxic phase is significant, ranging from 20
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to 50%, and can be even higher during epidemics. Death usually occurs within 7 to

10 days of symptom onset [4, 9, 25]. Recent studies have further indicated that elevated
levels of aspartate aminotransferase (AST), international normalized ratio (INR),
lactate, and WBC, along with older age, were significantly associated with a higher risk
of death prior to discharge, highlighting the importance of these clinical markers for
improving patient management and the early identification of risk factors and inter-
vention for severe cases (Table 1) [25, 26].

More recently, particularly during recent YF outbreaks in Brazil, a phenomenon
known as Late Relapsing Hepatitis after Yellow Fever (LHep-YF) has been described
in a subset of survivors. This condition is characterized by a rebound in liver enzymes
such as AST, alanine aminotransferase (ALT), alkaline phosphatase, and total bili-
rubin, often occurring within 2 to 6 months after an initial improvement or even
normalization of liver function following the acute phase of YF [18, 27-29]. Patients
experiencing LHep-YF may present with persistent fatigue, a return of jaundice,
headache, hyperoxia, and sometimes low platelet levels. While the exact pathophysi-
ology is not yet fully understood, current hypotheses include viral persistence in the
liver, with YEV RNA and antigens having been detected in liver biopsies months
after acute infection in some cases [27, 29], or a sustained proinflammatory immune
response to the virus [18]. This late complication underscores the importance of
extended patient follow-up after acute YF, as it can lead to hospital readmission,
though generally, patients do recover, albeit with elevated liver enzymes and symp-
toms persisting for several months (Table 1).

7. Pathogenesis

YFV infection leads to a broad spectrum of clinical manifestations, ranging from
subclinical or mild febrile illness to fulminant hepatitis with multiorgan failure. The
pathogenesis of YF is shaped by a complex interplay between viral replication, host
immune responses, and tissue-specific damage—particularly in the liver, spleen,
kidneys, and heart (Figure 3) [2].

7.1Initial viral replication and dissemination

After inoculation through the bite of an infected mosquito, YFV initially replicates
in dendritic cells and macrophages at the skin and draining lymph nodes. This is
followed by primary viremia, during which the virus disseminates to major organs,
notably the liver, which serves as the primary site of replication (Figure 3) [2].

7.2 Hepatic involvement

YFV is strongly hepatotropic, preferentially infecting midzonal hepatocytes.
Histopathological findings include councilman bodies (eosinophilic apoptotic hepato-
cytes), steatosis, and necrosis without significant inflammation. This immune-silent
hepatic apoptosis results in impaired detoxification and synthesis functions, leading
to jaundice, coagulopathy, and elevated transaminases [10, 15]. Even though the YFV
usually causes liver damage during its replication, there is a lack of knowledge to
understand if alcohol consumption is a risk factor for severe YF (Figure 3).

Importantly, a recent study demonstrated that YFV infection induces a redox
imbalance in hepatocyte cultures, marked by increased reactive oxygen species (ROS)
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Figure 3.

Pa%hophyxiology of yellow fever. Following inoculation of the yellow fever virus (YFV) into the epidermis of
patients by the mosquito vector, the virus migrates to the lymph nodes and then spreads through the bloodstream.
Subsequently, the virus reaches systemic organs—primarily the liver, kidneys, heart, and blood vessels—directly
and indivectly affecting the tissues of these organs. This leads to the signs, symptoms, and laboratory abnormalities
commonly observed in patients with severe yellow fever. In addition to organ involvement, an exacerbated systemic
inflammatory response also occurs, contributing to increased capillary permeability, plasma leakage, hypotension,
and shock. Source: Adapted from Brazilian Ministry of Health, 2020.

production and downregulation of antioxidant defenses. This oxidative stress likely
contributes to hepatocellular injury and may play a role in systemic manifestations
such as shock and multiorgan dysfunction (Figure 3) [10].

7.3 Immune dysregulation and cytokine storm

Severe YF cases are characterized by a dysregulated immune response, including
excessive proinflammatory cytokine production (TNF-a, IL-6, IFN-y), complement
activation, and lymphocyte apoptosis. This “cytokine storm” contributes to vascular
leakage, shock, and organ failure. In parallel, YFV has developed mechanisms to
evade innate immunity, including inhibition of interferon signaling, which allows
uncontrolled viral replication in early stages of infection (Figure 3) [30, 31].

7.4 Systemic effects and multiorgan failure

In severe cases of YF, systemic viral dissemination leads to widespread tissue
damage and multiorgan failure. Renal involvement is particularly common, with
acute tubular necrosis and acute kidney injury frequently observed in fatal outcomes.
The heart may also be affected, with evidence of myocardial inflammation, arrhyth-
mias, and cardiac dysfunction contributing to hypotension and shock. Although less
frequently, the central nervous system (CNS) can be involved, especially in severe or
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fulminant cases. Histopathological and immunohistochemical analyses have con-
firmed viral neuroinvasion in fatal human cases, indicating that YFV can cross the
blood-brain barrier under certain pathological conditions (Figure 3) [30].

8. Host immune response

The study of the immune response is of great relevance for understanding the evo-
lution of tissue lesions inherent to different infections. Specifically, in viral infections
that affect the liver, such as hepatitis B, C, dengue, and YF, cytotoxic T cell responses
and cytokine activity are important factors involved in controlling viral replication
and hepatocyte death [32].

A comparative study examining how the wild-type YF virus Asibi strains and the
vaccine strain (17D) infect host cells revealed that mutations in the E protein of the
vaccine strain 17D acquired during the attenuation process result in differentiation of
the infection pathway. It was observed that the Asibi strain infects target cells exclu-
sively via classical clathrin-mediated endocytosis, whereas the 17D strain utilizes a
clathrin-independent pathway for infection. Interestingly, this differentiation led
the vaccine strain to bind and infect host cells more efficiently than the wild-type
Asibi strain (Figure 4). Consequently, these characteristics culminated in enhanced
viral replication and greater release of viral RNA into the host cell cytosol, which in
turn may activate pattern recognition receptors (PRRs) and lead to a more robust
cytokine-mediated antiviral response, notably interferon (IFN) [33].

Another immune response to viral infection that occurred more robustly in the
presence of the 17D strain was the secretion of chemokines CXCL10 and CCLS5 [33],
which are almost invariably associated with viral infections [34] and primarily
function by attracting leukocytes to sites of viral infection (Figure 4). These findings
suggest that entry mechanisms are responsible for most of the differences in cytokine
responses observed in cells infected with both strains. However, the attenuation of
17D is likely a multifactorial process that depends on additional mechanisms [33].

Wild-type (Asibi) 17D (Vaccine)
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endocytosis < " independent entry
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Figure 4.

Comparison of host immune responses to wild-type yellow fever virus (Asibi) and the 17D vaccine: Clathrin-
independent entry.
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In general, therefore, enhanced replication in the early phase of infection, possibly
due to attenuation of the 17D strain, leads to rapid viral elimination. In contrast, the
wild-type strain, infecting cells less efficiently, may replicate at lower levels within
cells, passively evading detection by innate immune components. This would allow
the virus to spread and reach its target organs (Figure 4) [33].

Surviving YF infection requires the host to generate a controlled immune response
that recognizes and eliminates the invading pathogen while limiting collateral damage
to its own tissues, which may result from an exaggerated immune response [28, 35—
37]. Immunoregulation may emerge as a result of the host’s response to infection to
maintain or restore a homeostatic environment and may be actively induced by the
pathogen to ensure its survival [36].

Previous studies investigating the behavior of the wild-type YF virus and the
live-attenuated YF 17D strain in human hepatocytes and Kupffer cells have shown
distinct responses. Infection with YF 17D led to limited viral spread and an immune
response indicative of rapid viral elimination and immunological protection. On the
other hand, an expressive response to wild-type YF infection, suggesting a “cytokine
storm,” indicated a critical component in disease progression (Figure 4) [38].

A more detailed assessment of cytokine and chemokine production by human
Kupfter cells infected with wild-type or vaccine strain YFV revealed that both strains
support viral replication and induce a prominent and prolonged proinflammatory
response characterized by elevated levels of TNF-a, CXCL8, and CCL5, with a lesser
increase in IL-10. Notably, cytokine and chemokine levels throughout the infection
were higher in cells infected with the wild-type virus compared to those infected with
the vaccine strain. These findings suggest that differentially regulated infection in
Kupfter cells may play a critical role in disease development [39].

Furthermore, Cong et al. [36] evaluated the susceptibility of macrophages and
dendritic cells to YFV infection, the cytokine profile induced by the infection, and
their ability to interact with and stimulate CD4" T cells. Their data demonstrated that
both human and nonhuman primate-derived macrophages and dendritic cells were
susceptible to infection with both wild-type (Asibi) and vaccine (17D) strains. Both
stimulated distinct cytokine responses, while dendritic cells infected with the vaccine
virus were able to stimulate CD4" T cells, whereas cells infected with the wild-type
virus did not. These findings suggest that the wild-type YFV may inhibit critical
components of the immune response to allow viral dissemination and spread. Indeed,
IFN-o and TNF-a levels were elevated 2-5 days after infection with the vaccine strain,
with a decrease in response as the infection progressed. In contrast, cells infected with
the wild-type virus maintained a persistent and increased response as the infection
progressed. Analysis of CCL2, CCL3, and CCLS5 expression also suggested a controlled
response to infection with the vaccine strain, with high expression of these chemo-
kines 2-5 days after infection, while their expression in cells infected with the wild-
type virus was delayed and significantly elevated later [36].

A study using a hamster model of YFV infection was developed to assess the
dynamics of cytokine expression changes in liver tissue during infection. It was
observed that levels of proinflammatory cytokines (IFN-y, IL-2, and TNF-a) were
reduced 8 days after infection and increased by day 12. Regarding modulating
cytokines, IL-10 expression was increased, and TGF-f expression was decreased
in the liver of infected animals [40]. From a pathological standpoint, the observed
cytokine profile suggests that YFV infection has immunosuppressive effects, which
would contribute to liver damage in the intermediate stages of infection, followed by
pathogenic mechanisms leading to disease progression in the later stages.
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Similarly, a study conducted in IFN system deficient murine models, such as
mice deficient in receptors for IFN-a/f (A129) or IFN-y (G129), both IFN-a/p and
IFN-y receptors (AG129), or the signaling molecule STAT1 (STAT129), demonstrated
severe liver and spleen disease with very high levels of CCL2 and IL-6, suggestive of
a cytokine storm, associated with rapid viral dissemination and extensive replication
in these visceral organs. For the 17D-204 vaccine strain, it was observed that infection
of visceral organs was rarely established and rapidly eliminated, possibly through
IFN-y-dependent mechanisms [41].

A pioneering approach by ter Meulen and colleagues (2004) evaluated systemic
mediators (IL-6, TNF-a, CXCL8, CCL2, CXCL10, and IL-1Ra) in the pathogenesis of
YF. The levels of soluble mediators were compared in patients with fatal YF versus
those with nonfatal YF. Elevated levels of IL-6, CCL2, CXCL10, and IL-1Ra were
verified in patients with fatal YF compared to those with nonfatal YF. These distinct
patterns of inflammatory and regulatory biomarkers associated with fatal or nonfatal
YF paralleled viremia, suggesting a significant contribution of these mediators to the
terminal complications of the disease [35].

In addition, Quaresma et al., by using immunohistochemistry to characterize the
phenotype of inflammatory cells and assess the presence of apoptosis in the liver,
demonstrated a predominance of CD4* T lymphocytes, accompanied by CD8" T lym-
phocytes, natural killer cells, macrophages, and antigen-presenting cells [32]. Murai
etal. demonstrated that the migration of activated CD8" T cells from lymph nodes to
the liver is mediated by the CCR5-CCLS5 axis [42]. However, the exact function of each
of these specific cell populations in the immunopathogenesis of YF remains unknown.
Furthermore, the authors observed a disproportion between the intensity of inflamma-
tion and the degree of liver damage, which is likely associated with intense apoptotic
activity, which classically does not induce a significant inflammatory response [32].
This finding is a hallmark of the liver in this disease, previously observed in classic
studies by Hudson [43], Klotz and Belt [44, 45], and later confirmed by Smetana [46],
Vieira et al. [47], Branquet [48], and Quaresma et al. [49], both in human and experi-
mental material, evaluating infected nonhuman primates. Despite this disproportion,
the cellular immune response plays an important role in the pathogenesis of hepatocel-
lular injury observed in severe YF, likely as a consequence of cytolytic actions involving
class II MHC and the activation of Fas receptors and granzymes/perforins [32].

In YF patients who progressed to death, the histopathological picture is char-
acterized by lytic steatosis, necrosis, and apoptosis associated with the presence of
moderate mononuclear inflammatory infiltrate. The inflammatory infiltrate mainly
consisted of CD4" T lymphocytes, followed by CD8" T lymphocytes, with immunore-
activity for the Fas ligand, indicating the importance of lymphocytes in establishing
liver lesions in severe YF, inducing hepatocyte apoptosis through binding to Fas
receptors [50].

Necrosis is likely a consequence of the direct cytopathic effect of YFV, associated
with a potent immune response in which CD4"* and CD8" T lymphocytes and cyto-
kines, especially TGF-p, but also TNF-a and IFN-y, play an important role [51]. These
data suggest that patients who progress to the severe form of the disease exhibita T
cell response that may be ineffective in controlling viral replication in the liver or is
strongly cytolytic, causing damage and exacerbating pathology [52].

Still analyzing patients who progressed to death, Quaresma et al. [53] demon-
strated that, in paraffin-embedded liver blocks, the subpopulations of infiltrating
cells at the sites of inflammation are mainly composed of CD4" T lymphocytes, with a
small number of CD8" cytotoxic lymphocytes, CD20* B lymphocytes, NKT" cells, and
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dendritic cells. Some cells expressed TNF-a and IFN-y, but a much larger proportion
of cells expressed TGF-f, suggesting a Thl and Th3 immune response pattern, respec-
tively. Viral antigens, whose production could interfere with hepatocyte biology,
would induce the activation of the apoptosis cascade, but TGF-p was also an apoptosis
promoter. The most affected hepatocytes presented apoptosis markers that appear in
the main cell death pathway in this infection [53].

In a prospective study by Fradico et al. [31], hospitalized patients with confirmed
YF were analyzed for circulating chemokines, cytokines, and growth factors. The
study presented a detailed immunological landscape, highlighting that distinct
immune response patterns underlie disease pathogenesis, progression, and the
development of late-relapsing hepatitis in YF patients. A storm of soluble mediators
was observed in the acute phase of YF, with elevated levels of inflammatory media-
tors associated with higher morbidity scores, the need for intensive care, and fatal
outcomes. Patients who did not develop hepatitis exhibited a peak in biomarker
levels during the acute phase. Conversely, patients who developed late-relapsing
hepatitis showed a peak in biomarker levels during the convalescent phase [31].

Taken together, these immune signatures suggest that an imbalance between
proinflammatory drive and regulatory mechanisms contributes to immune-mediated
tissue damage. Several of these soluble mediators have been proposed as early prog-
nostic biomarkers, potentially useful for risk stratification and clinical screening dur-
ing outbreaks. Furthermore, their association with late-relapsing hepatitis, a delayed
complication marked by recurrent hepatic inflammation, highlights their usefulness
in patient follow-up. Incorporating immune profiling into routine care could aid in
identifying high-risk individuals and tailoring supportive interventions [26, 31, 54].

9. Laboratory findings and diagnosis

Diagnosing YF requires a combination of clinical suspicion, epidemiological
context, and laboratory confirmation.

9.1 Laboratory findings

Regarding hematologic findings, leukopenia, especially lymphopenia, is common
in the acute phase, and thrombocytopenia and neutrophilia is usually present in
severe cases of YF, contributing to hemorrhagic manifestations. Anemia may develop
due to bleeding [4, 9, 25]. Hepatic indicators include elevated liver enzymes (AST,
ALT), which are characteristic and often reach very high levels in severe disease.
Hyperbilirubinemia (both conjugated and unconjugated) leads to jaundice. Prolonged
prothrombin time (PT) and international normalized ratio (INR) reflect impaired
hepatic synthesis of clotting factors, and hypoglycemia may occur due to liver failure
[9]. For renal function, elevated creatinine and urea nitrogen indicate kidney involve-
ment, and proteinuria is common. Finally, electrolyte imbalances may be present,
particularly in cases with vomiting or renal dysfunction [9, 25, 55].

9.2 Diagnosis

Laboratory confirmation is crucial, especially given the nonspecific nature of early
symptoms and the need to differentiate from other febrile illnesses such as malaria,
dengue, leptospirosis, or viral hepatitis [56]. Specific laboratory diagnosis of YF can
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Suspected Yellow Fever Case

v

Sample Collection
Consider disease stage to choose the best method

v v
If within first days If after 7-10 days
(viremia present): (viremia absent):
Choose a method for Choose a method for
direct detection serological detection
RT-qPCR (preferred) IgM detection (MAC-ELISA) — Fast,
Antigen detection low-cost, needs confirmation
Viiral isolation (less used) PRNT - Gold standard, detects
neutralizing antibodies
v v
YFV RNA/Antigen Seroconversion or 4-fold
Detected — Confirmed rise in titers — Confirmed

Figure 5.

Dz%{gnostic methods for yellow fever according to disease stage. Flowchart illustrating recommended diagnostic
approaches for yellow fever based on the timing of sample collection relative to symptom onset. In the early phase
of infection (day 6-7), when viremia is typically present, direct detection methods such as RT-qPCR (preferred),
antigen detection, and vival isolation can be employed. In later stages (after day 7), when viremia has usually
subsided, serological methods are indicated. These include MAC-ELISA for IgM detection and Plaque Reduction
Neutralization Test (PRNT), which is the gold standard for confirming yellow fever diagnosis by detecting
neutralizing antibodies.

be performed using various methods for direct or indirect detection of the virus.
The disease stage at sample collection must be considered when choosing the most
appropriate diagnostic method (Figure 5) [1, 6, 55].

In the early stages, while viremia is present, direct detection methods can be used,
such as antigen detection tests, viral isolation in cell culture, or viral RNA detection
by molecular techniques (Figure 5).

YFV detection using reverse-transcriptase real-time polymerase chain reaction
(RT-PCR) (Figure5). This is the preferred method for early diagnosis due to higher
sensitivity and specificity and faster, conclusive results compared to methods like
viral isolation. This technique detects viral RNA, especially within the first 5-7 days of
symptom onset when viremia is highest. It can be performed on blood, urine, or tissue
samples, including liver biopsies or autopsy samples, and is useful for distinguishing
between wild-type infection and vaccine-associated adverse events [2, 6, 13, 56-58].

Serological tests: Since viremia is often short in YFV infections, serological tests
may be needed to confirm the YF diagnosis (Figure 5). Assays such as I[gM ELISA
(MAC-ELISA) detect YFV-specific IgM antibodies, which typically appear 10-15 days
after symptom onset and persist for several months, indicating recent infection.
MAC-ELISA is widely used for YF diagnosis because it is less expensive, less labori-
ous, and faster. However, because cross-reactivity with other flaviviruses like dengue
and Zika can occur, confirmatory tests may be required. Noteworthy, neutralization
assays, such as the Plaque Reduction Neutralization Test (PRNT), are considered
the gold standard method for serological diagnosis of YF and the best correlate of
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protection. PRNT, despite being laborious and time-consuming (requiring about
7 days for results), offers high sensitivity, specificity, and accuracy with the ability to
differentiate YFV infection from other flavivirus infections by measuring antibody
titers [1, 13, 57, 59, 60]. PRNT is particularly useful for confirming ambiguous IgM-
positive results [13]. Indeed, in outbreak and epidemic scenarios, accurate detection
of neutralizing antibodies is essential, aiding both surveillance and evaluation of
vaccine efficacy and coverage [61]. Additionally, IgG ELISA detects YFV-specific IgG
antibodies, which develop later than IgM and indicate past infection or vaccination;
this test is useful for seroprevalence studies and assessing vaccine immunity [13].

Virus isolation: Though rarely performed routinely, YFV isolation from blood
(during the viremic phase) or tissues (e.g., liver) can confirm infection and is primar-
ily used for research and surveillance (Figure 5) [13].

Histopathology: Liver biopsy or postmortem examination often reveals charac-
teristic findings such as councilman bodies (apoptotic hepatocytes) and midzonal
necrosis [9].

10. Management

Since there is no specific antiviral treatment for YF, patient management is entirely
supportive. The goal is to alleviate symptoms, prevent complications, and maintain
vital organ function. Early recognition and intensive supportive care are critical for
improving outcomes in severe cases [30, 62].

Key aspects of management include fluid and electrolyte administration, where
intravenous fluids are essential to maintain hydration, blood pressure, and support
renal function, particularly in patients with vomiting, diarrhea, or signs of shock.
Management of hemorrhage involves close monitoring for bleeding. Blood transfu-
sions, including packed red blood cells, fresh frozen plasma, and platelets, may be
required for substantial hemorrhage or severe coagulopathy. For renal support,
strict input and output monitoring is crucial, and dialysis may be necessary for
patients who develop acute kidney injury with oliguria/anuria or severe electrolyte
disturbances. Close monitoring of liver function tests and coagulation parameters,
along with managing hypoglycemia if present, is necessary. Since there is no specific
treatment to reverse liver damage, care focuses on supporting the patient until liver
regeneration occurs [30, 62].

Finally, patient isolation is important. Individuals with YF should be protected
from mosquito bites using mosquito nets for at least 5 days after symptom onset to
prevent further transmission to uninfected mosquitoes and, subsequently, to other
humans [62].

11. Treatment, control measures, and prevention

Currently, there are no specific antiviral treatments available against YFV with
proven efficacy. Some antivirals used for other diseases, such as ribavirin (used for
canine distemper and other important human viral infections) and sofosbuvir (com-
monly used against hepatitis C infection), have been tested in vitro and in vivo against
YFV. However, studies with these drugs have been inconclusive or failed to demon-
strate efficacy in prolonging the survival of YFV-infected individuals or animals. New
molecules have also been tested against YFV in vitro, and some have shown antiviral
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activity against this virus and other flaviviruses, but none are currently available
for clinical use [2, 57]. The absence of specific drugs to treat this disease limits its
management, meaning that treatment of severe cases relies solely on life-support
measures [63]. Both individual and collective control and prevention measures can
and should be implemented against YF in humans.

Established strategies for YF control encompass vector surveillance and control
programs aimed at monitoring mosquito population densities and species com-
position in areas at risk of transmission. Additionally, vaccination campaigns are
implemented to protect vulnerable populations and individuals at increased risk
of exposure due to travel, recreational activities, or occupational engagements. In
addition, case investigation and reporting of human cases and epizootics are highly
relevant actions for implementing viral containment measures, thereby reducing dis-
ease impact and helping prevent outbreaks and epidemics [58, 64, 65]. It is important
to note that complete elimination of YFV from nature is impossible, as the sylvatic
cycle of the disease does not allow interventions to control or prevent viral circulation
and epizootics. However, preventing human cases is possible through measures such
as vaccination, regarded as the primary and most important individual protective
measure against YF [66, 67].

11.1 Yellow fever 17DD vaccine

The 17D and 17DD vaccines were developed in 1936 by a group of researchers
at the Rockefeller Foundation in the United States and have been used worldwide
with high efficacy since then, preventing millions of severe cases and deaths [67].
These live-attenuated virus vaccines were developed through sequential passages
of awild-type YFV sample—isolated from the blood of a febrile patient in Ghana
(called the Asibi strain)—in various cell cultures restrictive to its replication. Over
200 passages were performed in embryonic tissues of mice and chickens, with viruses
from each passage being tested in murine and non-human primate (NHP) models to
assess neurovirulence and viscerotropism. These tests demonstrated that sequential
passaging of the YFV produced an attenuated viral sample that lost the ability to cause
fever, tissue damage, hepatitis, and viremia in NHPs [67-69]. The first clinical trials
with this attenuated viral sample were carried out in 1936, after about 227 passages
in different tissues. From this stock, two samples were derived—named 17D-204
and 17DD—which are still used today in the production of certified commercial YF
vaccines.

The differences between the 17D-204 and 17DD vaccine strains are only a few
passages in embryonated eggs, which did not cause major genomic changes. Thus,
they are considered identical in efficacy and safety. Since their development, the YF
vaccines have been produced in embryonated chicken eggs. Currently, four WHO-
certified manufacturers, based in Brazil, Senegal, Russia, and France, produce and
distribute the 17DD and 17D vaccines, with Brazil currently being the largest pro-
ducer [67, 69, 70].

The 17D/17DD vaccine is known to induce a fast, specific, potent, and long-lasting
immune response similar to wild-type virus infection. This response is primarily
mediated by neutralizing antibodies targeting the envelope (E) protein, conferring
protection that can last decades or even a lifetime [67, 71, 72]. The YFV vaccine is
considered one of the safest and most effective vaccines ever developed and has been
the subject of extensive studies aimed at understanding long-term immune memory.
Immunization studies have shown that a single dose was able to induce the production
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of neutralizing antibodies in up to 90% of recipients within 10 days and in nearly all
individuals by 30 days postvaccination. Circulating antibody levels generally remain
stable for many years, and in some individuals, up to 65 years after vaccination

[67, 69, 73]. Based on these findings, WHO currently recommends a single vaccine
dose for adults not living in endemic areas. However, individuals who live, work, or
frequently travel to high-risk areas are advised to receive a booster dose 10 years after
the first dose [74].

Although the immune response profile induced by the vaccine is very similar to
that elicited by the wild-type virus, the attenuation process of 17DD is occasioned by
several genomic mutations, allowing the biological changes needed for attenuation
[66, 67]. Sixty-seven genetic mutations have been identified between the 17D-204 vac-
cine strain and the Asibi parent strain; twenty-two of these led to amino acid changes.
Eight of these amino acid substitutions are in the sequence encoding the envelope (E)
protein—the main target of humoral responses—primarily due to the presence of
neutralization and hemagglutination epitopes [37, 68]. In addition to its high immu-
nogenic potential, the E protein mediates viral binding, fusion, and adsorption to
host cells, playing a fundamental role in viral multiplication and successful infection
[71, 72]. Some amino acid substitutions in the vaccine strain result in conformational
changes that eliminate certain antibody epitopes present on the wild virus’s envelope,
meaning these viruses have distinct antigenic profiles recognized by different antibod-
ies [68, 75]. Recent studies also show significant differences in domains I and II of the
E protein in South American wild YFV genotypes compared to the 17DD vaccine strain
and African wild-type strains. These differences may affect recognition by neutraliz-
ing antibodies and could explain the lower immune response in individuals vaccinated
with 17DD or 17D when exposed to South American wild-type viruses [75].

Mutations in the 17DD E protein have also changed the virus’s cell-entry pathways,
enabling use of mechanisms beyond the clathrin-mediated route used by wild-type
YFV [33]. This gives the vaccine virus a biological advantage, allowing it to infect host
cells more efficiently and quickly. Iz vivo, this advantage is seen as a faster and higher
viremia peak in vaccinated individuals, unlike wild-type viruses, which produce
lower and more prolonged viremia peaks [31]. Such differences in viral replication
profiles may trigger a stronger immune response to the vaccine strain and quicker
viral clearance. Wild strains replicate more slowly and at lower levels, which facili-
tates evasion of some immune mechanisms.

11.1.1 Adverse events following vaccination (AEFV)

Although the 17D/17DD YF vaccine is widely regarded as safe and highly effective,
rare but serious adverse events following vaccination (AEFV) have been documented,
particularly in individuals with specific risk factors. These include elderly people over
60 years of age, as well as individuals with thymic disorders, immunodeficiencies, or
autoimmune diseases. The most clinically relevant severe AEFVs are categorized into
three types:

Yellow Fever Vaccine-Associated Viscerotropic Disease (YEL-AVD) is a rare but
life-threatening complication that mimics wild-type YF, with multiorgan involve-
ment including hepatic, renal, and respiratory failure. It occurs at an estimated rate
of 0.3 cases per 100,000 vaccine doses and is associated with a high case-fatality rate
approaching 60% [4, 76].

Yellow Fever Vaccine-Associated Neurotropic Disease (YEL-AND) encompasses a
spectrum of neurological complications such as meningoencephalitis, Guillain-Barré
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syndrome, and acute disseminated encephalomyelitis (ADEM). It occurs at an esti-
mated rate of 0.4 cases per 100,000 vaccine doses. These events are more frequently
reported in infants and older adults [4, 76].

Anaphylaxis, while extremely rare, can occur in individuals with severe egg
protein allergy, as the vaccine is propagated in embryonated chicken eggs [4, 76].

11.1.2 Contraindications and special populations

The YF vaccine is contraindicated in several populations due to the risk of severe
adverse effects. These include (i) infants under 6 months of age; (ii) individuals with
severe allergies to any component of the vaccine; (iii) persons with active HIV/AIDS
infection or other immunosuppressive conditions, except in cases where benefits out-
weigh risks under controlled clinical settings; and (iv) pregnant women, unless exposure
is unavoidable due to outbreak situations or imminent travel to endemic areas [4, 76].

For older adults, especially those above 60 years, a careful risk-benefit assessment
is reccommended due to the increased incidence of severe AEFIs observed in this
group [4, 76].

11.2 Challenges and perspectives

Despite the proven efficacy of the 17D/17DD YF vaccine, several challenges con-
tinue to hinder YF prevention and control efforts. The reemergence of Aedes aegypti in
urban settings raises concern about the potential reurbanization of YF transmission,
especially in regions with inadequate vector control. Additionally, vaccine hesitancy,
fueled by misinformation, has led to suboptimal vaccine coverage in some popula-
tions. Moreover, limited laboratory capacity in outbreak zones often results in delayed
diagnosis and response [77-79].

To address these issues, next-generation vaccines are under development, includ-
ing nonreplicating platforms designed to enhance safety in immunocompromised
individuals and special populations [77-79]. These advances offer promising avenues
to expand vaccination coverage while minimizing risk.

12. Conclusion

Yellow fever remains a significant public health threat in endemic regions of Africa
and South America, despite being a vaccine-preventable disease. The resurgence of
sylvatic YF in Brazil in 2017-2018, the 2024-2025 outbreaks in the Amazon region,
and the potential for reurbanization of transmission underscore the need for sus-
tained vigilance and strengthened surveillance systems.

The YFV exemplifies a complex host-pathogen interaction, in which the host
immune response plays a dual role. On one hand, it is essential for viral control and
recovery; on the other, when dysregulated, the immune response contributes directly
to YF pathogenesis and poor outcomes, particularly through the mechanisms of
immune hyperactivation, cytokine storm, and immune exhaustion.

Advances in understanding immune biomarkers, as demonstrated by recent clini-
cal studies, have provided valuable tools for prognostication and for guiding patient
management. Moreover, the identification of late-relapsing hepatitis as a post-acute
manifestation has expanded the clinical spectrum of YF and highlighted the need for
longitudinal follow-up of survivors.
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The 17D/17DD live-attenuated vaccine remains a cornerstone of prevention
with proven efficacy and safety. Nonetheless, rare but serious adverse events call for
improved risk assessment strategies, particularly in vulnerable populations such as
the elderly and immunocompromised. There is also growing interest in the develop-
ment of next-generation vaccines with enhanced safety profiles.

In conclusion, while substantial progress has been made in the understanding and
control of YF, continuous scientific research, public health investment, and global
collaboration are essential to prevent future outbreaks and mitigate the burden of this
reemerging disease.
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acute disseminated encephalomyelitis: rare inflammatory condition
affecting the central nervous system, associated with neurotropic
adverse events after vaccination.

adverse event following vaccination: any untoward medical occur-
rence following vaccination, which may or may not be causally
related.

alanine aminotransferase: enzyme indicating liver function, elevated
in hepatocellular injury.

aspartate aminotransferase: another key liver enzyme, often high in
yellow fever.

helper T lymphocytes: coordinate immune responses by activating B
cells and cytotoxic T cells.

cytotoxic T Lymphocytes: destroy virus-infected cells through direct
cytotoxicity.

case fatality rate: proportion of deaths among confirmed cases.

central nervous system: brain and spinal cord; can be affected in
severe yellow fever.

interferon gamma-induced protein 10: a chemokine associated with
T cell recruitment and inflammation.

fresh frozen plasma: blood product used to manage coagulopathy.
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immunoglobulin G: main antibody providing long-term
protection.

immunoglobulin M: first antibody produced during acute
infection.

interleukin-1 receptor antagonist: a regulatory cytokine that
modulates inflammation.

interleukins: cytokines involved in pro- and anti-inflamma-
tory responses.

Incubation period time: time between infection and symp-
tom onset.

late-relapsing hepatitis: delayed recurrence of liver inflam-
mation after apparent recovery.

non-human primates: natural reservoirs of sylvatic yellow
fever.

plaque reduction neutralization test: laboratory test for
specific flavivirus antibody confirmation.

reactive oxygen species: molecules that contribute to oxida-
tive stress and tissue damage.

reverse transcription polymerase chain reaction: molecular
test for detecting viral RNA.

soluble CD14/CD163: biomarkers indicating monocyte/
macrophage activation.

type 1 helper T cell: subset of CD4" T cells producing IFN-y
and supporting cell-mediated immunity.

regulatory T cell: subset of T cells that suppress excessive
immune responses to prevent tissue damage.

World Health Organization: United Nations agency respon-
sible for international public health.

yellow fever vaccine-associated viscerotropic disease: severe
adverse event mimicking wild-type yellow fever.

yellow fever vaccine-associated neurotropic disease: neuro-
logical complications after vaccination.

yellow fever: the disease caused by the yellow fever virus.
yellow fever virus: the causative agent of yellow fever.
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to Dengue Virus Serotypes:
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Abstract

Dengue virus (DENV), a mosquito-borne pathogen comprising four distinct serotypes
(DENV-1to DENV-4), poses a significant public health challenge in tropical and subtrop-
ical regions, with an estimated 390 million infections occurring annually. The complexity
of the immune response to dengue virus is underscored by the dual role of antibodies:
while they can provide serotype-specific protection, cross-reactive or sub-neutralizing
antibodies may mediate antibody-dependent enhancement (ADE)—a key driver of severe
disease outcomes such as dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS). This review explores the molecular and immunological basis of humoral responses
to dengue virus, focusing on antibodies targeting structural proteins and nonstructural
protein 1 (NS1). Antibodies directed against EDIII exhibit potent neutralizing activ-
ity with minimal ADE risk, whereas antibodies targeting the membrane protein and
the EDII fusion loop (FL) are often cross-reactive and can enhance infection via Fcy
receptor-mediated pathways. Anti-NS1 antibodies, while capable of providing protection,
have also been implicated in pathogenesis through mechanisms involving complement
activation and molecular mimicry. The phenomenon of ADE is not exclusive to dengue;
cross-reactive antibodies may also worsen infections caused by other flaviviruses, such as
Zika virus (ZIKV). To mitigate these risks, antibody engineering strategies—including Fc
region modifications and bispecific antibody constructs—are being explored to enhance
neutralizing capacity while reducing ADE risk. Vaccine development against dengue has
progressed across multiple platforms, including live-attenuated vaccines, inactivated
formulations, subunit vaccines, virus-like particles (VLPs), viral vectors, and nucleic
acid-based approaches. These strategies aim to enhance humoral immunity and inhibit
multiple stages of disease progression.

Keywords: antibody-dependent enhancement, dengue virus, humoral response,
neutralizing antibodies, vaccine development
1. Introduction

Dengue is a mosquito-borne viral disease, classified into four serotypes (DENV-1
to DENV-4) and subdivided into distinct genotypes, that is endemic in tropical and
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subtropical regions worldwide, where nearly half of the world’s population resides. This
virus infection results in an estimated 390 million cases annually, with approximately
96 million manifesting clinically, encompassing a spectrum from mild manifestations
to potentially fatal cases [1, 2]. Dengue virus (DENV) belongs to the Flaviviridae
family and genus Flavivirus, transmitted by mosquitoes of the genus Aedes, primar-
ily A. aegypti and, to a minor degree, A. albopictus [3]. Along with DENV, this genus
also includes a number of other medically important viruses such as West Nile virus
(WNV), yellow fever virus (YFV), Japanese encephalitis virus (JEV), and Zika virus
(ZIKV) [4]. Dengue is characterized by headache, myalgia, arthralgia, and severe
retro-orbital pain. In addition, hemorrhagic manifestations are associated with throm-
bocytopenia and plasma leakage, which may lead to hypotensive shock and death [5].

The World Health Organization (WHO) documented that from 2000 to 2019,
there was a 10-fold surge in reported cases worldwide; the year 2019 marked an
unprecedented peak, with reported instances spreading across 129 countries [2].
Since 2023, a global surge in dengue cases has been reported, marked by a significant
increase in both the number and magnitude of outbreaks with a predominance of the
DENV-3 serotype, as well as their simultaneous occurrence across multiple regions,
including areas previously unaffected by dengue [2]. Indeed, the Pan American
Health Organization (PAHO) reported more than 13,000 cases with this serotype in
the Americas Region in 2024 [6]. These trends are largely driven by rapid urbaniza-
tion, the expanding geographic range of the vector, accelerated population growth,
and the escalating impacts of climate change [7]. The frequent occurrence of out-
breaks and the high burden of dengue disease place substantial pressure on healthcare
systems and national economies.

The humoral immune response to DENV infection involves a complex interplay
among different antibody classes, their temporal dynamics, and their specificity for
viral antigens, all of which are crucial for both viral clearance and long-term protec-
tion [8]. However, in the case of dengue, the humoral immune response plays a dual
role; this duality creates a complex immunological landscape in which neutralizing
antibodies confer serotype-specific protection, while non-neutralizing or suboptimal
antibodies can mediate sub-neutralizing interactions that facilitate viral entry into
Fc receptor-bearing cells in secondary infections, a mechanism known as antibody-
dependent enhancement (ADE) [8, 9]. This phenomenon has been strongly associ-
ated with increased risk of severe dengue manifestations, such as dengue hemorrhagic
fever (DHF) and dengue shock syndrome (DSS) [10, 11]. During primary infection
with a single DENV serotype, individuals typically develop lifelong immunity to
the homologous serotype through the production of serotype-specific neutralizing
antibodies [12, 13]. However, most of the antibody response consists of cross-reactive
antibodies that exhibit low or no neutralizing activity, which may contribute to ADE
during secondary infection with a heterologous serotype [13-15].

Understanding the specificity, durability, and functional quality of antibody
responses is essential to elucidate mechanisms of immune protection versus ADE.
This knowledge is imperative for the rational vaccine design, the development of safe
and effective therapeutics—including monoclonal antibodies (mAbs) in preclinical
and clinical trials [16-19]—and the identification of improved correlates of protec-
tion or risk. This work summarizes the current knowledge of the humoral immune
response to DENV infection, encompassing its protective functions, its central role in
ADE and pathogenesis, key viral antigen targets, recent advances in characterization
of antibody repertoires and epitopes, and the implications for vaccine development
and clinical management.
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2. Antibody specificity and epitope recognition

DENV possesses a lipid envelope and a positive-sense single-stranded RNA
genome with a single open-reading frame (ORF) that encodes three structural
proteins—envelope glycoprotein (E), nucleocapsid protein (C), and membrane
protein (prM/M)—as well as seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) (Figure 1) [20]. The C protein encapsulates the viral genome,
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Figure 1.

General characteristics of dengue virus. (A) Dengue virus possesses a positive-sense RNA genome (approximately
10.6 kb) with a single open-reading frame (ORF), flanked by 5’ and 3’ untranslated regions (UTRs). This ORF
encodes a polyprotein that is cleaved by both viral and host proteases into three structural proteins: envelope
glycoprotein (E), nucleocapsid protein (C), and membrane protein (prM/M), and seven nonstructural proteins:
NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (sky blue). Created in BioRender. https://BioRender.com/
Isesqus. (B) The E protein is the major target of the immune response and consists of three domains: EDI (ved),
EDII (yellow), and EDIII (marine blue). In the mature virion, the E protein is organized as 90 antiparallel
dimers on the viral surface. E protein PDB: 5NoA (visualized by PyMOL v 2.5.4).
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which is enclosed within a lipid bilayer containing the E and M proteins [21]. The

E and prM proteins form the viral glycoprotein embedded in the lipid bilayer [22,
23]. The prM protein facilitates proper folding and assembly of the E protein and is
presented on the surface of partially mature virions [24]. Among these proteins, E
and the prM—both exposed on the virion surface—are the primary targets of the
host immune response during DENV infection [22, 25]. Additionally, NS1, which is
involved in viral replication and packaging [24], is also recognized by the immune
system, although with lower intensity and frequency [26].

2.1 Antibodies targeting E protein

The DENV E protein is the primary target of neutralizing antibody responses
following dengue infection. In the mature virion, the E protein is organized as 90
antiparallel dimers on the viral surface and mediates attachment to host cell recep-
tors, membrane fusion, and viral entry via receptor-mediated endocytosis (Figure 1)
[27]. Each E protein monomer comprises three domains: a central p-barrel domain
(EDI), an elongated dimerization domain (EDII) containing the fusion loop (FL)
at its distal end—critical for initiating fusion—and a carboxy-terminal immuno-
globulin-like domain (EDIII) (Figure 1) [28, 29]. Due to approximately 62-80%
residue sequence identity among the E proteins of the four serotypes (Figure 2) [30],
antibody response can be either serotype-specific or cross-reactive. The dominant
antibody repertoire in human serum targets the fusion loop in EDII (DII-FL epitope).
These antibodies are broadly cross-reactive across the four DENV serotypes and
ZIKV, but they exhibit limited neutralizing activity and can induce ADE [12, 13, 31].
Although EDI is not a major target of neutralizing antibodies, it can elicit humoral
responses, particularly during secondary dengue infections. Antibodies targeting
EDI are generally broad, cross-reactive, and have low neutralizing capacity [32]. In
contrast, antibodies against EDIII comprise only 5-10% of the total humoral response
in infected individuals [33], but they tend to be strongly neutralizing against specific
serotypes, though not uniformly across all four [29]. Additionally, a small subset
of antibodies has been identified that recognize different conformational epitopes
spanning multiple domains in EDI, EDII, and EDIII, known as the E-dimer epitope
(EDE), which can be classified into two types: (1) those whose binding depends on
the presence of an N-linked glycan at position N154 of the E protein and (2) those that
bind in the absence of this glycan [34, 35]. These antibodies can be broadly neutral-
izing, with some exhibiting serotype-specificity and others cross-reactive [36].

2.2 Antibodies targeting prM

The prM protein is composed of 166 residues (approximately 19 kDa). During
viral morphogenesis, it is cleaved by the host protease furin, releasing a 91-amino acid
N-terminal fragment known as the pr-peptide. This cleavage generates the mature M
protein, comprising residues 92 to 166. The pr-peptide acts as a protective lid over the
hydrophobic fusion loop of the E protein, shielding the fusogenic region and thereby
preventing premature membrane fusion during the transport of immature virions
through the host secretory pathway [37].

The prM protein is a potent inducer of the immune response. Analysis of the
memory B-cell responses in DENV-infected individuals has shown that approximately
60% of the human antibody response targets the prM protein [32], including a subset
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Seg;lence alignment of the E proteins from four DENV serotypes. The E protein sequences of four representative DENV serotypes were aligned using Clustal W, Residues are color-coded
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are shown below each alignment vow: blue arrows vepresent beta strands, and the green curls indicate alpha-helices. Sequence accession numbers: DENV-1 (EF440432.1), DENV-2
(EF440433.1), DENV-3 (EF440434.1), and DENV-4 (EF440435.1). The image was generated by Geneious® 9.1.8.
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with neutralizing activity [38]. However, several studies have demonstrated that prM
elicits highly cross-reactive antibodies capable of recognizing prM across all four
DENV serotypes. Notably, anti-prM antibodies generally exhibit poor neutralizing
capacity but can strongly enhance infection through ADE [10, 39, 40]. Interestingly,
D29 Fab-IgG, a DENV cross-reactive monoclonal antibody targeting prM, has been
shown to bind with high affinity to a conformational epitope and to restore the infec-
tivity of otherwise noninfectious immature DENV particles in K562 cells [41].

2.3 Antibodies targeting NS1

NS1 is a highly immunogenic nonstructural protein involved in both immune pro-
tection and dengue pathogenesis. It is a glycoprotein with a molecular weight ranging
from 46 to 55 kDa, depending on its glycosylation status. NS1 can be anchored to the
surface of the infected cells, associated with intracellular vesicular compartments,
or secreted into the extracellular space as oligomers [42]. Antibodies targeting NS1
have been shown to confer protection against dengue infection [43]. These antibodies
can activate the complement system, thereby contributing to immunity defense by
promoting the clearance of infected cells and interfering with NS1-mediated immune
evasion mechanisms [44]. However, certain anti-NS1 antibodies exhibit molecular
mimicry and cross-react with host proteins such as ATP synthase, vimentin, or
monocyte chemotactic protein-1. This cross-reactivity may contribute to endothelial
dysfunction, platelet depletion, and vascular leakage—key features of severe dengue
disease [45-47]. Despite the dual role of NS1 in the immune response, it remains a
critical diagnostic marker, as it can be detected in the bloodstream during the early
stages of dengue infection [48].

2.4 Humoral memory response in dengue infection

Several reports have shown that IgM antibodies are produced early during primary
infection and are typically short-lived. In contrast, IgG antibodies (predominantly
IgG1 and IgG3) emerge later [49] and persist for extended periods. Memory B cells
specific to DENV have been reported to remain stable for several years postinfec-
tion, comprising both serotype-specific and cross-reactive clones. Remarkably, some
reports suggest that immunological memory against DENV can persist for up to
60 years [50]. Upon secondary DENV exposure, memory B cells differentiate into
antibody-secreting cells, leading to the switch production of IgG antibodies, often
preceding detectable viremia [51]. The quality of this memory response, including its
breadth and neutralizing capacity, is a key determinant of disease outcome.

3. Antibody-dependent enhancement

Infection with any of the four DENV serotypes can lead to a wide spectrum of
clinical symptoms, ranging from asymptomatic or mild dengue fever (DF) to severe
and potentially fatal forms, including DHF and DSS. Fortunately, severe manifesta-
tions remain relatively rare. A primary infection with one serotype elicits a strong and
long-lasting serotype-specific (homotypic response) antibody response but confers
only transient cross-protection against the other serotypes (heterotypic response)
[52]. Despite the breadth of antigenic recognition, these antibodies typically prevent
infection only by the homologous serotype [53, 54]. Conversely, secondary infection
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Antibody-dependent enhancement in DENV infection. (A) During primary infection, the humoral immune
response produces both neutralizing antibodies and non-neutralizing antibodies from different B cells.
Neutralizing antibodies can inhibit the virus replication. (B) During secondary infection with a different DENV
serotype, pre-existing non-neutvalizing antibodies, generated by memory B cells after the first infection, form
complexes with the virus and facilitate its entry into susceptible macrophages and monocytes via Fcy receptors,
allowing vival veplication. Infected cells subsequently produce cytokines such as IL-6, IL-8, and IL-10, which
contribute to increased disease severity. Created in BioRender. https://BioRender.com/ql2p229.

with a different serotype not only provides limited protection but also increases risk
factors for developing DHF or DSS [55, 56], primarily due to a phenomenon known as
antibody-dependent enhancement (ADE) (Figure 3) [53, 57].

According to the ADE hypothesis, during a secondary infection with a heter-
ologous DENV serotype, the preexisting cross-reactive and weakly neutralizing
antibodies from the primary infection bind to the new serotype without preventing
or clearing the infection. These antibody-virus complexes are then recognized by the
Fc gamma receptor (FcyR) of phagocytic cells such as monocytes, macrophages, and
dendritic cells, facilitating viral entry and replication and leading to increased viremia
[9, 57]. Specifically, the Fc region of the antibody interacts with the FcyR, while the
Fab portion binds the viral antigen, enabling internalization of the virus-antibody
complex [56]. When the affinity between IgG and FcyR is low, the immune complex
dissociates within the cell, shifting the immune response from antiviral to immuno-
suppressive. In fact, the ADE activity has been ranked in accordance with the subclass
of IgG: IgG3 > IgG1 > IgG2 > IgG4 [58, 59]. This process suppresses the production
of key antiviral mediators such as IL-12, IFN-y, and nitric oxide, while upregulating
IL-6, IL-8, and IL-10. The imbalance in cytokine signaling facilitates uncontrolled
viral DENV replication, vascular leakage, and endothelial dysfunction—hallmarks of
severe dengue disease [60-63]. The severity of these outcomes is influenced not only
by viral load but also by the specificity and concentration of the antibodies involved.

Most antibodies that target EDIII generate a neutralizing response, exhibiting
low ADE potential [59]. In contrast, antibodies directed against prM and the EDII FL
region are highly cross-reactive across DENV serotypes but poorly neutralizing, mak-
ing them potent ADE promoters [39]. Interestingly, anti-NS1 antibodies also contrib-
ute to disease severity through ADE-like mechanisms, particularly via complement
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activation and endothelial damage [61]. These antibodies can cross-react with host
proteins, including endothelial components and platelets, promoting vascular leakage
and thrombocytopenia through molecular mimicry [64]. Moreover, NS1 and anti-NS1
immune complexes can activate complement pathways, amplifying inflammation and
contributing to tissue damage [65].

Due to the high degree of sequence identity among flaviviruses, cross-reactive
immune responses also play a role in ADE during secondary infections involving
related viruses. For example, DENV-specific monoclonal antibodies (mAbs) have
been shown to enhance ZIKV infection [66]. mAbs targeting the fusion loop epitope
were able to bind ZIKV but failed to neutralize it, instead promoting ADE [67].
Further, in vivo studies in mice demonstrated that some antibodies targeting domains
I/11 of the ZIKV E protein can cross-react with DENV, exacerbating disease sever-
ity [31]. Bardina et al. [68] showed that convalescent plasma from DENV-infected
individuals enhanced ZIKV infection in susceptible mice, increasing fever, viremia,
morbidity, and mortality. In vitro, DENV and WNV antisera also enhanced ZIKV
infection in K562 cells, highlighting the potential of cross-reactive flavivirus antibod-
ies to drive ADE across species boundaries [69].

4. Advances and applications of antibody engineering against DENV

One of the main challenges in dengue research is the development of effective
therapeutic and prophylactic strategies that circumvent the risks associated with
ADE. In this context, antibody engineering has emerged as a powerful approach to
optimize specificity, enhance neutralization potency, and improve safety profiles.
Several engineered antibody formats—such as single-chain fragment variable
(scFv), antigen-binding fragments (Fab), Fc-modified antibodies, and bispecific
constructs—are currently under investigation. Among these strategies, Fc region
modifications offer a promising means to modulate or eliminate FcyR-Fc interactions.
For example, a deletion comprising residues 231-239 at the N terminus of the CH2
domain—within the “lower hinge” region involved in the binding of FcyRI, FcyRII,
and Clq—has been shown to abrogate enhancing activity [70]. Similarly, substitut-
ing asparagine with glutamine or alanine at position 297 in the Fc of human mAbs
has conferred broad neutralizing activity against all four DENV serotypes without
inducing ADE [71]. Another well-characterized modification involves double alanine
substitutions at positions 234 and 235 (LALA mutation), which effectively disrupt
FcyR binding while preserving antigen recognition [30]. Williams et al. [72] showed
that humanized mAbs incorporating LALA mutations retained potent neutralizing
capacity and abolished enhancement of infection in vitro and in vivo. Furthermore,
LALA variants of broadly neutralizing antibodies targeting the DENV E-dimer epi-
tope have shown protective efficacy against ZIKV in mouse and nonhuman primate
models, without triggering ADE (Figure 4) [34].

Bispecific antibodies (bsAbs), which are engineered to recognize two different
epitopes on the same or different antigens, offer another innovative strategy. In
the context of DENV, bsAbs can simultaneously target two neutralizing epitopes
across different serotypes, thereby enhancing breadth and potency. For instance,
Shi et al. [73] developed a bispecific antibody (DVD-1A1D-2A10) capable of bind-
ing both E-DIII and E-DII-FL of the DENV E protein. This dual-targeting strategy
significantly improved neutralization across all four DENV serotypes. To eliminate
FcyR interaction and prevent ADE, the Fc region of the antibody was engineered by
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Antibody engineering strategies for dengue virus control. (A) Antibody-dependent enhancement (ADE)

is mediated by pre-existing non-neutrvalizing IgG antibodies that form immune complexes with the DEN'V,
facilitating its entry into the host cell and promoting viral replication. (B) Several antibody engineering strategies
have been developed to improve specificity, enhance neutralizing potency, and reduce the risk of ADE: Strategy
1: Fe-modified antibodies. These modifications aim to prevent binding to the Fcy veceptors (FcyRI, FeyRIL, and
C1q): (a) LALA mutations at positions 234 and 235 located in the CH2 domain and P329G in the CH3 domain;
(b) N297Q/N297A mutations in the CH2 domain; and (c) deletion of residues 231 to 239 at the N-terminal of the
CH2 domain (lower hinge region). Strategy 2: Alternative antibody formats. The use of single-chain fragment
variables (scFvs) and bispecific antibodies (bsAbs) to improve targeting and functionality. Strategy 3: Combined
approach. Integration of Strategies 1 and 2 through the development of Fe-modified bsAbs, including DVD-
1A1D-2A10 [73], h4E11-hWNV-E119A N297Q [74], and LUZ-8F2-6B1-9del [35]. See more information in the
text. Created in BioRender. https://BioRender.com/asll4hf.

deleting nine residues at the N terminus (positions 231-239). Additional examples
include two bispecific tetravalent antibodies incorporating the N297Q mutation: an
Ig-DART (4E11-E60) [75] and an Fc-DART (h4E11-hWNV-E119A N297Q). The latter
demonstrated protective activity against DENV-2 and DENV-3 in a mouse model
[74]. LUZ-8F2-6B1-9del is a bispecific antibody generated by combining the 6B1
mADb, which recognizes DENV-1, 2, and 3, with the 8F2 mAb, which targets DENV-4.
The construct incorporates two leucine zipper peptides, Apl and Bpl, to promote
heterodimerization of half antibodies and includes a deletion of residues 231-239 in
the Fc region to prevent FcyR binding. This bsAb was capable of neutralizing all four
DENV serotypes and effectively abrogating ADE (Figure 4) [35].

Despite these promising results, the broader immunological consequences
of Fc modifications remain unclear, particularly their potential effects on other
Fc-mediated immune functions such as complement activation and antibody-depen-
dent cell-mediated cytotoxicity (ADCC). Further studies are needed to fully evaluate
the safety and functional implications of these engineered antibodies.

5. Vaccines designed against DENV

Vaccination remains the most effective strategy for preventing dengue infection.
However, the development of a dengue vaccine is particularly challenging due to the need
to induce balanced and long-lasting immunity against all four DENV serotypes. Despite
decades of intense research, progress has been hindered by several factors, including the
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risk of ADE, serotype variability, and complex immunopathogenesis mechanisms. The
primary objectives of dengue vaccine development are twofold: to elicit robust, serotype-
balanced neutralizing antibody responses and to avoid immunopathological outcomes
associated with suboptimal immunity. To date, only two live-attenuated vaccines—
Dengvaxia® and Qdenga®—have been approved for use in specific populations within
dengue-endemic regions. A variety of other vaccine platforms—including inactivated,
subunit, virus-like particle (VLP), viral vector, and nucleic acid-based approaches—are
currently under investigation in both preclinical and clinical stages (see Table 1).

5.1 Live-attenuated vaccines

Live-attenuated vaccines are developed by reducing the virulence of the pathogen
while preserving its ability to replicate. These vaccines typically induce strong and
long-lasting immunity and are relatively cost-effective to produce.

Dengvaxia® (CYD-TDV), developed by Sanofi Pasteur, was the first licensed
dengue vaccine. It is a tetravalent live-attenuated chimeric vaccine based on the yel-
low fever 17D backbone, into which the prM and E genes of each DENV serotype have
been inserted [76]. Clinical trials demonstrated moderate overall efficacy (~60%),
with the highest protection observed against DENV-3 and DENV-4 [77]. However,
post-licensure surveillance revealed an increased risk of severe dengue in seronega-
tive individuals following natural infection, likely due to vaccine-induced priming
that mimics a primary infection and predisposes to ADE [78]. This was particularly
evident in a group of children under 9 years old, who experienced an elevated risk
of severe disease upon infection after vaccination [79]. As a result, the WHO recom-
mends Dengvaxia® only for seropositive individuals aged 9-45 years.

Qdenga® (TAK-003), developed by Takeda Vaccines, is the second approved
tetravalent live-attenuated dengue vaccine. It is based on a DENV-2 backbone
engineered to express the prM-E genes of DENV-1, DENV-3, and DENV-4, creat-
ing recombinant chimeric viruses DENV2/1, DENV2/3, and DENV2/4. Unlike
Dengvaxia®, this platform does not use yellow fever virus components, potentially
reducing the risk of cross-reactive immunopathology. The vaccine elicits a robust
humoral response, including the production of neutralizing antibodies against DENV,
cellular immune responses, and anti-NS1 antibodies, the latter due to its inclusion of
the DENV-2 nonstructural genome [80]. Phase III clinical trials showed an overall
efficacy of 80.2%, with protection observed even in seronegative individuals [81].
Additionally, TAK-003 has demonstrated a favorable safety profile across different
serostatus groups, suggesting broader applicability. Nevertheless, long-term efficacy
data are still being gathered to assess the durability and consistency of protection.

TV003/TV005, developed by the U.S. National Institute of Allergy and Infectious
Diseases (NIAID), are three full-length wild-type viruses and one chimeric virus;
the latter is based on the DENV-4 backbone with the prM and E genes of DENV-2.
These vaccines are derived from attenuated strains by deletion in the 3’ untranslated
region (UTR) [82]. Clinical trials have shown promising immunogenicity, including
balanced seroconversion against all four serotypes after a single dose [83]. TV003 is
undergoing phase III evaluation in endemic regions.

Live-attenuated vaccines have shown considerable promise in controlling den-
gue fever, particularly when administered in targeted populations and endemic
settings, where they have contributed to reductions in disease incidence and sever-
ity. However, differences in protective efficacy across DENV serotypes, as well as
variability in vaccine effectiveness based on age and preexisting immunity, remain
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Vaccine Examples Strategy Advantages Main limitations Challenges
platform
Live Dengvaxia® YF17D backbone + prM/E Strong and long-lasting immunity; Risk of ADE; serotype imbalance; Improve safety in seronegative
attenuated of DENV-1to DENV-4 cost-effective; efficient in age- and serostatus-dependent individuals by reducing ADE
Qdenga® DENV-2 backbone + prM/E endemic poPulations; single-dose efficacy; limited long-term protection  risk (Dengvaxia®); optimi%e?
of DENV-1, -3, and — 4 seroconversion to all serotypes data serotype balance and durability of
> (TV003/TV005) protection; strengthen trial data in
TV003/TV005  Attenuated strains DENV-1, endemic regions
—3, —4; chimera (DENV-4
backbone + DENV-2
prM/E)
Inactivated DPIV, TPIV Tetravalent formalin- or Enhanced safety; induce balanced Weak immunogenicity; requires Improve adjuvant formulations;
virus AMT-inactivated virus antibody response across all multiple booster doses and adjuvants combine with other platforms to
serotypes; rapid development to generate long-term immunity; enhance immunogenicity
potential ADE risk if neutralizing
antibody titers decline; no immunity
to nonstructural proteins
Subunit V180 Recombinant proteins Safe; easy to produce; scalable High cost; complex protein folding Optimize antigen design and
based on prM and 80% of E  production; induces balanced and stabilization needed; needs expression systems to lower costs;
protein (E80) of DENV-1to  immunity across all serotypes with multiple doses and requires strong enhance adjuvant synergy; and
—4 combined with various reduced ADE risk adjuvants for immunogenicity enhance humoral immunity
adjuvants durability
Virus-like DSV4 VLPs expressing EDIII Safe for immunocompromised Complex and expensive Scale-up production; explore plant/
particles domains of DENV-1 to —4 individuals; preserves conformational ~ manufacturing; requires adjuvants yeast-based systems; develop
(VLPs) epitopes; induces potent neutralizing stabilization technologies (e.g.,
antibodies; elicits a balanced immune nanoparticle formulations)
response
Viral vector rAdV5 Adenovirus 5 vector Induces both cellular and humoral Preexisting anti-vector immunity Use fewer common vectors;

expressing EDIII domains
of DENV-1to —4

immunity; low-dose efficacy;
potential for single-dose protection

may reduce efficacy; possible mild
side effects

integrate into heterologous prime-
boost regimens

gcceroruadoyoagur/z /L5 or/5.40° 10p°xp/ 1:d13Yy :TOT

SU0LIN0S SULZAIUWT PUD SISUITVYD) :S0AN1049S SNALA INTUI(T 07 ISUOASTY IUNUAUA] TVLOUNE]



14

Vaccine Examples Strategy Advantages Main limitations Challenges
platform
DNA D1IME100 Monovalent DNA vaccine Thermostable; safe; low-cost; Low immunogenicity in humans; Improve delivery methods (e.g.,
encoding DENV-1 prM/E, scalable production; allows rapid requires multiple doses and strong electroporation); optimize codons;
co-administered with serotype customization adjuvants; inefficient transfection; develop better adjuvants
VAXFECTIN adjuvant specialized delivery equipment
needed
mRNA prM-NS1 LNP-encapsulated Rapid development; strong humoral High cost; cold-chain requirement; Refine antigen design to minimize
mRNA mRNA encoding DENV-2 and cellular responses; flexible possible ADE due to prM-NS1 ADE; explore non-replicating and
prM-E-NS1 design; high neutralizing antibody cross-reactivity; limited long-term NS1-focused mRNA constructs
ESO-mRNA LNP-encapsulated mRNA titers without ADE (E80) protection data
encoding truncated
E(ES0) + NS1 DENV-2
Table 1.

An overview of the main features, development strategies, advantages, limitations, and challenges of DENV vaccine platforms.
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important challenges. Ongoing efforts aim to optimize both efficacy and safety of
live-attenuated vaccines to achieve comprehensive protection against all four dengue
virus serotypes.

5.2 Inactivated vaccines

Inactivated vaccines are produced by chemically or physically inactivating the
virus, thereby eliminating the risk of reversion to virulence. These vaccines are
known for their high safety profile, rapid development, and ability to induce immune
responses against multiple antigens simultaneously. However, they do not express
NS proteins and exhibit weaker immunogenicity, a limited capacity to elicit cellular
immune responses, and a potential risk of ADE [84]. In the development of inacti-
vated vaccines, key factors include the virus inactivation methods, choice of adjuvants,
and potential combination with other vaccine platforms. Four dengue-inactivated vac-
cines are currently in clinical trial phases: three are tetravalent, purified, and formalin-
inactivated vaccines, and one is inactivated using aminoethyl benzene trioxane (AMT)
[85]. All have demonstrated acceptable safety and immunogenicity, although multiple
doses and adjuvants (e.g., alum) are required to enhance immune responses [86-89].
Due to its lack of replicative capacity, the purified inactivated vaccine (PIV) platform
is considered safer for immunocompromised or pediatric populations.

5.3 Subunit and virus-like particle vaccines

Subunit vaccines use viral proteins or peptides—such as membrane-associated or
structural proteins—to stimulate immune responses in the absence of live pathogens.
This approach offers several advantages, including minimal side effects, a favorable
safety profile, a balanced immune response against all four dengue virus serotypes, and
ease of large-scale production. However, they generally exhibit weak immunogenicity,
requiring the use of adjuvants and often requiring complex immunization schedules.
Additional challenges include ensuring proper protein folding, achieving accurate post-
translational modifications, and stabilizing proteins or peptides to maintain structural
integrity and to enhance immunogenicity [90]. Various expression systems have
been employed to produce dengue antigens—particularly the E protein, its DIII, and
NS1—for subunit vaccine development. These include insect cells (Sf9 and S2),
mammalian cells (HeLa, HEK293, Vero, and BHK), yeast (S. cerevisiae and P, pastoris),
E. coli, and transgenic plants (Nicotiana tabacum and N. benthamiana) [91]. Among the
most advanced candidates, Merck’s V180 is a recombinant subunit vaccine, which has
entered Phase I clinical trials. V180 consists of truncated E proteins containing 80% of
the N-terminal sequence from DENV1-4, produced in S2 insect cells and formulated
with aluminum hydroxide as an adjuvant. In rhesus monkeys, the vaccine induced high
levels of neutralizing antibodies against all four DENV serotypes and demonstrated
protection against viremia following challenge with DENV1-4 [92]. Several other
subunit vaccine candidates expressed in different systems remain under investigation.

VLPs are engineered to mimic the structural features of the native virus without
containing viral genetic material. They hold strong promise for dengue vaccine
development due to their capacity to present conformational epitopes and stimulate
robust B-cell responses. The same expression systems used for subunit vaccines can
be employed for VLP production. However, large-scale manufacturing and associated
costs remain challenging, as only a limited number of viral proteins are capable of
self-assembling VLPs. A recently developed VLP-based vaccine candidate, known as
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DSV4 (Dengue Subunit Vaccine Tetravalent), shows considerable promise. This can-
didate comprises the envelope EDIII regions of all four DENV serotypes expressed in
P, pastoris and linked via flexible peptide linkers within a single open-reading frame.
In preclinical studies, DSV4 elicited serotype-specific neutralizing antibodies against
all four DENV serotypes in mice when it was administered with aluminum hydroxide
as an adjuvant [93].

5.4 Viral vector vaccines

Viral vector vaccines utilize modified viruses as delivery systems to introduce
genetic material from a pathogen into host cells, where it is expressed to stimulate
an immune response that closely mimics natural infection. Several viral vectors have
been used in dengue vaccine development, including adenovirus (AdV), adeno-
associated virus (AAV), lentivirus, measles virus (MV), modified vaccinia Ankara
(MVA), alphavirus, and vesicular stomatitis virus (VSV) [94].

A key advantage of viral vector vaccines is their ability to generate strong immune
responses at relatively low doses compared to traditional vaccine platforms. For
example, a recombinant adenovirus type 5 vaccine (rAdV5) expressing EDIII of
DENV1-4 elicited both cell-mediated immune responses and virus-specific neutral-
izing antibodies in mice [95]. Viral vector platforms have shown significant efficacy,
inducing strong humoral and cellular immune responses.

However, limitations remain, including the presence of preexisting immunity to
the viral vector, which may diminish vaccine efficacy [96]. Additionally, mild side
effects may occur, like those reported for viral vector-based COVID-19 vaccines [97].

5.5 DNA and mRNA vaccines

Nucleic acid vaccines, classified as third-generation vaccine technology, include
both DNA and mRNA platforms. These vaccines present antigens in their native
conformation and can induce robust humoral and cellular immune responses.

DNA vaccines use genetically engineered plasmid DNA to encode antigenic com-
ponents of the virus (e.g., prM/E or NS1). Once delivered into host cells, the encoded
antigens are synthesized and presented on the cell surface to immune responses
[98]. DNA vaccines are thermostable—often eliminating the need for refrigera-
tion—facilitating their easier transportation and distribution. They are also relatively
easy to manufacture and have demonstrated favorable safety profiles. Moreover, DNA
vaccines can be rapidly developed in response to emerging RNA viruses.

Despite these advantages. DNA vaccines are limited by relatively low has limita-
tions, primarily the relatively low immunogenicity in humans, potentially due to
inefficient transfection efficiency [99]. For example, the DIME100 vaccine, which
expressed the DENV-1 prM and E proteins, progressed to clinical trials; nevertheless,
its immunogenicity in humans has generally been lower than that of live-attenuated
vaccines [100]. Different strategies are being explored to enhance efficacy, including
optimized delivery methods such as electroporation, codon optimization, and the use
of adjuvants.

The success of mRNA-based COVID-19 vaccines [101] has renewed interest in
mRNA vaccine platforms for other viral diseases, including dengue. mRNA vaccines
encoding DENV structural proteins can be rapidly designed and relatively easily
manufactured and can induce strong humoral and cellular immune responses. A
recent study demonstrated that lipid nanoparticle (LNP)-formulated mRNA vaccines
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encoding DENV prM/NSI1 elicited potent neutralizing antibody responses and
conferred protection in mice [102]. Nonetheless, these vaccines also induced serotype
cross-reactive antibodies associated with ADE. In contrast, a modified non-replicable
mRNA vaccine encoding EDIII and NS1 encapsulated in LNP elicited neutralizing
antibodies that effectively blocked all four DENV serotypes in vitro without inducing
significant ADE [103]. Despite these advances, further efforts are needed to improve
rational antigen design to enhance cross-protection and eliminate the risk of ADE.

5.6 Future directions and considerations for dengue vaccines

Currently approved vaccines, such as Dengvaxia® and Qdenga®, face limita-
tions in achieving balanced and durable protection against all four DENV serotypes,
particularly in seronegative individuals. To overcome these challenges, dengue vac-
cination strategies must shift toward personalized and regionally adapted approaches.
Considering the geographic variability in serotype prevalence and population immu-
nity, region-specific vaccine formulations or tailored delivery schedules may enhance
overall efficacy.

Moreover, combination strategies—such as heterologous prime-boost regimens
(e.g., live-attenuated priming followed by mRNA boosting)—are being actively
explored to improve immunogenicity and broaden protection. Continued surveillance
for breakthrough infections and long-term safety studies, particularly concerning
ADE and potential autoimmune events, remains essential.

Developing a safe and effective dengue vaccine is inherently complex due to the
immunological intricacies of the virus. Despite the challenges, multiple vaccine
candidates are progressing through clinical development, each offering unique advan-
tages. The next generation of dengue vaccines will likely integrate novel technolo-
gies—such as mRNA platforms and NS1-based antigens—alongside improved antigen
design coupled with advanced delivery systems. A multidisciplinary and integrative
approach encompassing virology, immunology, and epidemiology will be essential to
effectively reducing the global burden of dengue.

6. Conclusions

Dengue virus infection poses a multifaceted challenge to global public health
due to its complex virology, immunopathogenesis, and the paradoxical nature of
the immune response. While the humoral immune response is essential for viral
neutralization and long-term protection, it also contributes to disease exacerbation
through ADE. Antibodies targeting structural proteins such as E and prM, as well
as the nonstructural NS1, exhibit diverse functional profiles—ranging from potent
neutralization to enhancement of infection. The fine specificity, cross-reactivity, and
concentration of these antibodies critically influence disease outcomes, particularly
during secondary heterotypic infections.

The persistent risk of ADE remains a significant barrier to effective vaccine design.
Although live-attenuated vaccines like Dengvaxia® and Qdenga® have demonstrated
partial success, their efficacy is variable across DENV serotypes and is influenced by
host factors such as prior exposure and age. This underscores the urgent need for safer,
broadly protective, and serotype-balanced vaccines. Advances in antibody engineer-
ing—including Fc modifications and bispecific constructs—offer promising thera-
peutic strategies by enhancing viral neutralization while minimizing ADE.
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Emerging vaccine technologies, such as mRNA platforms, VLPs, and viral
vectors, provide opportunities to overcome the limitations of traditional vaccine
platforms (Table 1). Nonetheless, the path to a universally safe and effective dengue
vaccine will depend on a more comprehensive understanding of immune correlates of
protection, mechanisms of viral immune evasion, and determinants of disease severity.

Ultimately, an integrated approach that combines immunology, virology, molecular
biology, and epidemiology is critical to guide the design of next-generation vaccines and
therapeutics. Ongoing surveillance, personalized vaccination strategies, and in-depth
research into the mechanisms of ADE will be critical for reducing the global burden of
dengue and preventing future outbreaks of dengue and other flavivirus infections.
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Abstract

Orthoflavivirus, a genus of positive-sense, single-stranded RNA viruses belonging
to the family Flaviviridae, infects vertebrates and is transmitted by arthropods (arbo-
viruses). These include pathogens such as dengue, yellow fever, Zika, and Japanese
encephalitis viruses. These are clinically relevant viruses that can cause symptoms
ranging from mild to severe forms, with hemorrhagic and neurological involvement,
posing significant threats to human health worldwide. The immune response to
Orthoflavivirus involves a complex interaction between innate and adaptive immunity,
with T cells and neutralizing antibodies playing key roles. Cross-reactivity between
serotypes can lead to ineffective viral control and complicate both immunopathology
and vaccine development. It should be noted that there are still no approved antiviral
treatments against Orthoflavivirus. -Therefore, strategies have been implemented to
control these infections, such as vector management and vaccines. Some have already
been approved and have been instrumental in significantly reducing these infections,
as was the case with yellow fever, whose vaccine served as the basis for the develop-
ment of current vaccines. Despite these achievements, vaccine efficacy remains
variable. This chapter will focus on providing a comprehensive understanding of the
advances related to Orthoflavivirus, including their immunological characteristics,
immune responses, vaccination strategies, and current challenges.

Keywords: Orthoflavivirus, vaccines, immunological characteristics of Orthoflavivirus,
immune response, vaccine development, vaccine efficacy, universal vaccine

1. Introduction

The genus Orthoflavivirus belongs to the Flaviviridae family and consists of
arthropod-borne viruses (arboviruses) transmitted by vectors such as mosquitoes
and ticks [1]. Major human pathogens include dengue virus (DENV), Zika virus
(ZIKV), yellow fever virus (YFV), and West Nile virus (WNV), which can cause a
wide range of clinical symptoms, from mild (asymptomatic infection or self-limiting
febrile episodes) to severe and life-threatening disease (systemic disease involving
hemorrhage, shock syndrome, neurological complications, and congenital defects).
These viruses are also associated with severe outbreaks and pose a significant global
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health threat [2, 3]. Currently, there are no antiviral treatments in clinical use for
Orthoflavivirus infections. Although a few vaccines have been approved for human
use, their effectiveness has been variable [4]. Therefore, the development of effective
disease-control strategies, particularly vaccines, remains crucial.

1.1 Global burden and epidemiological landscape of Orthoflavivirus infections

Orthoflaviviridae are important pathogens that infect humans and are responsible
for widespread morbidity and mortality worldwide. Dengue (DEN) is considered
the most important arboviral disease, causing the highest rates of morbidity and
mortality among members of the Orthoflavivirus genus [5]. DEN is endemic in more
than 100 countries, with 90 countries known to have active DEN transmission, and
161 countries or territories included in the WHO surveillance system. According to
the WHO, more than 7.6 million cases of DEN were reported in 2024, including 3.4
million confirmed cases, over 16,000 severe cases, and more than 3000 deaths. Many
endemic countries do not have strong detection and reporting mechanisms, so the
true global burden of DEN is underestimated [6]. As of 2024, the number of DEN
cases in the Region of the Americas has already exceeded seven million, with all four
DEN serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) detected throughout
the region [6]. Africa has reported a total of 32,925 DEN cases, including 14,095
confirmed cases, 1051 severe cases, and 57 deaths [6]. In the Western Pacific, Malaysia
was the most affected, reporting 50,650 cases and 39 deaths, followed by Vietnam
with 16,111 cases and one death [6]. Globally, the health and economic burden of
DEN is significant, with an average annual cost of US$76.5 billion between 1975 and
2020, and annual costs ranging between US$1.7 billion and US$17.5 billion [6, 7].
Despite its long history and sporadic infection cases, the ZIKV was not declared a
global public health emergency by the WHO until 2016, following a major outbreak
in Brazil that led to widespread concern and international response [8]. A model-
ing study based on African data sources estimated the burden of yellow fever (YF)
in 2013 at 84,000-170,000 severe cases and 29,000-60,000 deaths [9]. In 2024,
61 human cases of YF were confirmed in the Region of the Americas, including 30
deaths. Humans primarily acquire DENV, ZIKV, and YFV through horizontal trans-
mission via the bite of infected female mosquitoes, primarily Aedes aegypti (Diptera,
Culicidae) [10, 11]. Additionally, Aedes albopictus can transmit DENV and ZIKV
[11]. In contrast, WNV is transmitted by mosquitoes of a different genus, with Culex
species being the most common vector [12]. Currently, nine distinct lineages of WNV
(WNV-1 through WNV-9) have been identified worldwide, with WNV-1 and WNV-2
being the most detected strains in human cases across several continents [13]. WNV is
present in Africa, Europe, Asia, North America, Australia, and the Middle East [14].

1.2 Clinical manifestations of Orthoflavivirus infections

After an infectious mosquito bite, symptoms of Orthoflavivirus infection typically
develop within 7 days and last between 3 and 14 days. The four serotypes of DENV
can cause a range of clinical diseases in humans, from self-limited DEN fever to a life-
threatening syndrome known as severe DEN [2]. The clinical presentation of DENV
infection has been classified into three phases: A febrile phase, a critical phase, and
arecovery phase; however, the critical phase is not seen in all categories of infection
[15]. The febrile phase of DENV infection usually lasts between 3 and 7 days. Most
patients recover without complications. This phase is typically characterized by high

60



Vaccines and Immune Response to Orthoflavivirus: Challenges and Advances
DOI: http://dx.doi.org/10.5772/intechopen.1012373

fever (>38.5°C), headache, vomiting, myalgia, arthralgia, retro-orbital pain, hemor-
rhagic manifestations, and, in some cases, a macular rash [16]. Most infections that
progress to a critical phase result from secondary DENV infections that occur more
than 18 months after a resolved first infection. In addition, severe DENV infection
may occur after primary infection in individuals with significant medical comorbidi-
ties [17, 18]. The critical phase of DEN begins at defervescence and typically lasts
24-48 hours [15]. The progression of DEN fever to DEN hemorrhagic fever (DHF)
might suggest that hemorrhage is the primary manifestation of severe DEN. However,
plasma leakage leading to intravascular volume depletion and potentially shock,
known as DEN shock syndrome (DSS), is the most specific feature of severe DEN
and the focus of clinical management guidelines and algorithms [15, 19]. Patients may
appear to be well despite early signs of shock. However, once hypotension develops,
systolic blood pressure rapidly declines, and irreversible shock and death may ensue
despite resuscitation [19]. Additional manifestations of DENV infection (typically
occurring in the critical phase or later) may include liver failure, central nervous sys-
tem involvement, myocardial dysfunction, acute kidney injury, and others [20, 21].
ZIKYV, in addition to being vector-transmitted, can also spread from mother to
fetus during pregnancy, through sexual contact, transfusion of blood and blood prod-
ucts, and possibly through organ transplantation [22]. ZIKV is strongly associated
with microcephaly in infants born to infected mothers and Guillain-Barré syndrome
in adults. Each cell type infected by ZIKV—neuronal and non-neuronal—exhibits its
own characteristic changes in cell physiology and has different effects on disease [23].
In YFV infection, symptomatic individuals present with fever, severe back pain, and
headache, and in most cases, the symptoms disappear after 3—4 days; however, a small
percentage of patients enter a second, more toxic phase within 24 hours of recovering
from the initial symptoms [24]. High fever returns, and multiple body systems are
affected, usually the liver and kidneys. During this phase, people are likely to develop
jaundice (yellowing of the skin and eyes, hence the name “YF”), dark urine, and
abdominal pain with vomiting. Half of patients who enter the toxic phase die within
7-10 days [24]. WNV typically presents with myalgia, malaise, and low-grade fever,
accompanied by headache, eye pain, vomiting, and anorexia. Up to 50% of cases may
develop a maculopapular rash on the trunk upon defervescence. In rare instances,
WNV can lead to neurological complications. These patients often exhibit signs of
encephalitis and/or meningitis, which rapidly progress and necessitate intensive
care. Despite aggressive supportive management, neuroinvasive WNV carries a high
mortality rate [14].

1.3 Control strategies for the prevention of Orthoflavivirus infections

Effective global strategies to detect, treat, and limit Orthoflavivirus transmission
are crucial to reducing its public health impact and achieving sustainable control.
Equally important is the development of effective vaccines and the implementation
of vaccination programs in regions with high case prevalence, as well as ensuring
equitable access to these treatments in areas where economic and geographic chal-
lenges frequently limit availability [25]. Since its arrival in the United States in 1999,
WNYV has become the most common mosquito-borne virus in North America. Despite
over two decades of intensive research, there are still no approved vaccines or specific
treatments for humans, and there remains an urgent need to understand the patho-
genesis of WNV and to develop specific therapeutics and vaccines [25]. Research
efforts continue as the pathogenesis and immune evasion mechanisms of ZIKV
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remain incompletely understood. Currently, no specific vaccines or antiviral drugs
have been approved for ZIKV; however, several candidates are progressing through
clinical trials, offering promise for future treatment and prevention strategies [8].

2. General characteristics of Orthoflavivirus
2.1 Structural organization and life cycle of Orthoflavivirus

The Orthoflavivirus virion is a small spherical particle of ~50 nm in diameter,
containing a single positive-stranded RNA genome of ~11 kb in length, packaged by

aviral capsid protein arranged in icosahedral symmetry and enveloped in a host-
derived lipid membrane [26, 27]. The RNA genome contains a single open reading
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Figure 1.

Orgthoﬂavivirus structural organization and life cycle. (a) Orthoflavivirus genome organization and processing
of the polypeptide into mature viral proteins. (b) Viral particles bind to veceptors on the surface of the host cell
membrane and enter the cell by endocytosis, forming an early endosome. Acidification of the endosome induces
conformational changes that release the nucleocapsid into the cytoplasm. The viral genome is then released into the
cytoplasm, where it translocate into the endoplasmic veticulum (ER) and is divectly translated into a polyprotein,
which is cleaved and processed by viral and host proteases. In addition, replication complexes replicate viral

RNA through a negative-stranded RNA intermediate to produce positive-stranded RNA. Virus assembly occurs
on the surface of the ER. Immature, noninfectious virus particles are transported to the trans-Golgi network
(TGN). The host protease furin cleaves prM to M, forming mature virus particles that ave released by exocytosis,
completing the replication cycle.
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frame (ORF) flanked by a 5’-untranslated region (UTR) and a 3'-UTR, encoding
three structural proteins (the capsid (C), precursor membrane (prM) and envelope
glycoprotein (E)), which form the viral particle and seven nonstructural (NS) pro-
teins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) that play several roles in viral
life cycle and in initiating host innate immunity [26, 28]. Dendritic cells are a common
initial target for Orthoflaviviruses. Upon infection, they migrate to lymphoid organs,
promoting viral replication and enabling the spreading into the circulation and inter-
nal organs [29]. The Orthoflavivirus viral cycle begins with the attachment to the host
cell surface, followed by entry via receptor-mediated endocytosis, and then virions
are transported into endosomes, where acidification of the endosomal vesicle triggers
conformational changes in the virion, leading to fusion of the viral membrane with
the endosomal membrane and particle disassembly [29]. This process results in the
release of viral genomic RNA into the cell cytoplasm, where it is translated by the
host ribosome machinery into a single polyprotein. The polyprotein is embedded in
the endoplasmic reticulum (ER) and is cleaved by host and viral proteins to produce
three structural proteins and at least seven nonstructural proteins. Genome replica-
tion and assembly of immature viral particles occur in the ER, where they bud into
the lumen of the ER. Subsequently, noninfectious viral particles are transported into
the Golgi apparatus for maturation by the host protease furin, resulting in mature,
infectious particles. Subviral particles (noninfectious) are also produced in the ER
and processed by furin. Finally, mature virions and subviral particles are released
from the cell by exocytosis [30-32]. The structural organization and life cycle of
Orthoflavivirus are shown in Figure 1.

3. Immunological characteristics of Orthoflavivirus
3.1 Innate immunity to Orthoflavivirus

During Orthoflavivirus infection, host cell pattern-recognition receptors (PRRs)
located in endosomal compartments and the cytoplasm recognize and respond to
viral RNA and virus-infected cells [33]. The innate immune system is the first line
of defense against invading pathogens, with a rapid, nonspecific response to control
infection. It also plays a key role in the establishment of adaptive immunity, which is
pathogen-specific and provides long-lasting immunological memory [34]. Two events
are required to trigger an effective immune response: (1) the detection of invading
viral molecules by PRRs, and (2) further activation of protein signaling cascades by
PRRs that regulate the synthesis and secretion of type I interferons (IFNs). PRRs
recognize Orthoflavivirus pathogen-associated molecular patterns (PAMPs), such as
viral RNA, through toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-
I)-like receptors (RLRs), and cyclic guanosine monophosphate (GMP)-adenosine
monophosphate (AMP) synthase (cGAS) (Figure 2) [35].

The TLR pathway follows two distinct routes, determined by the presence or
absence of the myeloid differentiation primary response protein 88 (MyD88), with
the MyD88-dependent pathway leading to nuclear factor-kappa B (NF-«xB) and
mitogen-activated protein kinase (MAPK) activation. All TLRs, except TLR3, trig-
ger this MyD88-dependent pathway, while TLR3 uses the MyD88-independent toll/
interleukin-1 receptor/resistance protein (TIR) domain containing adapter inducing
interferon-p (TRIF) pathway to promote type I interferon (IFN) and inflammatory
cytokine production [36]. TLR3 and TLR7 are located in the endosomes, where they
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Innate immune pathways in Orthoflavivirus infection. In toll-like receptors (TLRs) signaling, TLR3 and TLRy
are located in the endosomes and recognize double-stranded RNA (dsRNA). TLR3 utilizes the toll /interleukin-1
receptor/resistance protein (TIR) domain containing adapter inducing interferon-f (TRIF) pathway to promote
type I interferon (IFN) and inflammatory cytokine production, while TLR7 follows the myeloid differentiation
primary vesponse protein 88 (MyD88)-dependent pathway leading to nuclear factor-kappa B (NF-kB) and
mitogen-activated protein kinase (MAPK) activation. The retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) consist of RIG-I and melanoma differentiation-associated gene 5 protein (MDAs5). These RLRs recognize
nonself RNA, RIG-I/MDAS5 recruits mitochondrial antiviral-signaling protein (MAVS) to inhibitor of nuclear
factor kappa-B kinase e (IKKe) and TRAF family member-associated NF-«B activator (TANK) binding kinase
1 (TBK1), activating interferon regulatory factor 3 (IRF3) and NF-«B to induce type I IFN and inflammatory
cytokine production. Cyclic guanosine monophosphate (GMP)—-adenosine monophosphate (AMP) synthase
(cGAS) binds to double-stranded DNA (dsDNA), then forms cyclic GMP-AMP (¢cGAMP) that activates
stimulator of interferon genes (STING), then activates IRF3 and NF-«B.

recognize double-stranded RNA (dsRNA) transiently generated during DENV, ZIKYV,
YFV, and WNV life cycles [37-41]. TLR3 efficiently suppresses DENV replication by
upregulating IFN-a, IFN-f, and type III IFN (IL-28A/B), resulting in a significant
decrease in viral copy number. Knockout of TLR3 in macrophages increased suscepti-
bility to DENV infection, while knockdown of TLR3 in skin fibroblasts increased ZIKV
viral RNA [42, 43]. TLR3 also induces type I IFN during WNV and ZIKV infections;
however, the NS1 protein of WNV can suppress this pathway by inhibiting the inter-
feron regulatory factor 3 (IRF3) transcription and activating NF-kB cytokine tran-
scription [44]. It has been shown that WNV-infected TLR7-deficient mice had reduced
IL-23, along with an increased viremia and susceptibility to lethal WNV infection [45].
The RLRs involved in the immune response against Orthoflavivirus consist of RIG-I
and melanoma differentiation-associated protein 5 (MDAS). Once these RLRs recog-
nize nonself RNA, RIG-I/MDAS recruits the adapter mitochondrial antiviral-signaling
protein (MAVS) to activate the noncanonical IKK-related kinases, inhibitor of nuclear
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factor kappa-B kinase ¢ (IKKe) and TRAF family member-associated NF-xB activa-
tor (TANK) binding kinase 1 (TBK1), which subsequently trigger IRF3 and NF-xB
activation, inducing type I IFN and immune factors [46, 47]. DENV2, WNYV, YFV, and
ZIKV prM proteins significantly inhibit type I IFN production by interacting with
MDAS5 and/or MAVS [48]. Additionally, the phosphatases PP1a and PP1y are essential
activators of the signal transduction of both RIG-I and MDA5-mediated antiviral type
I TFN production, thereby suppressing DENV replication [49].

cGAS binds to double-stranded DNA (ds-DNA) and catalyzes the formation of
cyclic dinucleotides, which then generate cyclic GMP-AMP (cGAMP) that activates
the stimulator of interferon genes (STING) to trigger type I IFN production. The
cGAS/STING pathway is one of the major cytosolic DNA-sensing systems implicated
in Orthoflavivirus restriction. IL-1p-induced activation of IRF3 is dependent on
STING, which is triggered by cGAS recognition of cytosolic mitochondrial DNA
(mtDNA) that can be released by Orthoflavivirus infection [50]. ZIKV NS1 stabilizes
caspase-1 by blocking its proteasomal degradation, causing cleavage of cGAS by
caspase-1, resulting in reduced type I IFN signaling and increased ZIKV replication
[51]. DENV NS2B3 protease complex cleaves and degrades STING, impairing the
production of type I IFN in DENV-infected human monocyte-derived dendritic cells
(MDDCs) [52].

Each of the above-mentioned pathways—TLR, RLR, and cGAS—stimulates
the transcription and translation of type I IFNs in infected cells, including IFNa,
IFNB, and other subtypes, in an IRF (IRF3 &IRF7) and NF-kB dependent man-
ner, thereby activating and amplifying the antiviral response in both infected and
neighboring cells and tissues [50]. Once produced in response to the detection of
viral infection, secreted type I IFNs bind to IFNAR1/2, causing heterodimeriza-
tion of receptor subunits and activating the Janus kinase 1(JAK1) STAT signaling
cascade. Phosphorylation of STAT1 and STAT?2 leads to the formation of STAT1/2
heterodimers, nuclear translocation, and subsequent complexing with IRF9 [50, 53].
This heterotrimeric complex, known as interferon-stimulated gene factor 3 (ISGF3),
binds to IFN-stimulated response elements (ISRE) in the proximal promoter regions
of over 100 interferon-stimulated genes (ISGs), upregulating their transcription and
translation. The effector functions of ISGs include inhibition of viral entry, degrada-
tion of viral proteins or genetic material, and suppression of viral egress [50, 53].
ISGs can act directly to inhibit various stages of the ZIKV and DENV virus life cycle.
Inoculation of ZIKV into the eyes of interferon-stimulated gene 15 (ISG15) knockout
mice resulted in chorioretinal atrophy, increased retinal cell death, and higher ZIKV
replication [54].

Among the ISGs that inhibit Orthoflavivirus replication, certain tripartite motif
(TRIM) proteins have been identified, with antiviral defenses against viruses, and
are also important regulators of the IFN response. TRIM proteins directly inhibit
Orthoflavivirus replication via their ubiquitin-ligase activity. TRIM69 was shown to
interact with DENV NS3 protein, inducing its ubiquitination on a specific residue
(Lys104), leading to NS3 proteasomal degradation both in mice and human cells [55].

3.2 Adaptive immunity to Orthoflavivirus

Orthoflavivirus infection elicits adaptive immune responses through the activa-
tion of both antibodies and T cells. However, the genetic similarity among members
of this genus can lead to cross-reactivity in humoral and T-cell responses, which can
contribute to a protective effect but also lead to pathological consequences [56, 57].
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According to the concept of original antigenic sin, the immune response to a second-
ary heterotypic DENV infection is shaped by memory B and T cells generated during
the primary infection. These cross-reactive cells may have suboptimal avidity for the
new serotype, leading to ineffective viral control and contributing to immunopa-
thology and severe DEN disease through the excessive production of inflammatory
cytokines [56, 57].

3.3 The T cell response against Orthoflavivirus

CD4" T cells modulate viral infection through cytokine secretion, activation of
innate immune cells, facilitation of high-affinity antibody production, enhancement
of CD8" T cell responses, immune memory promotion, and direct cytotoxic activity
against infected cells [58]. CD4" T cells differentiate into T helper type 1 (Th1) and
follicular helper T (Tth) cells following viral infections and provide help to CD8* T
cells and B cells [59].

Direct Tth cells help B cells produce neutralizing antibodies derived from epitopes
of C and E proteins. An ex-vivo analysis showed expansion and activation of Tth cells
after acute DENYV infection in the critical stage of illness, and a correlation between
the percentage of activated Tth cells and the percentage of plasmablasts [60]. DENV-
specific CD4" T cells produce Thl-associated cytokines, including IFN-y, TNF-a, and
IL-2, in response to both infection and vaccination [61]. A subset of CD4" T cells with
surface molecules CD45RA*CCR7", known as effector memory T cells re-expressing
CD45RA (TEMRA), has been implicated in protective immunity against DENV infec-
tion. The progressive expansion of CD4" TEMRA cells with increasing DENV expo-
sure is associated with a cytotoxic phenotype and elevated expression of CX3CR1, a
chemokine receptor linked to cytotoxic activity in both CD4" and CD8" T cells [62].

Prior DENV infection or vaccination with tetravalent DENV live-attenuated
vaccine (TVLAV) induces T cell responses that recognize ZIKV-derived peptides due
to sequence similarity between the viruses. DENV immunity accelerates and amplifies
the acute-phase ZIKV-reactive T cell response while modulating its dynamics during
convalescence, potentially enhancing viral control [63]. Additionally, prior DENV
exposure influences response quality, with ZIKV-specific CD8" T cells selectively
upregulating granzyme B and PD1 in DENV-preexposed individuals [63]. CD8" T
cells can control viral infection through direct cytotoxicity and the production of
pro-inflammatory cytokines such as IFN-y and TNF-« [64]. In DENV infection, CD8*
T cell activation helps to elicit cytotoxic damage by producing IFN-y, perforin, and
granzymes, reducing the viral load [65].

3.4 The antibody response against Orthoflavivirus

The antibody response to Orthoflavivirus infection plays a crucial role in control-
ling viral infection and dissemination, which is primarily mediated by neutralizing
antibodies directed against viral surface glycoproteins. The main targets for the
induction of a B-cell and antibody response against Orthoflavivirus are the E protein,
as well as the prM and NS1 proteins [66]. Following viral infection or vaccination,
antigen stimulation of a mature naive B cell through its B-cell receptor (BCR) trig-
gers activation, leading to the generation of long-lived plasma cells (LLPCs), which
produce immunoglobulin G (IgG) neutralizing antibodies, as well as antigen-specific
memory B cells (MBCs). During primary Orthoflavivirus infection, a rapid but
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transient increase occurs in antibody-secreting plasmablasts. In the convalescent
stage, MBCs and LLPCs contribute to long-term humoral immunity. Upon secondary
Orthoflavivirus infection, MBCs are characterized primarily by their cross-reactivity
to other genetically related Orthoflaviviruses [67].

Antibodies produced during Orthoflavivirus infection may contribute to protec-
tive Fc-mediated roles, such as complement fixation, antibody-dependent cellular
cytotoxicity, and opsonization. Anti-E protein antibodies inhibit viral attachment,
internalization, and replication within host cells. The E protein can generate neutralizing
antibodies, whereas prM has been implicated in the induction of non-neutralizing anti-
bodies, which can contribute to antibody-dependent enhancement (ADE) and tend to
target highly cross-reactive epitopes (this topic will be explored in Section 5.2) [68, 69].

The antigenic epitopes within the E protein are organized into EDI/EDII/EDIII
domains. EDIII interacts with attachment factors and receptors, leading to the
production of neutralizing antibodies due to its highly antigenic epitopes. Some
epitopes within E dimers are conserved among closely related Orthoflavivirus,
eliciting cross-neutralizing antibodies against viruses from different serogroups
[68, 70]. EDI and anti-EDII antibodies are less potent but exhibit broader cross-
reactivity across different strains of Orthoflaviviruses compared to EDIII-targeting
antibodies [71].

Human monoclonal antibodies against E and prM, isolated from individuals after
primary or secondary DENV infection, exhibit either serotype specificity or cross-
reactivity. While some potently neutralize DENV infection, others may contribute
to ADE [72]. In mice, protective anti-NS1 monoclonal antibodies recognize cell
surface-associated forms of NS1, triggering Fc-y receptor-dependent phagocytosis
and facilitating the clearance of WNV-infected cells [73].

These findings provide valuable insights for the development of novel vaccines
against Orthoflavivirus infection, aiming to maximize protective immunity while
minimizing the risk of ADE. In this context, the generation of MBCs and the induc-
tion of neutralizing antibody responses are essential for controlling viral infection
and dissemination, serving as key biomarkers for vaccine efficacy.

4. Development of Orthoflavivirus vaccines
4.1 The YF vaccine as a pioneer

The development of vaccines has been essential for eradicating or controlling
diseases that in the past caused millions of deaths annually. YF was considered a
serious public health problem, a threat to humanity from the eighteenth century
to the early twentieth century, primarily in various tropical regions. There was no
specific treatment, nor was there a vaccine to prevent its spread [74]. Therefore, there
was a great need for an effective vaccine capable of generating protection against
this disease. In 1930, virologist Max Theiler and his team developed the 17D vaccine,
obtained from an attenuated strain of the YFV. This was obtained by passing the virus
through mouse and chicken embryos, which reduced its virulence without eliminat-
ing its ability to induce immunity. This breakthrough was of great importance for the
development of effective, safe, and long-term protective vaccines. Theiler received
the Nobel Prize in Medicine in 1951 for the development of a vaccine [75]. Currently,
the YF vaccine remains one of the most effective, since in most cases a single dose is
sufficient to generate lifelong immunity [76].
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Once mass vaccination campaigns were implemented for YF in the mid-twentieth
century, as was the case in Africa, the great impact that reduced its incidence for
decades was evident [77].

4.2 Orthoflaviviridae vaccines

Despite the global impact of Orthoflaviviridae infections, there are still no
approved antiviral treatments available. Therefore, it would be extremely important
to have a specific treatment for people infected with these viruses, which cause
serious health consequences. Given this, it would be essential to develop effective
treatments in the future [78]. Vaccines, for their part, have been key to controlling
and significantly reducing these infections, which in the past represented a threat to
humanity [78, 79].

The most common vaccines against Orthoflaviviridae include different types:
Attenuated, inactivated, subunit, messenger RNA (mRNA), and viral vector-based.

4.2.1 Attenuated vaccines

The live-attenuated vaccines (LAVs) against Orthoflaviviridae available are for YF,
Japanese encephalitis (JE), and DEN, all three of which are mosquito-borne diseases.

With respect to YF, the Asibi strain of this wild-type (WT) virus was isolated from
the blood of a Ghanaian man diagnosed with a mild case of YF. Before being used to
develop the 17D vaccine, the virus was transferred into rhesus macaques (Macaca
mulatta) on 53 occasions, with periodic passages in Aedes aegypti mosquitoes [80].
For the development of the YF 17D vaccine, it was obtained by 176 serial passages of
the WT parental Asibi strain in mouse and chicken embryonic tissues [81]. Currently,
neither the original Asibi strain nor the 17D strain is used. The 17D vaccine is
obtained from three substrains: 17D-204, 17-213, and 17DD, which are derived from
different passages of the original 17D vaccine obtained from the WT Asibi strain
(Figure 3). However, its safety and efficacy as a YF vaccine have been proven [82].

On the other hand, the SA14-14-2 JE vaccine was licensed in 1989 for vaccination
in China and other countries. The WT JE virus strain SA14-14-2 was isolated from a
pool of Culex pipiens mosquito larvae in Xi’an, China, and the vaccine was derived
from this. Briefly, the vaccine was obtained by attenuation of the virus, achieved
through periodic passage of the SA14 virus in primary hamster kidney (PHK) cell
culture, followed by plaque cloning, resulting in clone 12-1-7. This clone was further
attenuated by passage in non-neuronal tissues of mice and Syrian hamsters, as well
as by various plaque purifications, resulting in the strain designated SA14-5-3. This
was serially transferred subcutaneously into suckling mice, using subcutaneous tissue
from the injection site and lymph nodes. Finally, it was cloned in PHK cells to obtain
the LAV SA14-14-2 [83]. This licensed vaccine has demonstrated an efficacy of 80%
or greater with a single dose and up to 98% with two doses [84].

In Mexico, the first DENV vaccine, developed by Sanofi Pasteur, was licensed in
2015 [85]. The tetravalent vaccine Dengvaxia is based on the use of an attenuated
virus consisting of chimeric consisting of premembrane (prM) and envelope (E)
structural genes from the four different types of DENV (type 1: Thailand PUO-359/
TVP-1140, type 2: Thailand PUO-218, type 3: Thailand PaH881/88, and type 4:
Indonesia 1228 [TVP-980]), combined with nonstructural genes from the YF vaccine
strain 17D (chimeric DEN YF — CYD) (Figure 3) [78, 86]. The Dengvaxia vaccine
is licensed in approximately 20 countries, including the United States, several Latin
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Figure 3.

Process for obtaining different vaccines against the yellow fever virus (YFV), dengue virus (DENV), and Zika
virus (ZIKV). a) From the original 17D vaccine obtained from the wild Asibi strain, different passages are
carried out and the three substrains ave obtained: 17D-204, 17-213, and 17DD, from which the 17D vaccine is
obtained. b) The attenuated DENV, which consists of chimeras constituted by structural genes of premembrane
(prM) and envelope (E) of the four diffevent types of DENV (types 1—4), combined with nonstructural genes
from the yellow fever (YF) vaccine strain 17D (chimeric yellow DEN-CYD), the tetravalent vaccine Dengvaxia is
obtained. c) From the inactivated whole ZIKV adjuvanted with aluminum, the vaccines: ZPIV, PIZV/TAK-426,
and VLA1601 are obtained.

American countries, the European Union, Australia, and several Asian nations, solely
for the immunization of individuals with prior DENV infection [86]. This is because
the vaccine generated controversy due to its variable efficacy and safety risks in
individuals not previously infected with the virus [85]. However, due to the lack of a
global market for the Dengvaxia vaccine, its manufacturing will be discontinued in
2026, and therefore, its distribution and administration will also cease [86].

In this regard, some examples of FDA-approved attenuated vaccines available
against Orthoflaviviridae are described in Table 1.

4.2.2 Inactivated vaccines

Inactivated vaccines consist of a killed pathogen and are unable to replicate or cause
disease [87]. These types of vaccines can induce increased neutralizing antibody titers
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Name of the vaccine Target virus Type of vaccine Manufacturer’s name

YFV-17D-204 YFV Live-attenuated Sanofi Pasteur Institute Chiron/
Novartis

YFV-17DD YFV Live-attenuated Bio-Manguinhos (Fiocruz)

YFV-17D-213 YFV Live-attenuated Federal State Unitary Enterprise of
Chumakov Institute

SA 14-14-2 JEV Live-attenuated Chengdu Institute of Biological
Products

IMOJEV/JE-CV JEV Live-attenuated Sanofi Pasteur

CYD TVD/ DENV Chimeric Sanofi Pasteur

Dengvaxia live-attenuated

Qdenga®/TAK 003 DENV Live-attenuated Takeda

(Takeda)

JE-VAX JEV Inactive The Research Foundation for
Microbial Disease of Osaka University

IC51/IXIARO JEV Inactive WRAIR

EnceVir Tick-borne Inactive Microgen

encephalitis (TBEV)

TBE-Moscow TBEV Inactive Chumakov Institute of Poliomyelitis
and Viral Encephalitides

Encepur TBEV Inactive Novartis
FSME-IMMUN TBEV Inactive Baxter
Table 1.

FDA-approved live and inactivated Orthoflaviviridae vaccines [4].

in healthy individuals [88]. However, due to their low immunogenicity, they may largely
fail to induce a protective immune response [87, 88]. Therefore, inactivated vaccines
often require adjuvants or multiple doses to increase their immunogenicity. However,
inactivated vaccines are stable during storage [88] and have a lower risk of vaccine-
induced infection, so they are generally considered safer than live vaccines [87].

For the production of inactivated viral vaccines, the pathogen is initially cultured
in a substrate for large quantities of antigen production. To obtain substrates for
vaccine development, primary cells, fertilized eggs, tissue, and whole organisms
were previously used to achieve viral propagation [89, 90]. Currently, researchers are
increasingly inclined to use continuous cell lines for virus growth, which has several
advantages for these vaccines, such as greater safety, lower production costs, and
easier production on a large scale [90]. It should be noted that, after the virus has
spread, before inactivation is carried out, it is generally purified and concentrated.
To successfully obtain inactivated viruses, physical, chemical, or a combination of
both methods is used. There are a large number of inactivation agents or methods,
some of which are well-established and others are newly developed. These include:
Ethyleneimine derivatives, psoralens, ascorbic acid, hydrogen peroxide, gamma
irradiation, heat, UV treatment, among others. However, it should be noted that,
for decades, only p-propiolactone (BPL) and formaldehyde have been widely used
to obtain authorized inactivated human viral vaccines [91]. It should be noted that
vaccine inactivation may cause the epitopes to lose their effect or even cause different
subneutralizing antibody reactions [88].
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Regarding the inactivated Orthoflaviviridae vaccines currently, there are different
inactivated whole virus vaccines adjuvanted with aluminum that have been developed
against ZIKV, whose commercial name and Developer (in parentheses) are listed
below: ZPIV (NIAID/WRAIR/BIDMC), PIZV/TAK-426 (Takeda Pharmaceuticals),
VLA1601 (Valneva Austria GmbH), BBV121 (Bharat Biotech International)

(Figure 3). The mentioned vaccines have completed phase I clinical trials [88].

The FDA-approved inactivated vaccines available against Orthoflaviviridae are

reported in Table 1.

4.2.3 Subunit vaccines

Subunit vaccines are based on defined antigenic components of microorganisms,
administered in conjunction with potent adjuvants. These vaccines contain only the
antigenic fragments of the pathogen (a nucleic acid, a polysaccharide, or a protein)
that are essential for inducing effective immune responses [92, 93]. If it is a protein, it
could be: A purified protein from the pathogen responsible for causing the disease; a
synthetic peptide; or a recombinant protein. This is of great importance, as it ensures
that the antigen has a well-established composition, is safe for use, and that both its
synthesis and purification can be productively expanded [92].

In this context, subunit vaccines against Orthoflaviviridae, for example, there are
currently more than 30 candidate vaccines based on recombinant antigens that have been
developed against DENV. However, although these have shown promising results in pre-
clinical studies, most have not advanced to clinical validation. The only vaccine currently
in clinical trials is the tetravalent V180 vaccine (developed by Merck and Co., Kenilworth,
NJ, USA). The vaccine is based on truncated versions (DEN-80E) of the DENV1-4 E
protein, which is produced in Schneider-2 (S2) cells, obtained from Drosophila, and is
used with the ISCOMATRIX™ adjuvant (CSL Behring, King of Prussia, PA, USA) [94].

4.2.4 Messenger RNA (mRNA) vaccines

Over the past 15 years, there have been major advances in techniques based on the
administration of in vitro-synthesized mRNA, as well as a significant improvement
in its stability, which has impacted the transcendental development of vaccines. The
mRNA encoding one or more viral genes can be synthesized iz vitro and administered
into a host organism to transiently promote viral protein expression. The host induces
an immune response against the exogenous viral protein and establishes a protective
immunological memory [95, 96]. The mRNA is often encapsulated in a lipid nanopar-
ticle (LNP) to protect it from degradation by the host’s endogenous nucleases.

Several mRNA-based vaccines, using different approaches, have been developed
against different Orthoflaviviruses, taking into account multiple antigenic targets.
Importantly, these vaccines have been evaluated primarily in preclinical studies
against different Orthoflaviviridae: DENV, ZIKV, TBEV, and Powassan virus [96]. In
the case of ZIKV, mRNA-based vaccines have been developed against this virus, suchv
as mRNA-1325 and mRNA-1893, which are in clinical evaluation [97].

4.2.5 Viral vector-based vaccines

In viral vector-based vaccines, viral vectors are genetically modified to introduce
target genes that code for key pathogen antigens. Viral vectors are frequently used today,
such as measles virus, adenovirus, measles virus, poxvirus, and influenza virus [98].
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Regarding Orthoflaviviridae vaccines, only the MV-ZIKV vaccine, developed against
the ZIKV, is currently in Phase I clinical trials. It is based on a viral vector from the
Schwarz strain of measles that specifically encodes a soluble version of the ZIKV E
protein. Although this vaccine has shown high immunogenicity in preclinical studies,
information on its immunogenicity and safety at the clinical level is not yet available [4].

4.3 Current panorama in the development of vaccines against Orthoflaviviridae

The reported efficacy of the various vaccines currently available against
Orthoflaviviridae varies; however, they generally exhibit a balance with their
immunogenicity. Specifically, WNV, DENV, and, in particular, ZIKV have difficulty
producing vaccines that induce potent immune responses, which is essential for
developing effective vaccines against these viruses.

In recent years, different types of vaccines have achieved significant improve-
ments in immunogenicity and addressed the safety issues faced by various vaccines.
However, further progress and research are still needed to address the obstacles to
developing certain vaccines [4].

5. Immune response and vaccine efficacy

5.1 Analysis of immunity induced by Orthofaviviridae vaccines: Cellular and
humoral responses

The development of vaccines against Orthoflaviviridae still faces certain limita-
tions and challenges. Several limitations have hindered the development of vaccines
considered safe and effective. This has been particularly linked to the complex
immunopathology of certain Orthoflaviviridae, in addition to the lack of optimal
research tools [99].

For a vaccine to be considered “ideal,” it must be safe, even in immunocompro-
mised individuals, and ensure sterile protection against infection. Furthermore,
after vaccine administration, it must achieve rapid activation of B cells, which
will induce adequate production of protective and neutralizing antibodies. This
vaccine must also activate T cells: Helper, memory, and cytotoxic. After vaccina-
tion, the CD4+ T cells produced are a key factor in stimulating B cells to produce
specific neutralizing antibodies. CD8+ T cells recognize the peptide presented by
the major histocompatibility complex (MHC), thereby identifying infected cells
for elimination [100, 101]. Long-term protection against various pathogens may be
compromised, given the short lifespan of B cells in the blood, and antibody titers
decline over time. Therefore, to obtain long-term protection, the immunogen must
activate the germinal center of B cells, thereby producing a subpopulation of B cells
that, upon re-encounter with the WT or mutated virus, have the capacity to trigger
arobust secondary immune response mediated by antibodies. Therefore, to obtain
long-term protection, the immunogen must activate the germinal center of B cells,
thereby producing a subpopulation of B cells known to trigger a robust antibody-
mediated secondary immune response during re-encounter with the WT or mutated
virus (Figure 4) [102, 103].

Regarding the different Orthoflaviviridae vaccines, they trigger different immune
responses, so below we will explore some of the most representative examples of
vaccines that have been developed over time.
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Characteristics of an ideal vaccine. An ideal vaccine should have the following characteristics: Safety (even in
immunocompromised individuals); sterile protection; CD4+ T cell activation for vapid activation and stimulation
of B cells to produce protective and neutralizing antibodies against the pathogen; CD8+ T cell activation to
recognize and eliminate infected cells through the major histocompatibility complex (MHC); memory T cell
activation to sustain future immune responses; and germinal center activation for the genevation of memory B cell
subpopulations capable of inducing a robust secondary immune response upon re-encounter with the virus (wild
or mutated).

For example, the live-attenuated YF-17D strain vaccine against the YFV gave rise to
the development of the 17D-204 and 17DD vaccine substrains, which have been admin-
istered to millions of people globally. YF vaccination causes a systemic viral infection
that induces the production of lifelong neutralizing antibodies. It also induces a robust
T-cell response, similar to acute infections, compared with most other vaccines [104].

Specifically, the overall immune response to the YF17D vaccine is primarily char-
acterized by the stimulation of various defense mechanisms of the innate immune
system, which invariably leads to the production of high titers of neutralizing anti-
bodies and a potent activation of both human effector T cells, specifically directed
against the YFV, and memory CD8+ T cells. Furthermore, vaccination with YF17D
induces TH1 and TH2 lymphocytes that produce a balanced mix of cytokines [105].

On the other hand, in the case of immunization with the IXIARO vaccine against
JE, it has been reported that it induces the production of protective neutralizing
antibody levels, which can persist up to 60 months after primary vaccination [106].

Regarding the V180 vaccine administered with the ISCOMATRIX™ adjuvant
against DENV, six formulations were evaluated in Phase 1 clinical studies, which
showed high immunogenicity, compared to formulations administered without
aluminum, and two without adjuvant, which showed low immunogenicity. Regarding
antibody titers, the geometric mean showed that these generally declined after
6 months, and only for PD3 after 1 year. All nine V180 formulations were generally
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well tolerated. Notably, V180 formulations, with or without aluminum adjuvant, were
associated with fewer adverse events compared to formulations with ISCOMATRIX™
adjuvant, which were associated with a higher number of adverse events [107].

For the ZIKV mRNA-1893 vaccine, in phase 1 clinical studies, this vaccine was
reported to be well tolerated at all dose levels evaluated and to have induced robust
ZIKV-specific serum neutralizing antibody responses after two doses [97].

Finally, the MV-ZIKA-RSP vaccine candidate, a recombinant attenuated vectored
ZIKV vaccine, has been shown to be well tolerated in clinical trials. Immune response
is currently under further evaluation [108].

5.2 Cross-reactivity between Orthoflaviviridae and its relationship with vaccine
development

The nature of antigenic variability among Orthoflaviviruses and the selection
processes responsible for the distribution of variants within populations are defined
by the molecular determinants of specificity and cross-reactivity [109]. Flaviviridae
infection induces the production of a wide variety of antibodies, including those with
cross-reactivity to various Orthoflaviviruses [110]. It should be noted that in endemic
settings where multiple cross-reactive Orthoflaviviruses are present, this could interfere
with the specific diagnosis of these flavivirus infections. Furthermore, there could also
be arisk of ADE of the viral infection, leading to catastrophic clinical outcomes [111].

ADE is a phenomenon in host-pathogen interactions where antibodies, instead
of protecting against infection, inadvertently facilitate viral entry into host cells and
replication. It is promoted by cross-reactive antibody responses or when sub-neu-
tralizing antibody-virus complexes form, leading to viral escape during phagocytosis
by immune cells. This allows the virus to initiate its replication cycle within them,
thereby enhancing viral proliferation and its spread to different body tissues and
potentially worsening the disease [112, 113].

ADE is associated with worse clinical outcomes in DEN, particularly in cases of
secondary infection with a heterotypic DENV strain, where a previously mild and
self-limiting infection can progress to a severe form [114]. In contrast, neutralizing
antibodies from a primary infection provide protection and long-term immunity
in secondary infections caused by a homotypic DENV serotype [115]. Human anti-
DENYV antibodies cross-react with ZIKV, resulting in both protection through cross-
neutralization and ADE due to poorly neutralizing antibodies [116, 117]. Figure 5
depicts antibody-mediated immunity in DENV infection.

One of the difficulties presented in the development of vaccines directed against
Orthoflaviviridae is ADE, where previous exposure to an Orthoflavivirus can worsen
the disease following infection with a different serotype or virus [4]. This phenom-
enon, combined with the genetic variability among Orthoflaviviruses, complicates
vaccine design [4, 118]. Ideally, vaccine design and development strategies could
leverage these immune responses to promote cross-protection rather than boosting
them. Additionally, cross-reactivity of antibodies could be used to strengthen both
humoral and cellular immunity, while standardizing immunological assays to define
protection thresholds, which is key to promoting future vaccine development [119].

5.3 Factors influencing vaccine efficacy

It has been reported that the immune response to vaccination can vary substan-
tially between individuals. The factors involved in influencing cellular and humoral
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Antibody-mediated immunity in DENV infection. (a) Primary DENV infection induces neutralizing antibodies
at sufficient concentrations to effectively neutralize and eliminate the virus, providing protective immunity. (b) In
secondary infection, elicited neutralizing antibodies effectively neutralize DENV infection when it is a homotypic
DENYV serotype from the primary infection. (c) Antibody-dependent enhancement (ADE) in DENV infection
occurs when non-neutralizing antibodies from a primary infection bind to a different DENV serotype during
secondary infection, failing to neutralize the virus and facilitating its replication.

Factors Variables involved among individuals

Intrinsic of the host Genetics, sex, comorbidities, pregnancy, age (e.g., perinatal-neonatal
(gestational age, birth weight, and “non-experienced immune system”) and
elderly (immunosenescence and immunocompetence).

Extrinsic of the host Pre-existing immunity, infections, microbiota, and antibiotics.

Perinatal-maternal factors (e.g., placental IgG transfer, maternal immune status,
feeding method).

Environmental: Geographic location, season, family size, and exposure to toxins.

Nutritional: Micronutrients, enteropathy, and body mass index.

Behavioral: Exercise, smoking, alcohol consumption, and sleep.

About the vaccine Dose, type of vaccine, adjuvant, and product (specific characteristics of the
vaccine used, composition, technological platform, and storage method).

Administration Route (intramuscular (IM), subcutaneous (SC), intradermal (ID), oral (PO),
intranasal (IN), etc.), place (anatomical site of vaccine administration, such
as the deltoid muscle of the arm or thigh, which may influence absorption and
immune response), time of vaccination, schedule, and other co-administered
drugs.

Table 2.
Factors influencing vaccine efficacy.
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responses to vaccines in humans have been extensively studied. These are summa-
rized in Table 2. It is important to mention that understanding this wide variety of
factors, as well as their impact on both the design and development of vaccine studies
and decisions regarding vaccination schedules, offers ways to achieve improved
immunogenicity and efficacy of vaccines [120].

6. New frontiers in Orthoflavivirus immunization
6.1 mRNA-LNP vaccines

Several technological advancements have been made in the field of vaccines to
improve their efficacy and safety. Nucleic acid-based vaccines utilize DNA or RNA
encoding viral antigens, which can be incorporated into a delivery vector and admin-
istered to the host [121]. Compared to subunit, inactivated, live-attenuated virus,
and DNA-based vaccines, mRNA offers several advantages. mRNA is a noninfectious,
non-integrating platform that eliminates the risk of infection and avoids the potential
risk of insertional mutagenesis in the host genome [122]. Additionally, mRNA is
naturally degraded by cellular processes, and its iz vivo half-life can be modulated
through various modifications and delivery methods [95]. mRNA that encodes viral
genes can be synthesized in vitro and introduced into a host organism to induce the
transient expression of viral proteins. This process triggers an immune response
against foreign viral proteins, resulting in the development of protective immuno-
logical memory [123].

To enable effective mRNA delivery, several transfection methods have been
developed. Naked mRNA is rapidly degraded by extracellular RNases and struggles
to enter cells efficiently. Therefore, specialized delivery systems have been designed
to enhance mRNA uptake and protect it from degradation [124]. In this context, the
application of nanotechnology has revolutionized vaccine development by utiliz-
ing nanoparticles, such as lipids, polymers, proteins, and other biomaterials [125].
Nanovaccines combine these nanoparticles with key vaccine components, includ-
ing antigens and adjuvants, to improve antigen delivery to target cells, leading to
broader and more specific protection against several diseases [125]. The mRNA is
often encapsulated within LNPs to protect it from degradation by endogenous host
nucleases [126].

mRNA vaccines have been developed against Orthoflaviviruses using different
approaches and antigen targets. Although promising, these mRNA vaccines against
DENYV, ZIKV, and YFV are currently in the preclinical stage. For instance, mRNA-LNP
vaccines have been developed for DENV-1 and DENV-2 using prM and E proteins and
have induced high levels of neutralizing antibodies and T-cell immune responses in mice
[126, 127]. A multi-target mRNA-LNP vaccine encoding the EIII protein of DENV-1
and DENV-4, as well as the NS1 protein of DENV-2 and DENV-3, has been shown to
induce antiviral immune responses and neutralizing antibodies against all four DENV
serotypes in vitro, without significant ADE [128]. A single low-dose intradermal immu-
nization with an mRNA-LNP vaccine encoding the prM and E proteins of a 2013 ZIKV
outbreak strain elicited rapid and durable neutralizing antibody responses in both mice
and nonhuman primates [129]. Similarly, an mRNA-LNP for the YFV vaccine encoding
the prM, E, and NS1 proteins induced robust innate immune activation and elicited both
humoral and cellular immune responses, comparable to the licensed YF-17D vaccine.
These responses persisted for up to 6 months in A129 mice and rhesus macaques [130].
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6.2 Viral vector vaccines

Viral vector vaccines use genetically modified viruses to deliver genes encoding
target antigens. These vectors are considered safe and effectively stimulate both
innate and adaptive immunity without exposing the host to the complete pathogen
[131]. Various viruses from different families, such as Adenoviridae, Retroviridae,
Paramyxoviridae, Rhabdoviridae, and Parvoviridae, have been explored as platforms
for viral vector vaccines [132]. These vectors differ in structural characteristics,
design strategies, antigen presentation capabilities, immunogenicity, and protec-
tive efficacy [131]. Two recombinant adenoviral vector vaccines, cAdVaxD12 and
cAdVaxD34, were designed to express the prM and E proteins of all four DENV
serotypes. Both induced humoral and cellular immune responses against DENV1-4
[133]. In another study, vaccination with measles virus vector expressing soluble
ZIKV E protein significantly reduced infection and prevented fetal loss or damage in
an allogeneic mouse pregnancy model [134].

6.3 Challenges related to the manufacture and distribution of vaccines in endemic
regions

Vaccination is widely regarded as one of the most impactful public health inter-
ventions, alongside the provision of clean water and sanitation, in reducing mortality
and improving global health [135]. Despite their proven efficacy and cost-effective-
ness, numerous challenges hinder the implementation of vaccination programs in
low-income countries, limiting their reach and the realization of their full public
health potential [136]. Orthoflavivirus infections predominantly affect low- and
lower-middle-income countries, where inadequate healthcare infrastructure, a short-
age of trained medical personnel, and poorly equipped hospitals exacerbate the chal-
lenge, creating an urgent demand for affordable and accessible vaccines [137, 138].

Besides the complex immunopathology of Orthoflavivirus, one of the major chal-
lenges in developing efficient and safe vaccines lies in the time, costs of production,
as well as issues related to distribution and availability. Conventional vaccine develop-
ment typically takes between 8 and 14 years and costs approximately 0.55-1 billion
USD, underscoring the urgent need for innovative approaches that enable faster
development and regulatory approval to prevent Orthoflavivirus infections [139]. In
many endemic regions, maintaining the cold chain required for vaccine storage and
transportation remains a significant barrier, particularly in remote or rural areas with
unreliable electricity supply and limited transport infrastructure, which often results
in reduced immunization coverage [140]. Many nations rely heavily on international
suppliers, leading to delays in access and vulnerability during outbreaks. This depen-
dence on global supply chains hampers timely responses and restricts the autonomy
of affected countries to manage epidemics efficiently [141]. Therefore, the desirable
characteristics of a vaccine should go beyond safety and efficacy, encompassing
affordability and global accessibility.

6.4 Impact of vaccination campaigns against diseases: YF, JE, and DEN

In the early nineteenth century, YF was considered the most dangerous infec-
tious disease, with a high mortality rate. Large-scale vaccination campaigns and
widespread elimination of the YF mosquito significantly reduced both YF cases and
outbreaks in subtropical and tropical forested regions of Africa and South America
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for several decades. However, in endemic areas, following a period of low vaccina-
tion coverage, YF re-emerged [77, 142]. In this regard, in order to slow the increase

in the burden of the disease and control future outbreaks, since 2006 there has been
considerable funding for mass preventive vaccination campaigns in the most affected
African countries [77]. Currently, contemporary estimates of the burden of YF are
lacking. However, a study by Tini Garske [77] determined the impact of recent mass
vaccination campaigns, estimating that these campaigns decreased the number of
cases and deaths by 27% (95% CI: 22-31%) across the endemic region, achieving
reductions of up to 82% in countries where they were implemented.

In another study, national health authorities in Japanese encephalitis-endemic
countries were asked for data on JE cases and their vaccination coverage rates.
Additionally, data from publications and meetings were included. The results showed
that in five countries that introduced the JE vaccine before 2006, the incidence of JE
decreased 5-10 years after its introduction, across all ages, ranging from 73 to 100%.
Between 2015 and 2021, in six of the countries that introduced the JE vaccine since
2006, the incidence of JE in children under 15 years of age decreased by 14-79%.

In Vietnam and Thailand, vaccination programs were reported to have reduced the
incidence of acute encephalitis by 74% and 80%, respectively. It should be noted that
even the most widely impacted programs took several years to achieve results [143].

In various studies, the CYD-TDV (Dengvaxia®) and Takeda (TAK-003) vaccines
(WHO prequalified in 2024) have demonstrated variable long-term efficacy against
all four serotypes (DENV-1 to DENV-4), showing robust protection against severe
DEN and a promising immune response. However, safety concerns remain, warrant-
ing further evaluation [144].

In the specific case of the DENV vaccine Dengvaxia (CYD-TDV) (Table 1), which
was initially authorized by several endemic countries, this vaccine is intended for
people aged 9-45 or 65 years [144]. However, it has only been shown to be effective in
people with pre-existing immunity to DENV. People at higher risk of severe disease
following vaccination are seronegative individuals, which is why it is contraindicated
in people without previous exposure [145, 146].

In a model developed by Ferguson et al. [147], which considered routine vaccina-
tion of people aged 2-18 years with 80% coverage, a significant 20-30% reduction
in both symptomatic disease and hospitalization was shown in high-transmission
populations. However, as mentioned above, due to the lack of a global market for the
Dengvaxia vaccine, its manufacturing will be discontinued in 2026, and therefore, its
distribution and application will also cease [86].

Therefore, the development of an affordable, effective, and safe DEN vaccine
against all four DENV serotypes would represent a major advance in disease control,
contributing significantly to achieving the WHO target of reducing DEN morbidity
by at least 25% and mortality by at least 50% [144].

7. Emerging strategies and approaches to achieve the development of more
effective vaccines against Orthoflaviviridae

7.1 Challenges to creating effective vaccines

The various Orthoflaviviruses that cause YE, JE, DEN, and ZIK, among others, have
the potential to cause epidemic infections in humans. Therefore, their prevention
is essential. Although effective vaccines against YFV and JEV are available, studies
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to improve preventive measures are still needed [148]. Furthermore, in the current
development of vaccines against Orthoflavivirus, it would be important to consider
the role of nonstructural proteins that could participate as potential targets. Ideally,
an important area of study for future vaccine projects is to harness antibody cross-
reactivity to enhance vaccine immunogenicity through the induction of humoral

and cellular immunity. Likewise, the ability to define host immunity is essential for
defining vaccination schedules and thus determining the duration of protection.
However, this is limited in non-standardized assays and titer interpretation, which
may vary depending on the laboratory. Establishing or predicting a threshold of
protection against each key Orthoflavivirus is essential for demonstrating vaccination
efficacy and determining a basis for promoting vaccination policies before and during
epidemics [119].

8. Conclusions

Orthoflavivirus infections continue to threaten public health, causing significant
morbidity and mortality, with DEN being the leading cause. In the absence of effective
antiviral treatments, developing safe and efficacious vaccines remains a top priority.
Currently, however, only vaccines against YFV and JEV have been approved and dem-
onstrated broad effectiveness. The development of the 17D vaccine for YFV is a notable
historical milestone, as it was the first vaccine designed for this genus of viruses and
remains one of the most effective. Although a vaccine against DENV (Dengvaxia) is
also available and approved in several countries, its use is limited to individuals with
prior DENV infection, and its production is set to be discontinued due to insufficient
global demand. Various vaccine platforms have been explored over time, including
live-attenuated, inactivated, subunit, mRNA-based, and viral vector-based vaccines.

Despite substantial scientific breakthroughs, multiple challenges continue to
hinder the development of effective vaccines for other Orthoflaviviruses such as
DENYV, ZIKV, and WNV. These include ADE, antigenic cross-reactivity, and variable
immunogenicity, which complicate vaccine design. In addition, the complexity of
the immune responses required to ensure both safety and long-lasting protection, as
well as the logistical and financial barriers to vaccine production and distribution,
particularly in endemic, resource-limited regions, underscore the urgent need for
more equitable and innovative approaches. Nevertheless, vaccines remain one of the
most powerful and cost-effective tools to prevent infectious diseases. Their strategic
use has already demonstrated profound impacts in reducing morbidity and mortal-
ity through the use of LAVs, 17D for YF, and SA14-14-2 for JE, and holds promise
for other Orthoflaviviruses if properly implemented. In addition to the vaccines
already approved for clinical use, several experimental candidates have shown great
promise in preclinical and early clinical phases. mRNA-based vaccines have yielded
encouraging results against ZIKV and DENV in animal models. Additionally, viral
vector-based platforms using adenoviruses or measles virus backbones have emerged
as viable alternatives, offering strong cellular and humoral responses. While none of
these have yet reached clinical approval, they represent a critical pipeline for future
vaccine development.

To achieve this goal, a coordinated global effort is essential. Strengthening interna-
tional collaboration among governments, scientific institutions, industry, and public
health organizations will be crucial to accelerate research, facilitate technology trans-
fer, and ensure fair access to vaccines. Investments in local vaccine manufacturing
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capacity, improvements in cold chain infrastructure, and engagement with com-
munities to enhance vaccine acceptance are equally critical. Only through joint action
and sustained commitment will it be possible to effectively control Orthoflavivirus
infections and prevent future epidemics.
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Abstract

Flaviviruses represent a major global health concern, with yellow fever virus
(YFV) and dengue virus (DENV) among the most studied members of the
Orthoflavivirus genus. Transmitted by Aedes mosquitoes, these viruses are responsible
for severe disease outbreaks worldwide. While YFV benefits from an effective vac-
cine, it remains a threat in endemic regions. Dengue, with its four distinct serotypes,
continues to complicate vaccine development and disease management. Plaque assays
and the plaque reduction neutralization test (PRNT) are key tools for assessing viral
replication and immune responses. PRNT50, commonly used in postvaccination
studies, quantifies the serum dilution needed to neutralize 50% of the virus, provid-
ing insights into vaccine-induced immunity. In contrast, PRNT90, with a higher
neutralization threshold, is more appropriate for diagnostics and epidemiological
surveillance, offering a stringent measure of past exposure and protection. This chap-
ter focuses on the application of PRNT in yellow fever (YF) vaccine research, high-
lighting PRNTS50 for evaluating immunogenicity and PRNT90 for population-level
immunity assessments. We present findings from a core study validating the PRNT
assay, followed by clinical research supporting fractional dosing strategies in various
populations, including children and immunocompromised individuals. Together,
these studies underscore the value of PRNT in optimizing vaccine use and advancing
public health strategies against Orthoflavivirus infections.

Keywords: Orthoflavivirus, yellow fever virus, PRNT50, PRNT90, immunogenicity

1. Introduction

Yellow fever virus (YFV), along with dengue virus (DENV), Zika virus (ZIKV),
and West Nile virus (WNV), belongs to the Orthoflavivirus genus within the
Flaviviridae family. These arthropod-borne viruses (arboviruses) collectively pose
a significant burden on global public health, particularly in tropical and subtropical
regions where conditions favor the proliferation of mosquito vectors such as Aedes
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aegypti and Culex species. Despite the availability of an effective live-attenuated vac-
cine (17D) for yellow fever, the disease persists in endemic zones due to factors such

as waning immunity, rapid urbanization, ecological changes, and vaccine shortages,
all of which contribute to periodic re-emergence and outbreaks [1].

The success of yellow fever control programs hinges on the availability of reli-
able and standardized tools for detecting confirmed cases through epidemiological
surveillance as well as assessing protective immunity in the populations. Neutralizing
antibodies serve as the primary correlate of protection against YFV, and their quanti-
fication is critical in both clinical and epidemiological contexts [2-4].

The plaque reduction neutralization test (PRNT) remains the gold standard for
detecting and quantifying virus-specific neutralizing antibodies. PRNT50, defined as
the serum dilution at which a 50% reduction in plaque count is observed, is commonly
used in clinical trials to evaluate immunogenicity and to support vaccine licensure [5].
Conversely, PRNT90, indicating a 90% reduction in plaques, offers greater specificity
and is often employed in diagnostic and seroepidemiological studies to assess prior
exposure or natural immunity in populations [6, 7].

Beyond its role in risk assessment and surveillance, PRNT has become essential in
the assessment of dose-sparing strategies aimed at addressing vaccine shortages. The
strategy of fractional vaccine dosing using smaller volumes or lower concentrations
of antigen has increasingly been adopted during large-scale public health emergencies
[8]. Pivotal studies have demonstrated that fractional doses of the 17D YFV vaccine
can induce neutralizing antibody responses that are immunologically non-inferior
to those elicited by full doses, as measured by PRNT50 [9-11]. PRNT 50 assays have
played a critical role in informing WHO recommendations [12] and in generating
evidence to address key knowledge gaps, particularly regarding the immunogenicity
of various yellow fever vaccines in children and immunocompromised individuals.
Notably, the current WHO guidance on fractional dosing excludes children under
2 years of age, pregnant women, and individuals known to be HIV-infected. The
results of recent trials, such as the Immunogenicity and Safety of Fractional Doses of
Yellow Fever Vaccines (YEFE) study and the Non-Inferiority Fractional Dose Trial for
Yellow Fever (NIFTY), are expected to support a potential revision of these recom-
mendations. Furthermore, tracking geometric mean titers (GMTs) of PRNT responses
across multiple time points provides valuable insights into the kinetics, magnitude,
and durability of the immune response following vaccination [13].

This chapter provides an in-depth look at the applications of PRNT in yellow
fever vaccine research and implementation. We begin with a foundational study that
developed and validated the YF-specific PRNT, ensuring consistency and accuracy
across laboratories [14]. We then review four key clinical trials that underscore the
utility of PRNT in various population groups, including healthy adults, children, and
HIV-positive individuals [10, 11, 15, 16].

These studies collectively highlight PRNT's critical role in refining vaccination
strategies against Orthoflavivirus infections.

2. Materials and methods

2.1 Development and validation of yellow fever PRNT assay

The PRNT assay described in this section has already been validated and pub-
lished. The full details of the validation methodology and performance metrics can
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be found in the original publication [14]. Briefly, PRNT is employed to assess neu-

tralizing antibody responses to YFV. This assay involves several critical steps: virus
preparation, serum neutralization, virus-serum incubation, plaque formation, and
neutralization titer determination.

2.1.1 Virus and cell preparation
e Virus: The YF 17D vaccine strain was used in this study.

e Cell line: Vero cells (ATCC CCL-81) are cultured in Medium 199 with 10% fetal
bovine serum (FBS) for virus stock preparation, while porcine stable (PS) kid-
ney cells are cultured in Leibovitz’s L-15 medium with 10% fetal bovine serum
(FBS) for virus titration and PRNT. Vero cells are maintained in a 37°C, 5% CO,
incubator, and PS cells are used for viral propagation in non-CO, incubators.

* Samples: Serum samples are collected from vaccinated individuals, as well as
from human specimens obtained through YFV surveillance efforts. The samples
are heat-inactivated at 56°C for 30 minutes to prevent complement activity and
non-specific binding.

* Dilution: Serum samples are serially diluted from 1:10 to 1/20480 to assess the
neutralizing antibody titer across.

2.1.2 Neutralization assay procedure

1. Neutralization step: In a 24-well format, each diluted serum sample is mixed with
a fixed amount of YFV (typically 100-200 PFU). The mixture is incubated for
1-2 hours at 37°C to allow the neutralizing antibodies present in the serum to
bind and neutralize the virus.

2. Plaque formation assay: After incubation, the virus-serum mixture is added to
PS cell monolayers. The cells are incubated at 37°C for 3-4 hours to allow virus
adsorption.

3. Overlay and incubation: The cells are overlaid with carboxymethyl cellulose
containing 3% FBS, and the plates are incubated at 37°C for 4-5 days to allow
plaques to form. The overlay ensures that viral plaques are isolated and distinct.

4. Plaque counting: After the incubation period, the cells are fixed and stained with
Amido black solution. Plaque counts are performed visually, and the reduction in
plaque formation due to neutralization by the serum is determined.

2.1.3 Performance parameters of the PRNT assay
2.1.3.1 Validation of the PRNT assay

To validate the PRNT assay, several performance metrics were assessed:

o Intra-assay precision: Reproducibility of the assay within a single run, assessed by
performing the assay with 10 repeats of a control serum sample.
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* Inter-assay precision: Consistency of results across different assay runs, evaluated
by testing the same control serum on different days and with different operators.

* Specificity: The assay’s ability to detect YFV-specific neutralizing antibodies
without cross-reactivity with other flaviviruses. This was tested using sera from
individuals infected with other flavivirus species (dengue virus, Zika virus, etc.).

* Lower limit of quantification (LLOQ ): The sensitivity of the assay in detecting
low-level neutralizing antibodies. This was determined by analyzing control sera
with known low titers and assessing the assay’s ability to accurately detect these
low levels.

* Dilutability: The ability of the assay to provide consistent results when serum samples
are serially diluted. This was evaluated by performing the PRNT on samples at differ-
ent dilution levels to ensure that neutralization titers remain stable.

2.1.3.2 Control range of acceptability

A critical element in the validation process was defining the control range of accept-
ability. To ensure consistent and reliable assay performance, a control serum (with
known neutralizing antibody titers) was used as a benchmark for each assay. The GMT
of 10 repeated tests was calculated, and the control range of acceptability was defined as
GMT + 3 standard deviations (SD). This range ensures that the assay provides accurate,
reproducible results across different runs, with acceptable variation.

2.1.3.3 Application to field and clinical samples
Once validated, the PRNT assay was tested using a variety of samples:

* International standard serum: Used as a benchmark to calibrate the assay’s
performance.

* Vaccinee sera: Sera from individuals who had received the yellow fever vaccine
were tested to assess the immune response postvaccination.

* Clinical samples: Sera from individuals participating in yellow fever surveillance
studies were analyzed to evaluate the assay’s effectiveness in real-world diagnos-
tic settings.

To assess the immunogenicity and operational feasibility of fractional dosing of
yellow fever vaccines across various populations, four key clinical trials were con-
ducted in diverse settings using the validated PRNT50 assay. Each study addressed
a specific demographic group and contributed critical data supporting the broader
implementation of dose-sparing strategies.

2.2 Multi-vaccine fractional dose study in adults

Following the first large use of YFV vaccines in Kinshasa, the Democratic Republic
of the Congo [9], a randomized, double-blind, non-inferiority trial was conducted in
Uganda and Kenya to assess the immunogenicity and safety of fractional (one-fifth)
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doses of four WHO-prequalified yellow fever vaccines in adults aged 18-59 years. In
this context, fractional administration refers to the delivery of 0.1 mL, equivalent

to one-fifth of the standard 0.5 mL dose, via intramuscular injection, in line with
WHO emergency recommendations to extend vaccine supply. These four vaccines
are all derived from the 17D strain and include 17DD from Bio-Manguinhos/Fiocruz
(Brazil); 17D-213 from the Federal State Unitary Enterprise of the Chumakov
Institute of Poliomyelitis and Viral Encephalitides (Russia); and two 17D-204 for-
mulations from the Institut Pasteur de Dakar (Senegal) and Sanofi Pasteur (France).
The study was sponsored by MSF/Epicenter and implemented in collaboration with
the KEMRI-Wellcome Trust Research Programme and the Institut Pasteur de Dakar
(IPD). IPD served as the Regional Reference Laboratory, applying the validated
PRNT assay (described above) to measure neutralizing antibody titers by PRNT 50 at
28 days postvaccination. Results of this study have been published [10].

2.2.1 Study design

This was a multicenter, randomized, double-blind, non-inferiority trial designed
to compare the immunogenicity of fractional doses (one-fifth of the standard dose)
of four WHO-prequalified yellow fever vaccines versus the standard dose. The one-
fifth fraction (0.1 mL instead of 0.5 mL) was selected based on previous operational
experience during emergency vaccination campaigns (notably in Kinshasa, 2016) and
on preliminary evidence suggesting that this volume could maintain immunogenicity
while significantly extending vaccine supply. It also aligns with WHO recommenda-
tions during periods of global vaccine shortage.

The study included adults aged 18-59 years from Uganda and Kenya, recruited
based on inclusion criteria such as no prior yellow fever vaccination and no active
infection.

2.2.2 Sample size

A total of 960 participants were enrolled and randomly assigned to vaccine manu-
facturer and dose (120 per group), with 480 participants receiving a standard dose
and 480 participants receiving a fractional dose of one of the four vaccines.

2.2.3 Immunogenicity assessment

Immunogenicity was evaluated using PRNT50, with seroconversion defined as a four-
fold increase in neutralizing antibody titers compared to baseline. The primary endpoint
was seroconversion at 28 days postvaccination, with a non-inferiority margin of —10%,
based on the assumption that at least 95% of participants would respond to a standard
dose. Secondary outcomes included seroconversion at days 10 and 365, as well as com-
parisons of geometric mean titers (GMTs) and geometric mean fold increases (GMFIs)
between fractional and standard dose groups. Neutralization assays were performed ata
reference laboratory using a standardized 17D-204 YFV strain.

2.2.4 Statistical analysis

Analysis was performed using intention-to-treat and per-protocol populations.
A non-inferiority criterion was considered if the lower bound of the 95% CI for the
difference in seroconversion rates was above —10%.
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2.3 Pediatric evaluation of fractional doses (17D-213 vaccine)

The second phase of the YEFE trial aimed to evaluate the immunogenicity and
safety of fractional doses (one-fifth of the standard dose) of the 17D-213 yellow fever
vaccine in children aged 9-59 months. The randomized, double-blind, non-inferiority
substudy took place in Uganda. This substudy was implemented following the main
outcomes of the trial in adults. The substudy was sponsored by MSF/Epicenter
and implemented in the Epicenter Research Centre in Mbarara, Uganda, a country
endemic for yellow fever. Laboratory analyses were conducted at the Institut Pasteur
de Dakar (IPD), which acted as the Regional Reference Laboratory. The validated
PRNT50 assay developed at IPD was used to measure seroconversion rates 28 days
postvaccination. The study findings were published [15].

2.3.1 Study design

A randomized, blinded, non-inferiority trial evaluated fractional doses in chil-
dren aged 9-59 months. The study aimed to assess the immunogenicity of fractional
(one-fifth) doses of the 17D-213 yellow fever vaccine compared to the standard dose.
The use of the one-fifth fractional dose was based on prior adult studies and WHO
emergency recommendations, which showed that this volume was sufficient to induce
protective immune responses while significantly conserving vaccine supplies during
global shortages.

2.3.2 Sample size

A total of 420 children were enrolled and randomly assigned to receive either the
standard dose (0.5 mL) or a fractional dose (one-fifth of the standard, i.e., 0.1 mL) of
the vaccine.

2.3.3 Immunogenicity assessment

Seroconversion rates were measured by PRNT 50 at 28 days postvaccination, with
additional assessments at 10 days and 1 year to evaluate early and long-term immune
responses.

2.3.4 Statistical analysis

A non-inferiority framework was used to compare seroconversion rates between
groups, with the primary endpoint set at 28 days postvaccination. In the pediatric
YEFE substudy, it was assumed that at least 90% of children receiving a standard
dose would seroconvert by day 28.

2.4 Fractional dosing in HIV-positive adults (17D-213 vaccine)

This randomized, double-blind, non-inferiority substudy of the YEFE program
assessed the one-fifth fractional dose of the 17D-213 yellow fever vaccine in HIV-
positive adults (CD4 > 200 cells/pL) in Kenya. The trial was sponsored by MSF/
Epicenter and implemented by the KEMRI-Wellcome Trust Research Programme
in Kilifi, Kenya. Laboratory testing was conducted at the Institut Pasteur de Dakar,
which provided PRNT50 testing as the Regional Reference Laboratory. The validated
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PRNT assay confirmed non-inferior immune responses at day 28 and 1 year postvac-
cination. Findings were already published [16].

2.4.1 Study design

A randomized, double-blind, non-inferiority study focused on HIV-positive adults
with CD4+ T-cell counts >200 cells/pL. Participants received either the standard or
one-fifth of the 17D-213 yellow fever vaccine.

2.4.2 Sample size
A total of 250 HIV-positive participants aged 18-59 years were enrolled.
2.4.3 Immunogenicity assessment

Seroconversion was assessed by PRNT50 at 28 days, 10 days, and 1 year postvac-
cination to evaluate both short-term and long-term immunity.

2.4.4 Statistical analysis

Non-inferiority was determined by comparing the seroconversion rates of the
fractional dose group with the standard dose group at each time point.

2.5 Minimum effective dose study (Institut Pasteur de Dakar 17D-204 vaccine)

This randomized, double-blind, non-inferiority trial aimed to identify the lowest
effective dose of the 17D-204 yellow fever vaccine produced by the Institut Pasteur
de Dakar. Conducted in Kenya and Uganda, the study enrolled healthy adults aged
18-59 years, evaluating fractional doses of 1000 International Units (IU), 500 IU, and
250 IU compared to the standard dose of 13,803 IU. Sponsored by Oxford University
and conducted in partnership with KEMRI-Wellcome Trust, Epicenter, the Institut
Pasteur de Dakar, and UVRI, the study relied on PRNT 50 testing performed by the
Regional Reference Laboratory. The results demonstrated that doses as low as 500 IU
maintained non-inferior immunogenicity. The study findings were published [11].

2.5.1 Study design

This study aimed to define the lowest effective dose of the Institut Pasteur de
Dakar 17D-204 yellow fever vaccine capable of inducing protective immunity.
Participants were randomized into four groups, receiving the standard dose
(13,803 IU) or fractional doses (1000 IU, 500 IU, and 250 IU).

2.5.2 Sample size

A total of 480 participants (120 per group) were enrolled in this double-blind,
randomized, non-inferiority trial at sites in Kenya and Uganda. Eligible adults aged
18-59 years were either HIV-negative or clinically stable HIV-positive on antiretro-
viral therapy with CD4 counts above 200 cells/pL. Participants had no prior yellow
fever vaccination or infection, were not pregnant or lactating, and agreed to follow
trial procedures.
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Study”* Objective Population and Vaccine(s)** Statistical design /
sample size Reference
YEFE trial Multi-vaccine Adults aged 17DD (Fiocruz), Double-blind,
Fractional Dose Study ~ 18-59 years (N = 960; 17D-213 randomized,
in Adults 120 per dose group x 4 (Chumakov), non-inferiority
Assess vaccines; standard vs. 17D-204 (IPD and Juan-Giner et al.
immunogenicity and one-fifth dose) Sanofi) [10]
safety of one-fifth
fractional doses
YEFE substudy  Evaluate the Children aged 17D-213 Double-blind,
Pediatric immunogenicity of 9-59 months (N = 420;  (Chumakov) randomized,
(17D-213) fractional doses in standard vs. one-fifth non-inferiority
children dose) Juan-Giner et al.
[15]
YEFE substudy ~ Assess HIV-positive adults 17D-213 Double-blind,
HIV-positive immunogenicity in aged 18-59 years (Chumakov) randomized, non-
Adults the HIV+ population (N = 480; 120 per dose inferiority Kimathi
(17D-213) group; standard vs. etal. [16]
one-fifth dose) (stable
ART and CD4 > 200)
NIFTY Trial Determine the Adults aged 17D-204 (Institut Double-blind,
Minimum minimum effective 18-45 years (1000 IU, Pasteur de Dakar) randomized, non-
Effective Dose dose of the YF 500 IU, and 250 IU inferiority Kimathi
Adults (17D- vaccine doses vs. standard etal. [11]
204 Vaccine) dose)

‘Immunogenicity in all studies was assessed using PRN'T50.
17DD from Bio-Manguinhos-Fiocruz (Brazil), 17D-213 from Federal State Unitary Enterprise of Chumakov Institute
of Poliomyelitis and Vival Encephalitides (Russia), and 17D-204 from Institut Pasteur Dakar (Senegal) and Sanofi

Pasteur (France).

Table 1.

Summary of yellow fever vaccine fractional dose trials and sub-studies, showing key differences in target
population, vaccine types, endpoints, and analytical approaches.

2.5.3 Immunogenicity assessment

Seroconversion was measured by PRNT50 at 28 days postvaccination and at
10 days, 1 year, and 2 years postvaccination.

2.5.4 Statistical analysis

Non-inferiority analyses were performed comparing each fractional dose to the

standard dose, using the 10% non-inferiority margin.

To facilitate comparison across the different studies discussed above, the main
characteristics—including objectives, populations, sample sizes, immunogenicity
assays, and statistical approaches—are summarized in Table 1.

3. Results

3.1 Development and validation of yellow fever PRNT assay

The yellow fever PRNT 90 demonstrated excellent performance metrics: 100%
intra-assay precision, 95.6% inter-assay precision, and 100% specificity. The LLOQ
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was found to be reliable, with a dilutability rate of 95.3%, confirming that the assay
could provide accurate and reproducible results, suitable for both clinical and surveil-
lance settings [14]. Comparison with PRNT 50 metrics demonstrates some variability
in inter-assay precision and specificity but remains very effective for general immu-
nogenicity testing (publication ongoing) (Figure 1). For all evaluated performance
parameters of the PRNT50 assay, the threshold of 80% was exceeded, confirming the
assay’s reliability for immunogenicity assessment.

Calibration curves for PRNT 50 and PRNT 90 were generated using GMT values
from 10 replicates, with control ranges defined by the mean and corresponding +3
standard deviations (SD). These curves confirmed assay consistency, as all measured
titers remained within the expected thresholds, supporting reliable interpretation of
subsequent performance parameters.

The robustness of the PRNT assay was further demonstrated by establishing an
acceptability range for the international standard control (NIBSC), calculated from
the same dataset. This range served as a reference for routine assay validation and
enabled early detection of deviations across test runs (Figure 2).

3.2 Multi-vaccine fractional dose study in adults

The study demonstrated that fractional doses (one-fifth of the standard dose)
of all four WHO-prequalified yellow fever vaccines were non-inferior to full doses
at 28 days postvaccination. Using PRNT50 as the primary endpoint for immu-
nogenicity assessment, seroconversion rates in the fractional dose groups were
consistently high and comparable to those in the standard dose groups, with all
meeting the predefined non-inferiority margin of —10%. These findings support
the use of fractional dosing as a dose-sparing strategy during outbreaks, particu-
larly in resource-limited settings.

The detailed findings of this study are reported in full in the original publication
by Juan-Giner et al. [10].
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Figure 1.
Performance comparison of PRNT 50 and PRNT go.
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Figure 2.

Control calibration acceptability range for PRNT50 and PRNT9o. Calibration curves were generated for both
PRNT50 (Panel A) and PRNT90 (Panel B) using titers obtained from 10 independent replicates (ranging from
1280 to 2560 for PRNT50 and 160 to 320 for PRNT90). Geometric mean titers (GMTs) and standard deviations
were calculated, defining acceptability ranges as GMT + 3 SD to ensure quality control across assays.

3.3 Pediatric evaluation of fractional doses (17D-213 vaccine)

PRNTS50 seroconversion rates in the fractional dose group were 97% at day 28,
slightly lower than the standard dose (100%). However, the fractional dose group
achieved non-inferiority, suggesting that reduced vaccine doses are effective for
children [15].

3.4 Fractional dosing in HIV-positive adults (17D-213 vaccine)

The study showed that fractional doses of 17D-213 were non-inferior to the
standard dose in HIV-positive adults. The results at both 28 days and 1 year postvac-
cination showed sustained immune responses, demonstrating that fractional dosing is
aviable option for immunocompromised individuals [16].

3.5 Minimum effective dose study (Institut Pasteur de Dakar 17D-204 vaccine)

The study found that doses as low as 500 IU were non-inferior to the standard dose
in terms of seroconversion rates. PRNT50 results from all dose groups demonstrated
comparable immune responses, highlighting the potential for dose optimization in
vaccine campaigns [11].

4. Discussion

The increasing frequency of Orthoflavivirus outbreaks has highlighted the need for
effective vaccination strategies and reliable immunological assessment tools. For instance,
the World Health Organization (WHO) reported over 7.6 million dengue cases globally
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as of April 2024, with the Region of the Americas experiencing an unprecedented surge,
surpassing the annual high of 4.6 million cases recorded in 2023. Furthermore, the global
incidence of dengue has seen a 30-fold increase over the past 50 years, placing two-fifths
of the world’s population at risk. These trends underscore the critical need for robust
vaccination programs and precise immunological assessments to mitigate the escalat-
ing impact of Orthoflavivirus infections [17, 18]. The PRNT remains a cornerstone in
evaluating the immunogenicity of yellow fever (YF) vaccines, demonstrating consistent
reliability across diverse clinical scenarios [14]. Among its formats, PRNT 50 is most
commonly used in clinical trials to assess vaccine-induced immune responses, offering

a balance between sensitivity and practicality. In contrast, PRNT 90, a more stringent
format, is preferred in diagnostic settings to reduce cross-reactivity among closely related
flaviviruses and ensure greater specificity in serological surveillance [19].

4.1 YF PRNT validation and performance

A pivotal study focused on the validation of the PRNT assay for YF demonstrated
its robustness and reproducibility. The assay exhibited high intra- and inter-assay
precision, confirming its suitability for both diagnostic purposes and vaccine clinical
trials. These findings established PRNT as a reliable method for assessing neutralizing
antibody responses in various settings [5-7, 14].

4.2 Vaccine fractional dose strategies in diverse populations

In response to vaccine shortages, fractional dosing of the YVF vaccine has been
explored as a viable strategy. Clinical trials have shown that fractional doses of YF
vaccines elicit immune responses comparable to standard doses. For instance, a study
in adults demonstrated that doses as low as 500 International Units (IU) were non-
inferior to the standard 13,803 IU dose in achieving seroconversion [11]. Similarly,
research involving HIV-positive individuals indicated that one-fifth fractional doses
of the 17D-213 YF vaccine were sufficiently immunogenic and safe, meeting non-
inferiority criteria compared to standard doses [16].

In pediatric populations, fractional dosing has also proven effective, with stud-
ies reporting high seroconversion rates in children receiving one-fifth doses. These
findings support the use of fractional dosing in mass vaccination campaigns during
vaccine shortages. However, additional data are needed to confirm the long-term
durability of protection in this age group [15].

4.3 Operational insights and public health implications

The implementation of vaccine fractional doses during mass vaccination cam-
paigns has provided critical operational insights. For example, during a preemptive
campaign in the Democratic Republic of Congo, fractional doses of the 17DD YF
vaccine were administered, demonstrating effective immunogenicity and informing
future outbreak responses. These experiences underscore the practicality of fractional
dosing in resource-limited settings and during vaccine shortages [10, 20].

4.4 Advancements in automated PRNT for enhanced efficiency and precision

The growing demand for scalable, high-throughput neutralization assays has
driven the development of automated PRNT platforms, which enhance both the
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efficiency and reproducibility of results. These automated systems reduce human
error and significantly accelerate analysis, enabling large-scale screening, making
them particularly valuable for epidemiological studies and vaccine evaluations.
Notable advancements in this field are the incorporation of fluorescent PRNT (fluo-
PRNT), alternative fluorescence-based serological assay (SNTFWO) | and fluorescence
reduction neutralization assay (FRNA), which replaces traditional plaque counting
with fluorescent markers to detect virus neutralization [21, 22]. This innovative
approach not only improves sensitivity and precision but also accelerates the process,
especially in high-volume testing scenarios, providing a faster and more reliable alter-
native to conventional methods. The integration of fluorescent markers into PRNT
represents a major leap forward in immunological assays, offering enhanced accuracy
and efficiency for virus-neutralizing antibody detection [21-23].

5. Conclusion

Research surrounding Orthoflavivirus, particularly in the context of yellow fever
and related flaviviruses, underscores the critical role of immunological tools like
the PRNT in advancing vaccine evaluation and epidemiological surveillance. As
outbreaks of Orthoflavivirus continue to pose significant global health risks, the
refinement of neutralization assays, including PRNT and emerging technologies such
as fluoPRNT, is essential to improve the speed, sensitivity, and scalability of diagnos-
tics. By integrating high-throughput methods and automation, we can enhance the
accuracy of immune response assessment, supporting more effective vaccine strate-
gies and public health responses. The ongoing development of these tools, alongside
continued research into the nuances of Orthoflavivirus immunity, is crucial in address-
ing future challenges and shaping vaccine policy worldwide.
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Abstract

Orthoflavivirus causes infections that present a significant public health concern
in many countries. In the Americas, diseases such as dengue have recently gained
attention, with epidemiological alerts issued by the WHO. Many countries in the
region have seen a rising trend in overweight and obesity, which increased from
44.4% of adults in the 1990s to 67.5% in 2022. The prevalence of overweight and
obesity is expected to reach 73.2% by 2030. Studies have shown that obese individuals
have a higher risk (OR 1.37) of developing complications from dengue virus (DENV)
infection. Furthermore, obesity and its related complications have been linked to
worse outcomes in other infectious diseases, leading to more severe disease courses
and higher mortality rates. This chapter examines the main complications associated
with obesity-related comorbidities in DENV infection and explores the comorbidities
and immune system alterations in individuals with obesity and its comorbidities.

Keywords: Orthoflavivirus, dengue, obesity, diabetes, immune response

1. Introduction

Obesity is a public health challenge in several countries. In 2022, the WHO esti-
mated that at least one in eight people worldwide were living with obesity, a condi-
tion that predisposes to the development of other diseases such as hypertension and
diabetes. The prevalence of the latter in 2024 was estimated to be 589 million people
between the ages of 20 and 79 years. Over 90% of these cases corresponded to type 2
diabetes (T2D). The major factors contributing to the development of T2D are aging,
urbanization, physical inactivity, and the increase in overweight and obesity.
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Obesity and T2D have been recognized as independent factors that increase the
risk of death and susceptibility to infections. There is solid clinical evidence indicat-
ing that the presence of T2D and/or obesity in infections by the influenza virus or
SARS-CoV-2 negatively modifies the progression and clinical outcome of the infec-
tion. However, the relationship between obesity and other non-respiratory viral
infections, as produced by Orthoflavivirus, has been less explored.

Dengue is an epidemiologically relevant disease in tropical and subtropical
countries due to the number of cases. Although it commonly presents as asymp-
tomatic, a number of severe cases can lead to death. Obesity and its associated
comorbidities (T2D) are factors that affect the severity of the patient’s clinical
picture.

Therefore, this chapter aims to focus on reviewing the clinical evidence pointing
to the consequences derived from obesity and comorbidities in the progression and
outcome of infections by Orthoflavivirus, particularly dengue virus (DENV) infec-
tion. This chapter also seeks to summarize the information available on the possible
immune dysfunction in the antiviral response induced by obesity and T2D and how
the presence of these comorbidities likely increases the inflammatory response,
promoting the severe stage of dengue. Because these viruses pose a significant threat
to public health and frequently impact regions where metabolic diseases are increas-
ingly prevalent, it is essential to understand how these factors interact to improve the
clinical management and prevention of complications.

2. Clinical course of infections by Orthoflavivirus in people with obesity
and associated comorbidities

The major human infections by Orthoflavivirus are those caused by dengue
virus (DENV), Zika virus (ZIKV), West Nile virus (WNV), and yellow fever virus
(YFV). It is estimated that at least 400 million people present infections related to
Orthoflavivirus, mostly caused by DENV. This constitutes an important health risk,
especially when considering other factors, such as the number of people living in
tropical and subtropical regions, the rise in cases reported in urban areas, the lack
of vaccines [1], and the fact that a large number of persons exposed to the infection
suffer obesity and comorbidities as T2D, known to modify the clinical progression
and outcome of diseases [2].

2.1 Dengue virus

A cohort study on infection by DENV and obesity, carried out from 2016 to 2017
in Asian population, reported that in a sample of 173 adults, the risk of presenting
severe dengue (SDen) rose by 17% per kilogram of weight that increased the body
mass index (BMI), starting at 25 kg/m”. According to its definition, SDen involves the
presence of at least one of the following conditions: severe edema leading to shock
or liquid accumulation and shortness of breath, alanine transaminase or aspartate
transaminase >1000 U/L, altered consciousness, and heart failure. Additionally, the
risk increases to 37% in the first days of manifestation of the disease. Furthermore,
the authors found a significant drop in platelet count among obese patients compared
to patients with normal weight and overweight. This is a relevant finding since the
mean was well below 150,000 platelets/pL in patients with SDen and obesity, leading
to the common handling complications corresponding to this thrombocytopenia [3].
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Year Author(s) Type of study Patients/ Country/ Comorbidity OR Main complications/clinical findings
studies region

2015 [6] Systematic review and 5 Asia T2D 1.75 (C195%: Increased risk of dengue hemorrhagic fever and
meta-analysis 1.08-2.84) shock

2018 [8] Systematic review and 15 Asia Obesity 1.38 (CI 95%: Increased incidence of severe dengue
meta-analysis N.R.)

2018 [4] Observational 335 Malaysia Overweight/ 1.99 (CI 95%: Fever and elevated hematocrit, increased creatinine
retrospective obesity 1.13-3.49) and ALT; hospitalization >3 days

2021 [3] Cohort prospective 173 Malaysia Obesity 1.17 (CI 95%: Association with severe dengue and longer

1.04-1.34) hospitalization

2022 [5] Observational 1417 Taiwan Overweight/ 1.38 (CI 95%: Petechiae, hepatitis, elevated hematocrit, and
retrospective obesity 1.015-1.876) decreased platelets

2023 [9]. Systematic review and 6508 Asia Overweight/ 1.50 (CI95%: Petechiae and bleeding
meta-analysis obesity 1.15-1.97)

Comparison between studies presented in this chapter, considering study type, sample, comorbidities, complications, and OR of SDen. OR = odds ratio; CI = confidence interval; OR and CI values
corvespond to those presented in each study.

Table 1.

OR, main complications, and clinical findings in patients with infection by DENV and obesity.
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Other clinical findings in studies mostly using the adult population report that
persons with obesity show kidney alterations, increased creatinine, and longer
hospital stays when compared to those with normal weight. The results underline the
need for the careful follow-up of this group of patients [4, 5].

Studies report that obesity comorbidities, such as T2D, hypertension, and dyslip-
idemia, are risk factors for the development of SDen. A systematic review reported
that T2D had an odds ratio (OR) of 1.75. On the other hand, a report on cases and
controls found ORs of 4.75, 2.77, and 3.65 for the development of SDen in the presence
of T2D, hypertension, and dyslipidemia, respectively. The authors found that the OR
corresponding to organ failure in SDen was 1.42 and 3.92 in the presence of one or
more comorbidities, respectively [6, 7].

A systematic review and meta-analysis of 15 reviews on underage patients pub-
lished between 2000 and 2016 revealed that obesity has an OR of 1.38 for developing
a clinical variation of SDen [8]. Another systematic review and meta-analysis of 6508
pediatric patients, covering articles published between 2000 and 2022, found that
children with overweight and obesity had an OR of 1.5 to develop SDen [9]. More
attention must be paid to this condition, where complications are developed during
infection with SDen among younger patients [10].

2.2 Other Orthoflavivirus

Systematic reviews and meta-analyses of studies on WNV have observed that
common complications are meningitis, meningoencephalitis, acute encephalitis,
respiratory failure, paralysis, and admission into the intensive care unit. These are
related to comorbidities, such as diabetes, hypertension, and heart diseases, among
which obesity is a predisposing factor. It has been reported that the ORs correspond-
ing to T2D, hypertension, and heart conditions to develop severe disease are 4.21,
2.72, and 6.67, respectively [11].

Studies on diseases caused by the Japanese encephalitis virus (JEV) and ZIKV are
not conclusive in terms of complication development due to obesity, T2D, hyperten-
sion, or dyslipidemia.

In general, all the studies reported were carried out in the adult Asian population.
Then, there is a need for studying other geographic regions and different populations
where dengue and other infections associated with Orthoflavivirus are considered
a health emergency, mainly in tropical and subtropical regions of Africa and the
Americas [12]. On the other hand, evidence from different studies shows that obesity
and its major comorbidities must be taken into account by healthcare professionals to
improve the care of those infected by Orthoflavivirus, especially DENV (Table1).

3. Pathogenesis and immune response against dengue

During cellular immune response to infections by DENV, CD8" T lympho-
cytes are responsible for the apoptosis of infected cells through a perforin- and
granzyme-mediated mechanism. These effector lymphocytes are responsible for
recognizing infected cells on the surface of target cells. Additionally, they produce
other pro-inflammatory cytokines as IFN-y and TNF-«, promoting an increase in
local inflammation [13].

The presence of controlled levels of TNF-a can induce the death of infected
endothelial cells, supporting the mitigation of the infection. Furthermore, IFN-y also
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induces HLA class I in infected cells, which likely promotes the presence of effector
CD8" T cells and viral antigen. The amount of infected cells can positively affect
inflammatory response regulation. Once the stimulus is finished by the large popula-
tion of specific clones, the epitopes produced by DENV infection are not required.
The action by TNF-a and IFN-y can lead to increased vascular permeability, plasma
extravasation, and hemoconcentration, common complications of SDen [14].

The population of effector CD8" T cells starts to induce apoptosis, promoted by
the end of the stimulus, except memory cells [15] that are kept inactive until a new
DENV infection arises.

It is known that IgM antibodies are involved in the early identification of external
invasion and the elimination of pathogens as bacteria and viruses. In SDen, the IgM
complex has been consistently found in the walls of skin, taste buds, and skin rash
blood vessels. Additionally, there is an increase in platelet-associated IgM. The role of
the IgM complex circulating in SDen remains partially unknown. The IgM complex
adhered to the platelet surface can probably increase platelet destruction by the
reticuloendothelial system in the liver and spleen, promoting thrombocytopenia in
SDen. Therefore, IgM levels specific for DENV may affect the outcome of infection by
DENV. These effects can also be induced by IgG in a secondary infection by DENV.

There are sufficient high-affinity antibodies aimed at epitopes in virus-cell fusion
peptides, located at domain II of the envelope protein (E) during infection by DENV,
which can promote the neutralization of viral particles [16]. However, dengue anti-
bodies with low avidity or at suboptimal concentrations can bind to the viral particle
under subneutralizing conditions [17]. In both scenarios, these sub-neutralizing or
non-neutralizing antibodies can lead to antibody-dependent potentiation (antibody-
dependent enhancement, ADE), where antibodies bound on the viral surface are
recognized by Fc receptors in target cells. Once they are recognized, especially by
APC, phagocytosis of the viral particle is induced, leading to an increase in the num-
ber of infected cells and, in consequence, greater viremia. This phenomenon might
contribute to the development of clinical symptoms typical of severe cases and linked
to increased viremia [18].

Although ADE and cytokine storm are well-accepted phenomena that have been
studied for decades, it must be highlighted that most of the cases are solved without any
signs of disease. There are more pieces to the DENV vs. immune system puzzle, and it
seems that cases in which the immune response leads to a severe disease are also related
to factors such as preexisting immunity; interval between infections; the host’s genetics;
viral serotype; age; and comorbidities as obesity, hypertension, and diabetes. These
must be considered among the factors that affect the severity of infection by DENV [19].

The pathogenesis of dengue is characterized by a hyperactivation of immune cells
that ends in cytokine production. This, along with other factors, can be the key to
defining the course of the disease.

Differences in cytokine levels in SDen patients have been analyzed, patients with
SDen have reported higher levels of IL-13 and IL-14. Increased IL-10 has already
been proposed as an indicator of dengue disease severity [20]. Among secondary
infections, cases that did not progress to SDen showed higher levels of IL-10 than
those in non-severe cases of dengue. It is known that IL-17 is associated with pleural
effusion and respiratory issues both in children and adults. In cases of SDen, patients
had a high number of TH17 cells in kidney tissue, contributing to intense, acute
inflammation and leading to tissue injury, promoting increased vascular permeability
[21]. Most of the studies demonstrated higher IL-18 in SDen patients vs. those with
non-severe dengue [22-24].
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High levels of IFN-y have been found in patients infected with different DENV
serotypes [25-27], and they were even higher in people who presented the most severe
manifestations at an early stage [28-30]. Still, Chen et al. (2007) and Priyadarshini
etal. (2010) found higher IFN-y in patients with non-severe dengue vs. patients with
SDen [31, 32].

Patients with SDen presented higher TNF-a as compared to those who suffered
non-severe dengue [33, 34].

Given the multifactorial infection by DEV and the immunopathogenesis of the
disease, the course should not only be considered as a response to one or a few aspects
of the host’s immune response during infection by DENV. Only a comprehensive view
of topics related to infection, local and systemic response, viral factors, comorbidi-
ties, host’s immunogenetic background, and epidemiological panorama of cocircula-
tion of more than one Orthoflavivirus may shed light on dengue as a key disease for
health systems.

Then, generating constant scientific evidence that provides information to eluci-
date the processes involving the triggering of severe disease constitutes a challenge.

4. Alterations in the immune response among patients with obesity and
diabetes and repercussions in infection by DENV

The epidemiological evidence has shown that obesity and diabetes are indepen-
dent risk factors that increase mortality and susceptibility to infections by different
pathogens. Several systematic reviews with meta-analyses have demonstrated that
the relative risk (RR) of mortality by infections (excluding pneumonia) in people
with diabetes is 2.39 (CI 1.95-3.82) while that of pneumonia is 1.67 (CI 1.45-1.92). In
addition, a BMI above 35 increases mortality (RR > 1.5) as compared to a BMI of 22.5
[35, 36]. It has been observed that the presence of T2D increases the RR of developing
active tuberculosis to 3.11 (CI 2.27-7.83) [2, 37]. This is fundamental to consider T2D
as a state of secondary immunodeficiency.

Solid clinical evidence indicates that the presence of obesity and T2D negatively
modifies the course and clinical outcome of influenza and COVID-19, mostly related
to inflammatory deregulation. An observational study including almost 200,000
patients confirmed with COVID-19 before vaccination reported through a multivari-
ate analysis that the presence of T2D and obesity increases the probability of death
with ORs of 2.09 (CI2.30-2.16) and 1.43 (CI 1.38-1.48), respectively.

This epidemiological evidence associating negative prognosis and clinical out-
comes of respiratory viral infections in people with obesity and T2D is explained by
many situations. One of the most important involves the alteration in the immune
and inflammatory states related to obesity and T2D. These comorbidities can result
in antiviral response dysfunction and an exacerbation of the pro-inflammatory
response, leading to organ failure.

The state of the immune system is characterized by presenting chronic low-grade
inflammation (CLGI) or meta-inflammation in patients with obesity and diabetes.
This state is caused by interactions between the immune system and products of
metabolic alterations associated with obesity and diabetes.

As aresult of obesity in visceral adipose tissue (VAT), the excess of soluble
mediators, such as hormones, cytokines, and adipokines, is released. During
obesity, VAT is commonly scarcely vascularized, producing hypoxia and adipose
hypertrophy. This leads to necrosis and the release of triglycerides (TGs), free fatty
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acids (FFAs), and danger-associated molecular patterns (DAMPs). Together, these
soluble stimuli act upon macrophages and tissue T lymphocytes, which, in response,
induce the release of inflammatory mediators, such as TNF-a, IL-1p, IL-6, IL-8, and
IL-12, among others, that exacerbate and alter CLGI. When the individual shows
more comorbidities, such as hypertension, dyslipidemia, or T2D, LDL and AGEs

are also added to the list of CLGI-inducing stimuli. This state can potentially lead

to both an exacerbated inflammatory response and, paradoxically, a suboptimal
immune system response (Figure1).

In the particular case of dengue infection, the main clinical characteristic of SDen
is severe plasma leakage, along with organ failure and thrombocytopenia. As previ-
ously described, the presence of obesity increases the likelihood of developing SDen
both in children and adults. Next, we will discuss how CLGI linked to obesity and
T2D might promote this clinical variant of dengue with a negative prognosis.

Although an integral immune response is necessary for the protection against
Orthoflaviviruses, the production of type I IFNs, the activation of natural killer (NK)
cells, the production of neutralizing antibodies, and the profiles of Thl and Th17
lymphocytes are key to protection against dengue, as in all antiviral responses.

Studies in persons with obesity and animal models iz vitro indicate that several
soluble signals related to obesity, such as palmitic acid, AGL, or TNF-a (through
receptors), promote the production of IFN-p and pro-inflammatory cytokines from
the NF-kB pathway. Furthermore, during obesity, there is mitochondrial dysfunc-
tion, which induces mitochondrial DNA release, activating the STING (Stimulator of
Interferon Genes) pathway for IFN-f production. So, the production of this cytokine
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Figure 1.

LOW GRADE CHRONIC INFLAMMATION

Pathophysiology of chronic low-grade inflammation. Induction of a chronic inflammatory state, resulting from
metabolic and cellular altevations caused by obesity and other metabolic disorders, in addition to altevations in
the vascular endothelium, secondary to this state. FFA: free fatty acids; LDL: low-density lipoprotein; DAMPS:
damage-associated molecular patterns; AGEs: advanced glycation end-products; ROS: reactive oxygen species;
TLR: toll-like receptor; Glut4: glucose transporter type 4; TNF-o: tumor necrosis factor-alpha; IL: intevleuking
CCLz2: monocyte chemoattractant Protein-1; IFN-y: interferon gamma; Ang2: angiotensin 2; NO: nitric oxide.
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with antiviral activity is increased under obesity conditions [38], which would help in
the induction of the anti-replicative state for better viral control. Still, the increase in
TNF-a, IL-B, and IL-6 of CLGI associated with obesity and T2D increases the physio-
pathological processes that characterize SDen, as cytokine storm, and severe plasma
leakage that leads to multiple organ failure.

In obesity, CLGI disturbs vascular homeostasis and leads to its dysfunction.
Additionally, the inflammation of visceral adipose and perivascular tissues leads
to a reduction in nitric oxide (NO) bioavailability, while other components of
metabolic syndrome, as insulin resistance (IR) and oxidized low-density lipopro-
teins (oxLDL), also promote endothelial dysfunction. When infected by DENV,
dysfunctional endothelium is more prone to disruption and plasma leakage, a
characteristic of SDen.

Human NK cells express receptors for adipokines, IL-6, leptin, and adiponectin,
so they can respond to alterations in levels of these soluble signals, as those observed
in obesity. Studies on the effect of obesity on the function of human peripheral
blood NK cells focus on the impact on cytotoxic function and IFN-y production. In
that regard, most of the studies report nonsignificant alterations in the production
of IFN-y and granzymes and their decreased cytotoxicity. Particularly, adipokines,
IL-6, and leptin are increased in obesity, and although no association between plasma
concentration of IL-6 and leptin and NK cells in blood has been found, thereisa
relationship with modifications to their effector functions. A reduced expression of
the cytotoxic proteins perforin and granzyme, present in NK granules, is induced
by IL-6. However, there are conflicting results on the effect of IL-6 and leptin on
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Infgluence of chronic low-grade inflammation in the pathophysiology of SDen. Mechanisms of immune response
against DENV infection and the velationship of chronic low-grade inflammation in the development of SDen, as
well as the main elevated cytokines in obesity and SDen. CTL: Cytolytic T lymphocyte; NSDen: No severe dengue;
TNF-o: Tumor necrosis factor-alpha; IFN-y: Interferon gamma; ROS: Reactive oxygen species; FFA: Free fatty
acids; IFN-p: Interferon-beta; IL: Interleukin; ADE: antibody-dependent enhancement; NK: Natural killer;
MHC: Major histocompatibility complex. Created in https://BioRender.com
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cytotoxicity and IFN-y release, as these functions have been reported to increase,
decrease, and remain unchanged [39]; that is, a higher concentration of IL-6 linked to
CLGI in persons with obesity reduced perforin and granzyme synthesis in human NK
cells, which might lead to reduced containment of DENV.

Regarding the adaptive response in infection against DENV, the production of IgG
antibodies is key to the neutralization of the virus. Still, in the secondary response,
the antibodies can also take part in ADE, which increases infection and pro-inflam-
matory state by monocyte and macrophage activation (Figure 2).

In that sense, people with obesity and T2D show increased populations of Thl
and Th17 lymphocytes and a reduction in regulatory T cells in peripheral blood [40].
Through the production of IFN-y, Th1 cells can contribute to IgG antibody produc-
tion and the activation of monocytes and macrophages. Infection with DENV also
promotes ADE and cytokine storm, both of which are present in SDen [41].

5. Future prospects: The need for specific epidemiological studies

As previously described, there are discrepancies and information gaps regarding
complications caused by Orthoflavivirus infections in people with obesity and their
comorbidities. Some of these discrepancies may be the result of factors not unified in
studies, such as considering the number of patients diagnosed with obesity through
at least two criteria and excluding overweight patients, disparate age groups, and the
number of components of metabolic syndrome from the analysis. It is also neces-
sary to unify the criteria to determine the severity of clinical manifestations of the
infection.

6. Conclusions

Infections caused by the dengue virus account for the majority of the clinical
information on humans, so there is a need for studying other diseases caused by
epidemiologically relevant Orthoflavivirus.

The scientific evidence indicates that obesity, type 2 diabetes, and hypertension
are risk factors for developing complications during the course of the diseases, and
they must be considered by healthcare professionals to improve attention to those
infected by Orthoflavivirus, mostly the dengue virus.
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Chapter

Liver Damage Caused by Dengue

Jazmin Garcia-Machorro, Gabriela Mellado-Sdnchez

and José Antonio Morales-Gonzdlez

Abstract

Dengue is an acute viral infection caused by a member of the Flaviviridae family,
genus Orthoflaviviridae, and is usually transmitted by mosquitoes of the genus Aedes.
Symptoms may include fever, headache, retroocular pain, myalgia, arthralgia, general-
ized pain, and rash. In some cases, liver damage has been found, ranging from elevated
transaminases (ALT, alanine aminotransferase, and AST, aspartate aminotransferase),
total bilirubin, steatosis, apoptosis, necrosis, hemorrhage, and even liver failure;
therefore, proper diagnosis and management are important. Dengue infection triggers
overexpression of pro-inflammatory cytokines, causing structural changes in mito-
chondria that activate cell death cascades. Additionally, it is recommended to evaluate
a history of alcohol consumption (acute or chronic) due to the toxicity it induces in
hepatocytes, and reduces the capacity to respond to the virus. In cases of excessive
alcohol consumption, it triggers the activation of Kupffer cells and further liver dam-
age caused by the virus.

Keywords: dengue virus, DENV infection, hepatic damage, inflammation, apoptosis,
death

1. Introduction

The Flaviviridae family is highly diverse and is characterized by the inclusion of
enveloped, positive-sense, single-stranded RNA viruses. It comprises pathogens of
medical and veterinary importance, as well as emerging viruses that pose poten-
tial threats to public health. The Flaviviridae family is divided into four genera:
Orthoflavivivus, Pestivirus, Pegivirus, and Hepacivirus [1, 2]. The Orthoflavivirus
genus includes approximately 50 viral species, characterized by transmission cycles
involving both vertebrates and invertebrates. These viruses are capable of causing
neurotropic or systemic diseases in vertebrate hosts. Several Orthoflaviviruses that
infect humans originated in sylvatic environments, where they circulate between
nonhuman primates and arthropods. Some species evolved to maintain endemic
cycles within human communities via vectors such as mosquitoes and later adapted
to urban environments, as is the case with the dengue virus (DENV) in tropical
regions. Others, like the Zika virus (ZIKV) in the Americas, have caused pandemic
outbreaks with significant health consequences. Likewise, yellow fever virus
(YFV) continues to cause morbidity and mortality in areas where sylvatic cycles
persist or where vaccination access is limited [3, 4]. Orthoflaviviruses possess a
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single-stranded, positive-sense RNA genome of approximately 11 kb, enclosed in an
enveloped, icosahedral virion approximately 50 nm in diameter. This genus can be
classified according to the hosts involved in transmission: mosquito-borne species
(Culex spp. or Aedes spp.), tick-borne species, insect-specific viruses, or those with
unidentified invertebrate vectors. Their phylogeny is closely related to the ecologi-
cal niches of their vectors. For example, Orthoflaviviruses transmitted by Culex

spp. evolved from those transmitted by Aedes spp. and circulate primarily in birds,
although some mammals can act as reservoirs. In contrast, Aedes-borne viruses
maintain their cycle in primates and other mammals, with birds sometimes acting as
terminal hosts [5].

In the following sections, we will first describe the functions of the liver under
normal conditions. Then, we will discuss Orthoflaviviruses associated with liver dam-
age, with a focus on DENV: its general characteristics, affected iz vitro cell models,
potential mechanisms of liver injury, and contributing factors such as prior alcohol-
induced liver damage.

2. Liver

The liver is the largest gland in the human body, weighing approximately 1500 g.

It is located in the abdominal cavity, occupying the upper right quadrant and part of
the left. It is considered a mixed gland due to its endocrine and exocrine functions.
The liver is surrounded by a thin connective tissue capsule known as Glisson’s capsule,
which is mostly covered by the peritoneum [6].

The liver is a vital organ that performs essential metabolic functions. It synthesizes
and secretes many plasma proteins, plays a crucial role in the uptake, storage, and
distribution of numerous nutrients and vitamins, maintains blood glucose levels,
regulates plasma concentrations of very-low-density lipoproteins (VLDL), detoxifies
or conjugates many toxic substances and drugs, and produces bile. Additionally, it
plays important roles in endocrine and immune system regulation.

One key feature that enables the liver to fulfill its many functions is its dual blood
supply. About 70-75% of the liver’s blood supply comes from the hepatic portal vein,
with the remainder supplied by the hepatic artery (a branch of the celiac trunk).

The portal vein carries venous blood from the gastrointestinal tract, pancreas, and
spleen, containing nutrients (except lipids, which travel via the lymphatic system),
toxins absorbed in the intestine, blood cells and their degradation products, as well as
endocrine secretions from the pancreas and enteroendocrine cells. The arterial blood is
more oxygenated but contains fewer nutrients than portal blood and is required for the
liver’s metabolic activity. Blood from both vessels mixes before perfusing the liver cells,
passing through sinusoidal capillaries that bathe the hepatocytes. As a result, hepato-
cytes are the first to encounter nutrients absorbed from the gut and are also the first
exposed to toxins. Importantly, they are never exposed to fully oxygenated blood [6].

2.1 Liver functions
2.1.1 Metabolic function
The liver plays a key role in carbohydrate metabolism. Glucose absorbed in

the digestive tract is phosphorylated in the liver to form glucose-6-phosphate.
Depending on the body’s energy demands, glucose-6-phosphate can enter glycolytic
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pathways or be stored as hepatic glycogen. During fasting, glycogen undergoes
glycogenolysis to release glucose into the bloodstream. Gluconeogenesis also occurs
in hepatocytes [7].

Hepatocytes take up plasma fatty acids and use them for energy via p-oxidation
and also produce ketone bodies, which serve as fuel for other organs. Another impor-
tant function is cholesterol uptake and synthesis for the production of bile salts,
VLDL, and cell organelle biosynthesis. Ammonium ions generated from protein and
nucleic acid degradation are converted into urea in the liver, which is the primary site
of urea production.

2.1.2 Plasma protein synthesis

The liver synthesizes many plasma proteins, including albumin, which regu-
lates blood volume and tissue fluid formation; lipoproteins, primarily VLDL for
triacylglycerol transport, and synthesis of smaller amounts of low-density lipopro-
teins (LDL) delivering cholesterol to tissues and high-density lipoproteins (HDL)
transporting cholesterol from tissues to the liver; and implicated in coagulation as
prothrombin and fibrinogen, which are essential for the blood coagulation cascade,
whereas alpha and beta globulins, besides coagulation, are related to colloid osmotic
pressure and substance transport. Additionally, some specific globulins are involved
in immune functions, among them alpha-1-globulin and beta-2-microglobulin, which
are part of the complement system and immune response; meanwhile, acute-phase
proteins are part of the inflammatory response [8].

2.1.3 Storage and processing of vitamins and iron

The liver captures, stores, and regulates levels of vitamin A (retinol) and syn-
thesizes its transport protein. Vitamin D (cholecalciferol), vital for calcium and
phosphorus metabolism, is converted in the liver to 25-hydroxycholecalciferol, which
is then transformed in the kidneys into its active form, 1,25-dihydroxycholecalciferol.
Vitamin K is transported from the intestine to the liver and is involved in synthesizing
prothrombin and other coagulation factors. The liver is also central to iron storage,
metabolism, and homeostasis. It produces most proteins involved in iron transport
and metabolism (e.g., transferrin, haptoglobin, hemopexin). Iron is stored in hepato-
cyte cytoplasm as ferritin and hemosiderin granules [6, 9].

2.1.4 Detoxification function

Many drugs and xenobiotics are not water-soluble and cannot be excreted via the
kidneys. Hepatocytes convert these substances into more soluble forms through two
phases: oxidation and conjugation.

Oxidation, via hydroxylation or carboxylation in the smooth endoplasmic reticu-
lum or mitochondria, primarily involving cytochrome P450 enzymes.

Conjugation with glucuronic acid, glycine, taurine, or sulfate radicals [6, 10].

2.1.5 Ethanol metabolism

The liver is the primary site for metabolizing most drugs and xenobiotics, includ-
ing ethanol [11]. After ingestion, 30% of ethanol is absorbed in the stomach and 70%
in the duodenum, then distributed through body water. It is almost entirely oxidized
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in the liver at a zero-order kinetic rate of 1-20 mg/dL/hour, depending on body
weight. About 90% is metabolized in the liver, while 10% is excreted via extrahepatic
routes such as the stomach, kidneys, lungs, and sweat [6, 12].

Ethanol is oxidized to acetaldehyde by three major enzyme systems:

a.Alcohol dehydrogenase (ADH) in the cytoplasm, accounting for 90% of ethanol
metabolism. Women have lower ADH activity, resulting in higher blood ethanol

levels.

b.Microsomal ethanol oxidizing system (MEOS), a cytochrome P450 2E1-depend-
ent system, responsible for 10% of ethanol oxidation in moderate drinkers but

upregulated in chronic drinkers.

c. Catalase system, dependent on hydrogen peroxide (in peroxisomes), with
minimal contribution.

All three systems convert ethanol into acetaldehyde, which is then oxidized to
acetate by aldehyde dehydrogenase (ALDH) (Figure 1). Acetaldehyde is a highly
reactive and potentially toxic compound. Under normal conditions, acetate pro-
duction is favored. However, reduced ALDH activity leads to acetaldehyde accu-
mulation in blood and tissues, causing flushing, tachycardia, and, in severe cases,

shock.
Chronic ethanol consumption increases liver ethanol metabolism by up to 30%,

inducing metabolic tolerance. Cellular and behavioral tolerance may follow, marked
by structural and biochemical liver changes. Upon alcohol withdrawal, these changes
may take weeks to reverse, indicating physical dependence [6, 13].
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Figure 1.
Ethanol metabolism: Ethanol is oxidized to acetaldehyde and then to acetate. ADH: Alcohol dehydrogenase;

MEQS: Microsomal ethanol oxidizing system; ALDH: Aldehyde dehydrogenase.
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2.2 Endocrine functions of the liver

The liver can metabolize and modify hormones secreted by other organs. For
example, thyroxine (T4), which is secreted by the thyroid gland, undergoes deiodin-
ation in the liver to form triiodothyronine (T3), the biologically active form of the
hormone.

Additionally, the liver synthesizes growth hormone-releasing factor (GHRF),
which modulates the action of growth hormone produced by the pituitary gland [6].

2.3 Immune functions of the liver

The liver contains specialized cells with immune functions. Kupffer cells are
resident macrophages located within hepatic sinusoids. They are capable of phagocy-
tosing viruses, bacteria, and foreign macromolecules to eliminate pathogens.

Pit cells are liver-specific natural killer (NK) cells with abundant cytotoxic gran-
ules that enable them to exert potent cytolytic activity [14].

In addition to immune cells, the liver synthesizes several immune-related pro-
teins, including acute-phase proteins, complement components, and cytokines,
which contribute to the immune response and the defense against infections.
Thus, hepatocytes are among the first cells to encounter antigens and microorgan-
isms that enter the bloodstream, especially those derived from the gastrointestinal
tract [15].

3. Orthoflaviviruses that affect the liver

Liver functions can be disrupted by multiple factors such as the use of certain
medications, exposure to toxins, metabolic and non-metabolic diseases (e.g., conges-
tive heart failure, Reye’s syndrome, some autoimmune diseases), excessive alcohol
consumption, and viral infections. In this section, we describe viruses that affect the
liver, focusing on Orthoflaviviruses.

The most well-known hepatotropic viruses are hepatitis viruses A, B, C, D, and E,
which belong to different families and genera:

Hepatitis A: Picornaviridae, Hepatovirus;

Hepatitis B: Hepadnaviridae, Orthohepadnavirus;

Hepatitis C: Flaviviridae, Hepacivirus;

Hepatitis D: Kolmioviridae, Deltavirus;

Hepatitis E: Hepeviridae, Orthohepevirus.

These viruses can cause liver inflammation and severe disease, including hepato-
cellular carcinoma or death [16-20].

The Flaviviridae family includes the Orthoflavivirus genus, which comprises
DENYV, YFV, and ZIKV. These can cause a range of symptoms, from mild (e.g., nausea,
vomiting, headache) to severe complications such as hemorrhage, meningitis, micro-
cephaly, and hepatic or renal failure. Hepatic alterations from these viruses range
from tissue injury to biochemical abnormalities.

Many Orthoflaviviruses are also considered arboviruses, a term used for viruses
transmitted to humans and other animals by arthropods, primarily blood-feeding
insects such as ticks and mosquitoes. Arboviruses can infect both invertebrate and
vertebrate hosts and can be classified into three categories: tick-borne (e.g., tick-
borne encephalitis virus [TBEV], Powassan virus [POWV], and deer tick virus
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[DTV]), mosquito-borne (e.g., DENV, ZIKV, YFV, West Nile virus [WNV], and
Japanese encephalitis virus [JEV]), and those with unknown vectors [21, 22].

Despite the public health relevance of research on Orthoflaviviruses, understand-
ing their pathophysiology remains limited due to the scarcity of available infected
human tissue and methodological constraints in experimental cell models. In vitro
cell models have demonstrated that DENV can infect skin cells [23], brain cells [24],
dendritic cells [25], hepatic cells [26], among others. However, the presence of the
virus in human tissues has been limited and does not necessarily indicate the lack of
viral replication. One tissue that has attracted attention during DENV infection is
the liver, where biochemical, histological, and morphological alterations have been
observed. Most studies focus on DENV and YFV, while findings on ZIKV exposure
remain limited and require further investigation.

Briefly, DENV infection has been associated with hepatocyte hyperplasia,
hypertrophy, vacuolization, intracellular steatosis, hemorrhage, necrosis, inflam-
mation, Kupffer cell apoptosis, and congestion of portal and centrilobular veins.
Biochemical analyzes show insulin resistance and elevated alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels. Meanwhile, YFV infection
is characterized by inflammation, apoptosis, and necrosis, along with elevated
total bilirubin and ALT levels. ZIKV infection has been reported to cause hepatic
inflammation with monocyte infiltration [27]. WNV, unlike the aforementioned
Orthoflavivirus, can cause neuroinvasive diseases such as meningitis or encephalitis.
In its most severe form, it can affect other organs, including the liver, with elevated
AST and ALT levels [28].

4, General characteristics of DENV

Dengue is the most prevalent arboviral disease worldwide in terms of both inci-
dence and mortality, and it is considered hyperendemic in tropical and subtropical
regions, particularly in urban and semi-urban settings. DENV is fully adapted to
humans and anthropophilic mosquitoes, particularly Ae. aegypti and Ae. albopictus.
Four viral serotypes are recognized, all of which have also been identified in nonhu-
man primates [3].

Several studies have documented sylvatic cycles of DENV in Asia, with phyloge-
netic evidence supporting the origin of these serotypes from ancestral viruses circu-
lating between primates and sylvatic mosquitoes. Currently, all four serotypes have
evolved into genotypes highly adapted to human hosts [29].

4.1 Molecular structure of DENV

DENV virions are spherical, icosahedral, enveloped particles approximately
50 nm in diameter. They consist of an inner nucleocapsid, a sticky lipid envelope,
and surface glycoproteins (membrane [M] and envelope [E] proteins). The E protein
is essential for cell binding and membrane fusion, making it a primary target for
neutralizing antibodies due to its immunogenicity [30].

The genome is a single-stranded, positive-sense RNA molecule with a5’ cap and
no 3’ poly-A tail. It encodes a single open reading frame (ORF) that produces a poly-
protein, which is processed into three structural proteins (capsid [C], membrane [M],
and envelope [E]) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) [30]. Cleavage is mediated by viral proteases (NS2B/NS3) on the
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cytoplasmic side and host proteases (furin, signal peptidase) within the endoplasmic
reticulum (ER) lumen [31].

Both immature and mature viral particles contain an outer membrane derived
from the ER, incorporating E and M proteins to form the icosahedral glycoprotein
surface. Viral maturation involves the pH-dependent rearrangement of E and M
proteins in the trans-Golgi network (TGN), which determines viral infectivity.

The E protein undergoes structural changes during this transition, shifting from an
immature spiked form to a smooth mature form. Following maturation, the infectious
peptide Pr—initially bound to the E protein—is cleaved by furin at neutral extracel-
lular pH, producing fully infectious virions. NS2A and NS4B are involved in forming
the viral replication complex [31, 32].

4.2 Viral replication

DENV replication occurs in the cytoplasm on host-derived ER membranes.

The negative-sense RNA strand serves as a template for synthesizing positive-sense
genomic RNA. Viral particles mature through the host’s secretory and exocytic
pathways, during which the prM protein is cleaved to form M protein, enabling the
production of infectious virions [33].

Replication is facilitated by viral proteins (NS5, NS3, and others) and possibly
host cell components. These proteins play multiple roles during infection and interact
with both viral and host elements. In addition to NS1, NS2A, NS2B, NS4A, and NS4B,
several proteins involved in the replication complex (RC) contribute to RNA amplifi-
cation. Upon entry into the host cytoplasm, the viral genome immediately functions
as mRNA [34].

Translation occurs on the rough ER (RER), inducing cellular membrane rear-
rangements that form virus-induced membrane structures—referred to as viral
proteins (VPs)—that house the RC. Once enough viral proteins are produced, transla-
tion halts, and the RNA genome is redirected to these VPs for replication, although
the exact mechanism of RNA trafficking remains unknown [34].

NS4A, NS4B, and possibly NS2A localize to the internal membranes of the VPs,
whereas NS1 remains bound to the external ER-facing membrane. Viral polymerases
NS5 and NS3 must be recruited into the VPs. It is likely that host factors and viral NS
proteins aid in RNA transport and replication [32].

Within the VPs, the viral genome is initially translated as mRNA and subsequently
used to synthesize new genomic RNA strands. NS5 binds the 5’ SLA (stem-loop A)
region of the viral genome to initiate replication, which requires circularization of the
RNA through complementary end pairing. Newly synthesized RNA is packaged by the C
protein to form nucleocapsids, which acquire a lipid envelope by budding from the ER.
During transit through the secretory pathway, the prM and E glycoproteins are structur-
ally modified and cleaved, resulting in fully mature and infectious viral particles [32].

4.3 Pathogenesis

DENV transmission occurs primarily through the bite of infected female mos-
quitoes of the Aedes genus, as females are hematophagous, unlike the fruit-feeding
males. Individuals of any age who are exposed to infected mosquitoes are susceptible
to DENV infection. Although human-to-human transmission does not occur directly,
cases of transmission through blood transfusions from infected donors to noninfected
recipients have been reported [35].
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The virulence of DENV is influenced by both viral and host factors, including
preexisting immunity [36]. Certain DENV strains exhibit a greater capacity for
replication in humans or vectors, enhancing transmission potential and increasing
epidemic risk. Efficient replication in mosquitoes shortens the extrinsic incubation
period, facilitating viral dissemination [32].

Disease severity in patients has been linked to viremia levels. Increased viral
replication in human hosts may result from three key mechanisms, each of which
enhances target cell infection, amplifies cytokine cascades, and increases
pathogenicity [35-37]:

1. High replication rates: Pathogenic DENV strains replicate more rapidly in human
cells, resulting in higher viral titers.

2.Immune evasion: Pathogenic strains can evade adaptive and cross-reactive host
immune responses.

3. Antibody-dependent enhancement (ADE): This phenomenon involves non-
neutralizing antibodies from a prior infection facilitating viral entry into host
cells, thereby increasing viral replication. ADE is associated with severe clinical
outcomes such as dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS), particularly in secondary infections with a different serotype and in cases
of suboptimal immune responses.

4.4 Mechanisms of DENV damage to the liver

It is well established that DENV can replicate iz vitro in hepatoma-derived
cell lines such as HepG2 [38] and Huh-7 [39], as well as in human liver sinusoidal
endothelial cells (HLSECs) [40]. These findings have prompted investigations into
whether similar phenomena occur in experimental infection models. However, the
development of an experimental model that faithfully reproduces the full clinical and
pathological spectrum of human DENV infection remains a significant challenge.

Among the available models, DENV inoculation in BALB/c mice via intraperitoneal
or intravenous routes has been utilized. Intraperitoneal inoculation has been associated
with detectable viremia and focal hepatic lesions [41]. Intravenous administration, in
contrast, results in more pronounced liver injury, including steatosis, hepatocellular
swelling, and necrosis, primarily centered around the central vein and portal tracts [42].
These findings support the hypothesis that DENV is capable of hepatic replication iz vivo.

To further evaluate this hypothesis, liver tissues from 13 pediatric patients who
succumbed to dengue at Yangon Children’s Hospital in Myanmar were analyzed [43].
Hepatomegaly of at least 2 cm was noted in all but one case, for which clinical data
were unavailable. Histological sections and immunofluorescence staining revealed
the presence of the viral genome from all four DENV serotypes. Additionally, both
structural (E protein) and nonstructural viral proteins (NS1 and NS3) were detected.
The findings indicated active infection in hepatocytes and Kupffer cells, while no
evidence of infection was found in endothelial cells.

These data confirm that DENV can directly infect and replicate within hepato-
cytes and Kupffer cells, inducing cell death through apoptosis and, in some cases,
necrosis. Viral infection is known to upregulate pro-inflammatory cytokines, lead-
ing to mitochondrial alterations in hepatocytes that trigger programmed cell death
pathways and contribute to insulin resistance [27].
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Metabolic reprogramming during DENV infection has also been documented in
Huh-7 cells. The virus markedly inhibits glutamine oxidation and enhances glucose
metabolism; however, glucose is redirected not for adenosine triphosphate (ATP)
production but for endogenous lipid oxidation. As a result, fatty acids become the
primary energy substrate in infected cells [44]. Lipid metabolism is significantly
disrupted, leading to excessive lipid droplet accumulation in hepatocytes. This altera-
tion supports viral replication by facilitating capsid protein segregation and genome
encapsidation [27, 45]. In summary, DENV infection induces glycolytic modulation
[46], mitochondrial dysfunction [47], activation of fatty acid synthesis [48], and
lipid droplet accumulation [45].

Hepatic damage is further exacerbated by the deposition of complement compo-
nents in hepatocytes, originating from both the classical and alternative pathways
[43]. Additionally, DENV infection has been shown to increase oxidative stress in
hepatic cells [49].

Hepatitis is a frequent complication of dengue and may be exacerbated by pallia-
tive treatment with paracetamol, which is recognized as the leading cause of drug-
induced liver injury and acute liver failure in both the United States and Europe [50].
Figure 2 illustrates some mechanisms of DENV damage to the liver.

4.5 Diagnosis of DENV infection

The diagnosis of DENV infection should be made primarily clinically, and man-
agement of the patient with suspected dengue should begin. Laboratory tests are
performed for epidemiological surveillance purposes [51].
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Mechanisms of DENV damage to the liver. The left side shows liver cells susceptible to infection in vitro. The right
side illustrates the mouse model and postmortem findings in infected patients.
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4.5.1 Clinical evaluation

During clinical evaluation, it should be noted that some manifestations of den-
gue can be confused with other diseases caused by arboviruses such as ZIKV and
Chikungunya virus; by other viruses such as rubella, measles, or influenza; by para-
sites such as Plasmodium, which causes malaria; and by bacteria such as Salmonella
enterica serovar Typhi, which causes typhoid fever, among others. Therefore, a history
should be conducted that includes possible contact with any of the aforementioned
pathogens or any recent travel to areas where DENV is endemic. Additionally, the
local epidemiological context should be explored. The physical examination should
include body temperature (to rule out fever) and a search for skin rashes and minor
bleeding. In the symptoms, one should ask if there is a headache, retroocular pain,
myalgia, or arthralgia.

4.5.2 Laboratory tests

They can be performed on blood samples, autopsy tissue, and mosquitoes
(these last two are regularly used for epidemiological control). A blood sample
taken within the first 5 days of the onset of symptoms is called the acute phase of
the disease. A blood sample taken 2-3 weeks after the onset of symptoms is consid-
ered a convalescent phase sample.

4.5.2.1 Detection of genetic material

The virus’s genetic material (viral RNA) is detected in the early stages of the
disease by the RT-PCR (reverse transcriptase-polymerase chain reaction) test. It is
performed on acute-phase blood samples, autopsy tissue, and for epidemiological
monitoring of mosquitoes. RT-PCR is a rapid, sensitive (nearly 100% detection),
simple, and reproducible method with appropriate controls.

4.5.2.2 NS1 vival protein detection

This test detects the presence of viral antigen in the blood of an infected patient
during the first 7 days of infection. It is performed using an enzyme-linked immuno-
sorbent assay (ELISA).

4.5.2.3 Viral antigen detection by immunohistochemistry

This technique allows the detection of viral antigens in a wide variety of tissues,
usually from deceased patients. Therefore, it is used to confirm DENV infection.

4.5.2.4 Antibody determination

This involves detecting IgM and IgG antibodies against the DENV in the
serum of an acute-phase blood sample. Antibodies have even been detected up to
12 weeks after the onset of infection. A positive test result indicates recent or cur-
rent infection. The recommended technique is the capture ELISA or other variants
thereof.
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4.5.2.5 Viral isolation

For this test, biological samples that may contain the virus are collected, such as
blood, serum, cerebrospinal fluid, or autopsy tissue. Generally, samples must be taken
within the first 5 days of presenting symptoms of infection. The samples are pro-
cessed and placed in contact with virus-permissive cells such as monkey kidney cells,
mosquito cells, and human fibroblasts, among others. The cells are incubated under
conditions of temperature, CO,, and humidity appropriate for virus replication. The
cells are monitored to detect changes due to viral infection, and the isolated virus
is subsequently characterized. This test can take more than a week, so it is recom-
mended for epidemiological monitoring.

The World Health Organization recommends that laboratory resources be used

to confirm all cases of dengue with warning signs and severe dengue, as well as all
deaths [51].

4.6 Treatment of DENYV infection

There is no specific antiviral against DENV. Once DENV infection is suspected,
management focuses primarily on symptomatic treatment. The goal is to relieve pain,
control fever, maintain adequate hydration, and recommend rest to prevent com-
plications. Warning signs (severe and persistent abdominal pain, vomiting, edema,
mucosal bleeding, altered consciousness, irritability, drowsiness, hepatomegaly, and
progressively increased hematocrit) should be monitored to prevent progression to
severe forms of dengue.

The most used drug to relieve pain (headache, arthralgia, and myalgia) and
control fever is paracetamol. However, care must be taken not to exceed the recom-
mended dose, as this can cause severe liver damage. Additionally, liver function
should be monitored, considering a history of alcoholism and current DENV infec-
tion, which can alter liver metabolism.

It is important to avoid self-medication, the use of scientifically unvalidated home
remedies, or even the use of other analgesics such as aspirin or ibuprofen, as these can
increase the risk of hemorrhagic complications associated with dengue.

5. Factors involved in liver injury

It is important to highlight that the severity of hepatic damage in DENV infection
can vary and is influenced by multiple factors, including host-related, vector-related,
and environmental determinants. In animal models, outcomes depend largely on the
type of model used—such as BALB/c, AG129, SCID, transgenic, humanized mice,
or even nonhuman primates—as well as on the route of viral administration (intra-
peritoneal, intracerebral, intravenous, etc.) and age. Viral factors also play a role,
including the serotype involved, the viral load inoculated, and the origin of the virus
(i.e., patient-derived isolates versus laboratory strains). Notably, in an experimental
model using rhesus macaques, all four DENV serotypes were found to affect liver
transaminases [52].

In humans, the variability in liver injury has been associated with environmental
and viral factors across all DENV serotypes [43]. These associations have been more
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extensively studied in endemic areas, where epidemiological surveillance facilitates
assessment. In such settings, it is critical to evaluate prior exposure to other serotypes
or even to different flaviviruses that may elicit cross-reactive immune responses,

to rule out coinfections with other viruses, to analyze the individual host immune
response, and to consider comorbid conditions, the use of hepatotoxic medications,
the viral load transmitted by the mosquito, and even prior alcohol consumption that
may have caused preexisting hepatic damage.

Host-related factors must be carefully evaluated during physical examination
and clinical follow-up, especially for the presence of warning signs of severe dengue.
These include intense abdominal pain, persistent vomiting, rapid breathing, bleed-
ing from the gums or nose (mucosal bleeding), fatigue, restlessness, hematemesis or
melena, excessive thirst, pale and cold skin, and generalized weakness [53].

Recently, a study aimed at predicting dengue severity analyzed 500 patients and
identified several clinical predictors of severe disease. These included older age, elevated
white blood cell count, increased hematocrit, prolonged prothrombin time, thrombocy-
topenia, hypotension, presence of perioral edema, third-space fluid loss, hepatomegaly,
and involvement of other organs [54].

The role of the liver in predicting dengue severity is undeniable. However, it is
equally important to assess prior conditions that could have compromised liver func-
tion, such as alcohol consumption, which not only predisposes the liver to injury but
also shares several pathogenic mechanisms with DENV. The following section outlines
the mechanisms by which ethanol induces liver damage.

5.1 Liver damage due to ethanol

Upon ingestion, ethanol (also known as ethyl alcohol) triggers a cascade of
biochemical reactions that affect multiple organ systems, ultimately leading to liver
diseases such as alcoholic hepatitis and cirrhosis. Although considerable knowledge
exists regarding the pathophysiological mechanisms induced by ethanol in the human
body, no single pathway can fully explain the wide range of adverse effects exerted by
ethanol on various organs and tissues.

One key factor extensively studied and central to many ethanol-induced effects is
the excessive generation of reactive molecules known as free radicals. These molecules
contribute to a condition termed oxidative stress, which disrupts normal biochemi-
cal processes within the cell and can ultimately lead to programmed cell death, or
apoptosis [6, 10].

The mitochondrial respiratory chain, one of the main physiological sources
of superoxide anion production, is particularly susceptible to ethanol exposure.
Ethanol enhances the rate of reactive oxygen species (ROS) generation in mitochon-
dria (see Figure 3). Mitochondria contain the enzyme superoxide dismutase (SOD),
which converts superoxide into hydrogen peroxide. This hydrogen peroxide is
subsequently detoxified by glutathione peroxidase. However, in the presence of iron,
part of the hydrogen peroxide escapes degradation and forms highly reactive oxygen
species that can induce both structural and functional mitochondrial alterations.

Experimental administration of xenobiotics has shown increased superoxide
production in liver mitochondria and isolated hepatocytes. The accumulation of
superoxide may reduce the nicotinamide adenine dinucleotide (NAD")/NADH
ratio, disrupting the mitochondrial redox balance and increasing electron flow
along the respiratory chain. This, in turn, leads to the formation of hydroxyl radi-
cals, contributing further to mitochondrial lipid peroxidation. The shift in redox
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Figure 3.
Effect of ethanol on free radical production in mitochondria.

potential, combined with damage to inner membrane lipids, impairs mitochondrial
energy synthesis by decreasing the membrane potential. Chronic ethanol exposure
has been shown to induce morphological and structural changes in hepatic mito-
chondria, representing some of the earliest manifestations of alcohol-induced liver
damage [6, 10].

When ethanol is ingested, it is converted into acetaldehyde in the cytosol of
hepatocytes via the ADH, with the involvement of NAD". Acetaldehyde has been
shown to increase the production of alkanes and alter the cytosolic redox potential
by shifting the NAD*/NADH ratio, similar to its effects in mitochondria. This
redox imbalance promotes lipid peroxidation and exacerbates cellular damage.
Additionally, the ALDH plays a pivotal role in altering the redox potential and
contributing to oxidative stress in the cytosol. The Km of ALDH for acetaldehyde—
the primary product of ethanol oxidation by ADH—is approximately 1 mM, signifi-
cantly lower than that of xanthine oxidase. As a result, ALDH more readily converts
acetaldehyde into acetate, using NAD" in its catalytic process and further disrupting
the redox balance [6, 10].

Based on the above, ethanol metabolism in the liver represents the primary route
for the elimination of this xenobiotic substance. This metabolic pathway is influenced
by various physiological (e.g., age, sex) and pathophysiological (e.g., cirrhosis, gastri-
tis) conditions, as well as by external factors, such as the use of medications in chronic
or infectious diseases. Ethanol metabolism disrupts several critical pathways essential
for hepatic cytophysiology, contributing to cellular imbalance and the pathogenesis of
alcohol-related liver disease. Although the metabolism of ethanol occurs in seemingly
straightforward steps, it intersects with major metabolic pathways—carbohydrate,
lipid, and protein metabolism. Consequently, alcohol consumption may alter the
natural history of a disease when a virus that affects liver function is present, such as
DENYV, whether infection leads to clinical illness [55].
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6. Conclusion

DENYV infection causes multiple forms of liver damage, ranging from asymptom-
atic biochemical alterations and inflammation to histological changes and acute liver
failure. The severity of hepatic injury can vary and depends on multiple factors, one
of the most common yet underexplored being alcohol consumption, whether chronic
or occasional. The evidence indicates that both DENV infection and alcohol share
common pathways of liver injury, including increased oxidative stress and the induc-
tion of inflammatory cytokine production, which lead to cell death via apoptosis and
necrosis. These processes are ultimately reflected in elevated hepatic transaminases,
steatosis due to the activation of gluconeogenesis, increased ATP demand, and
consequent activation of glycolytic pathways. Therefore, from the clinical diagnosis
of DENV infection, a history of alcohol consumption should be questioned, and the
metabolic status of the liver should be monitored during treatment.
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Nomenclature

ADE: antibody-dependent enhancement
ADH: alcohol dehydrogenase

ALDH: aldehyde dehydrogenase

ALT: alanine aminotransferase

AST: aspartate aminotransferase

ATP: adenosine triphosphate

C: capsid protein

DENV: dengue virus

DHF: dengue hemorrhagic fever

DSS: dengue shock syndrome

DTV: deer tick virus

E: envelope protein

ER: endoplasmic reticulum

GHREF: growth hormone-releasing factor
HDL: high-density lipoproteins

HLSECs: human liver sinusoidal endothelial cells
JEV: Japanese encephalitis virus

LDL: low-density lipoproteins

M: membrane protein

MEOS: microsomal ethanol oxidizing system
NAD™": nicotinamide adenine dinucleotide

136



Liver Damage Caused by Dengue
DOI: http://dx.doi.org/10.5772/intechopen.1011926

NADH: reduced form of nicotinamide adenine dinucleotide
NK: natural killer cell

NS: nonstructural protein

ORF: open reading frame

POWV: powassan virus

prM: premembrane protein

RC: replication complex

RER: rough endoplasmic reticulum
ROS: reactive oxygen species

SLA: stem-loop A

SOD: superoxide dismutase

T3: triiodothyronine

T4: thyroxine

TBEV: tick-borne encephalitis virus
TGN: trans-Golgi network

VLDL: very-low-density lipoproteins
VPs: viral proteins

WNV: West Nile virus

YFV: yellow fever virus

ZIKV: Zika virus
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Abstract

Aedes aegypti has an effective vector capacity for the transmission of dengue
and Zika viruses in humans as well as in primates; due to its intradomiciliary and
hematophagous behavior with multiple human hosts, it increases the probability of
acquiring and maintaining both viruses in nature, benefiting their dissemination, in
addition to facilitating vertical transmission to the offspring, this becomes relevant
due to its marked preference for human blood, essential for the development of
its eggs, since during each oviposition, it lays an average of between 100 and 150
eggs, which could affect the population density of probably infected mosquitoes,
increasing the risk of transmission to humans, situations that favor both a persistent
circulation of these viruses, as well as a wide geographical distribution. Therefore,
it is important to update knowledge about the vector characteristics that can favor
the transmission of these two pathogens, highlighting the need to further develop
integrated vector control strategies, addressing them with an ecological approach,
with the aim of preventing the vector from contacting its host as quickly as possible,
without affecting human health or the environment. In this regard, the importance
of current research on plant extracts and essential oils that can provide protection
against mosquito bites is highlighted. These can offer a sustainable and natural
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alternative to synthetic pesticides, as they not only combat mosquitoes at their differ-
ent stages of development but can also help minimize environmental damage, having
the potential to be used as an ecological approach to Ae. aegypti control.

Keywords: Aedes aegypti, Zika virus, dengue virus, vertical transmission, coinfection,
plant extracts, integrated control, ecological approach

1. Introduction

Dengue virus (DENV) and Zika virus (ZIKV) are important Orthoflaviviruses trans-
mitted mainly by female Ae. aegypti mosquitoes and, when disseminated by this particular
category of arthropods, they are likewise referred to as arboviruses, which in recent years
have proven to be serious public health problems, especially in tropical regions. This is
of greater importance because both viruses share a vector, which can complicate trans-
mission due to their cocirculation and coexistence among the population. Considering
that infection with both viruses in humans can cause similar clinical symptoms, and
although no alterations or complications in the clinical presentation have been observed
in coinfections in most infected patients, a smaller proportion of the affected popula-
tion has presented clinical complications. Therefore, it is important to understand the
epidemiology, behavior, and characteristics of the vector. This knowledge is essential for
addressing and managing alternative control strategies for the different life stages of the
vector, making outbreak management more effective. In this regard, it is important to
consider that there is currently a deficiency or absence of an effective vaccines to prevent
these diseases, and that both pathologies lack specific antiviral treatments, so vector
control remains an important strategy. On the other hand, biotic and abiotic factors play
an important role in the complex interaction between the vector and these viruses, which
determines vector competence. Together, they define the mosquito’s vectorial capacity to
transmit these pathogens to the human population due to the vector’s bionomics, which
includes age, lifespan, number of gonotrophic cycles, hematophagous habits, as well as
the density and population structure of mosquitoes, in addition to other factors such as
temperature, humidity, type of population (rural or urban), or the characteristics of the
viruses themselves, which have been considered determining factors in the transmission
and dispersion process of these arboviruses.

Historically, DENV epidemics, and currently those of ZIKV, have been controlled
through the application of insecticides, which has led to the gradual establishment of
resistance against numerous conventional chemical insecticides. This has also led to the
observation of toxicological repercussions on the food chain and environmental quality,
which impact human and animal health. Therefore, the use of plant-derived extracts and
essential oils containing bioactive compounds presents a viable alternative methodology
for the control of mosquito vector populations [1], which also justifies the use of alterna-
tive products that are safer for the environment and pose a lower risk to human health.

2. Epidemiology and transmission cycles of DENV and ZIKV

2.1 Epidemiology of dengue and Zika disease

Dengue fever is one of the most common mosquito-borne viral infections in
tropical and subtropical areas worldwide. Among the most reported endemic areas
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are Southeast Asia, the Western Pacific, Latin America, the Caribbean, and parts

of Africa. The World Health Organization (WHO) estimates that around 50% of

the world’s population lives in areas at risk of dengue fever, and an estimated 100 to
400 million dengue infections occur annually [2]. Around 500,000 cases of severe
dengue require hospitalization, and approximately 20,000 people die from complica-
tions. The most affected areas include Latin America (Brazil, Mexico, Colombia,
Honduras), Asia (India, Thailand, Indonesia, the Philippines), and Africa (Sudan,
Angola, Kenya) [3]. Dengue infection is caused by a virus of the Orthoflavivirus
genus, which includes four distinct serotypes: DENV1, DENV2, DENV3, and DENV4.
These viruses are closely related and are primarily transmitted by the bite of an
infected Ae. aegypti mosquitoes. Each serotype can cause the disease, but infection
with one serotype does not guarantee immunity against the others, which can result
in more severe secondary infections [4, 5]. This virus is an enveloped virus with

a spherical morphology and a diameter of approximately 50 nm. Its viral genome
consists of a single strand of positive-sense RNA, 11 kb in size, and is composed of
positive-strand single-stranded RNA, which encodes a single polyprotein of 3391
amino acids that is processed by cellular proteases and by the viral protease NS2B-3
to give rise to three structural proteins: capsid (C), membrane precursor (prM) and
envelope (E), which make up the structure of the virion. Meanwhile, the seven non-
structural proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 are involved in the
process of viral replication [6, 7].

In the context of ZIKV, despite its initial identification occurring in Uganda
in the year 1947, its proliferation on a global scale commenced in 2007, with
significant outbreaks in Latin America and the Caribbean. Among the most
reported endemic areas are Latin America (Brazil, Colombia, Mexico, Venezuela,
El Salvador), the Caribbean (Puerto Rico, Dominican Republic, Haiti), Asia
(Philippines, Thailand, Malaysia), and Africa (Uganda, Cape Verde, Angola).

It is estimated that during a massive epidemic in Latin America in 2015-2016,
more than 500,000 cases were reported. In 2016, the WHO declared a public
health emergency of international concern due to the development of congenital
Zika syndrome, frequently including microcephaly, and neurological disorders,
as damage to the developing fetal brain, specifically affecting the growth of
neuronal cells. Because of this, and although cases from the 2015-2016 outbreak
decreased considerably, the virus continues to circulate in tropical areas, with
sporadic outbreaks still being of significant concern [8-10]. Regarding ZIKYV, it
has been classified into two main lineages: the Asian and African lineages. The
ZIKV circulating in the Americas is phylogenetically closer to the Asian lineage
[11, 12]. The primary mode of transmission for this virus is through the bite of
infected Aedes mosquitoes. Zika virus is a positive-sense, single-stranded RNA
virus. The genome of this virus contains 10,794 nucleotides encoding 3419 amino
acids. It is composed of two non-coding regions flanking an open reading frame
encoding a polyprotein that gives rise to a capsid protein, a membrane precursor
protein, an envelope protein, and seven non-structural proteins [9].

2.2 Transmission cycles of DENV and ZIKV

Two distinct transmission cycles have been identified and documented for both
viral agents: the urban cycle (the most common cycle), where humans act as the
primary hosts; transmission occurs primarily in densely populated areas with a high
presence of Ae. aegypti. The sylvatic or zoonotic cycle has been identified in regions of
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Main transmission routes for DENV and ZIKV include the vector-borne route and secondary routes such as
vertical transmission, transmission of the virus from infected mother to fetus, and, in the case of ZIKV; sexual
transmission. Prepared by the authors.

Africa and Southeast Asia (Figure 1). Within this cycle, non-human primates act as
natural reservoirs for the viruses, with sylvatic mosquitoes facilitating their transmis-
sion to other primate hosts [13, 14].

The transmission cycle of DENV and ZIKV occurs through the bite of previously
infected female mosquitoes on healthy hosts. The urban cycle involves mosquito-to-
human-to-mosquito transmission, and various phases of this cycle are recognized.

In the first phase, the vector infection is described, which occurs when a mosquito
bites an infected person during the viremia phase; subsequently, the virus enters the
mosquito’s intestine and begins to replicate, giving rise to the incubation phase, which
in the particular case of ZIKV requires an extrinsic incubation period of 4-10 days
before the mosquito can transmit it, in the case of DENV the incubation period
within the mosquito varies from 6 to 15 days, depending on the ambient temperature
and other factors. Subsequently, the virus migrates to the salivary glands until it
encounters the human host, and finally, the infected mosquito bites a healthy person,
introducing the virus into the bloodstream. The primary targets for both viruses are
dermal fibroblasts, keratinocytes, monocytes, and dendritic cells. However, particu-
larly for ZIKV; it can also infect neuronal precursor cells. In infected cells, the viruses
bind to cellular receptors, which are diverse, and some depend on the target cell type,
such as DC-SIGN, heparan sulfate, or mannose receptors [15]. Following a successful
infection, the processes of replication and the synthesis of novel viral particles com-
mence. The duration of viremia has been established to persist for an approximate
period of 4-7 days [16, 17].
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Consequently, the predominant mechanism for the transmission of DENV and
ZIKV is through the bite of their shared vector, Ae. aegypti, however, in the case of
DENYV, vertical transmission of the virus has also been reported during pregnancy
and through blood transfusions. In the case of ZIKV, alternative modes of transmis-
sion have also been documented, specifically through direct pathways, namely, from
individual to individual, which transpires perinatally, via sexual contact, and through
breastfeeding or blood transfusions, thereby significantly augmenting the incidence
of both mild and severe cases, particularly among neonates [18, 19].

3. Clinical presentation of infection and coinfection in humans and
in in vitro and in vivo models

3.1 Pathogenesis of DENV and ZIKV infections

Arboviruses within the genus Orthoflavivirus, like DENV and ZIKV, represent a
major public health challenge in Latin America and worldwide due to their negative
impact on the health of the population. Infectious diseases caused by these viruses
present a wide variety of clinical symptoms, producing a similar clinical picture
in the first days of incubation of the infection. Despite the significant challenge of
differential diagnosis, it is critical for healthcare providers to identify the symptoms
generated by DENV and ZIKV infections, enabling timely diagnosis and appropriate
care and treatment. Addressing the interaction or coinfection between DENV and
ZIKV is important, as simultaneous infection can increase the morbidity and mortal-
ity associated with these viral infections.

The initial infection with the DENV may be asymptomatic; however, depending
on the stage of progression of the infection’s progression, a considerable spectrum
of clinical manifestations may arise. A classification for DENV has been established
and delineated according to the advancement and intensity of the clinical manifesta-
tions of the infection. It is categorized into dengue with or without warning signs and
severe dengue, which is characterized by alarming and acute symptoms, potentially
resulting in functional impairment and multi-organ dysfunction [20]. DENV infec-
tions in the early stages can be asymptomatic in up to 80%, and about 20% present
with an infection with symptoms in the early stage [21]. The clinical manifestations
observed during the early phase of the pathology include mild fever, severe headache,
retro-ocular pain, myalgia, arthralgia, rash, nausea, sore throat, and anorexia. Severe
dengue infection, conversely, manifests symptoms that are frequently observed
during the initial phase of the infection, including intense cephalalgia, retro-orbital
discomfort, myalgia, arthralgia, cutaneous eruptions, nausea, and emesis. However,
the symptoms that distinguish this progression are a sudden decrease in tempera-
ture, a decrease in blood pressure, persistent and severe abdominal pain, lethargy,
hepatomegaly, and hemorrhages. It is important to mention that the progression of
severe dengue infection can even lead to dengue shock syndrome with symptoms such
as extreme pallor, high fever, a decrease in blood pressure, multiple organ damage,
cardiorespiratory failure, respiratory distress, cardiac arrest, and altered conscious-
ness [21, 22].

In relation to ZIKYV, it is estimated that approximately 80% of infections may
manifest as asymptomatic; however, when clinical manifestations occur, they tend
to be predominantly mild in the majority of instances [23]. According to the clinical
guide published by PAHO in 2022, pruritus is the most common symptom present in

147



Update on Orthoflavivirus — Understanding Orthoflavivirus, Potential Reemerging Pathogens

ZIKV, while other works mention approximately 20 to 25% of cases with symptoms
such as fever, rash, skin eruptions, arthralgia, myalgia, fatigue, headache, vomiting,
diarrhea, eye redness, edema, abdominal pain, conjunctivitis, thrombocytopenia and
hematospermia [19, 23]. In contrast, the presence of neurological symptoms derived
from DENV and/or ZIKV infection has been reported. Guillain-Barré syndrome is the
most common neurological symptom in ZIKV infections and severe stages of den-
gue. Other neurological symptoms associated with ZIKV include epilepsy, cerebral
palsy, neuropathies, microcephaly, meningitis, and meningoencephalitis [24]. The
association of Guillian-Barré syndrome and ZIKV was first observed in 2013-2014,
due to cases presented in French Polynesia, and was subsequently reported in cases

in the American continent in 2015-2016 [19]. The reported incidence of neurological
damage due to DENV is approximately 5%; however, there is no consistent global
incidence of neurological damage associated with DENV and ZIKV. Neuroinvasion by
DENYV was investigated using murine models, which resulted in the overexpression
of proinflammatory cytokines IL-6, IL-10, TNF-«, IFN-y, and MMP-9 in microglial
cells [25]. In a study in Brazil, it was found that in women infected with ZIKV during
pregnancy, approximately 80% of newborns were identified with manifestations of
ZIKV, Congenital Syndrome, as well as microcephaly and other neurological altera-
tions [26]. Due to the common symptoms, its diagnosis can be confused with other
viral infections, such as dengue infection [16, 23].

In this regard, the differential diagnosis between dengue and Zika infections can
be established based on clinical evaluation, considering the intensity and frequency
of various signs and symptoms. In general, fever tends to be of moderate intensity in
dengue infection, whereas in Zika infection, it is usually mild. A rash is an uncom-
mon cutaneous manifestation in dengue, but it occurs frequently in Zika infection.
Non-purulent conjunctivitis is a common feature of Zika infection but is infrequently
observed in dengue cases. Other symptoms such as headache, myalgia, arthralgia,
retro-orbital pain, and vomiting are typically more frequent and pronounced in
dengue infection, while in Zika infection they tend to be milder or uncommon. These
clinical features help guide presumptive diagnosis; however, confirmation through
specific laboratory tests (RT-PCR-Reverse Transcriptase Polymerase Chain Reaction-,
Detection of the NS1 viral protein, viral isolation, rapid immunochromatographic
tests) is recommended due to the overlapping symptomatology of these viruses.

On the other hand, according to PAHO/WHO, pharmacological interventions with
paracetamol (acetaminophen) and metamizole are suggested for the signs and symp-
toms of mild forms of dengue and Zika; however, research into a specific treatment is
still ongoing [1-3].

3.2 Clinical manifestations in patients with DENV and ZIKV coinfection

Coinfection occurs when a person is infected with both viruses, which are trans-
mitted by the same mosquito vector. The clinical presentation of this coinfection can
be complex, as both DENV and ZIKV infections share some symptoms, which can
make diagnosis difficult. However, both diseases also have distinctive characteristics
that facilitate their identification and diagnosis.

The clinical manifestations of DENV and ZIKV coinfection vary in severity. In
mild to moderate cases, signs and symptoms include mild to moderate fever (around
39°C), moderate headache, myalgia, rash, sore throat, moderate cough, mild loss
of appetite, fatigue, and lethargy. Severe cases may include a persistent, high fever
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(greater than 39.6°C), conjunctival hyperemia, retro-orbital pain, conjunctivitis,
abdominal pain, frequent nausea and vomiting, dehydration, diarrhea, and a diffuse,
pruritic maculopapular rash [27-29]. Among the most frequent symptoms in patients
with DENV and ZIKV coinfection, fever of 39°C or higher, headache, myalgia,
arthralgia, and rash have been reported [27].

Although reports on complications arising from coinfection by ZIKV and DENV
are limited, cases have been documented that present manifestations such as throm-
bocytopenia, hepatomegaly, gingival and mucosal bleeding [30]. On the other hand,
although there are few reports of pregnancy complications associated with this
coinfection, cases of functional plagiocephaly in newborns and fetal death have been
identified as possible consequences in women who presented coinfection with DENV
and ZINV during pregnancy [30].

Currently, there is no specific treatment for DENV and ZIKV coinfection.
Therefore, clinical management is based on symptomatic and supportive treatment
similar to that used for individual infections, with the goal of alleviating symptoms.
Coinfection with DENV and ZIKV represents a significant challenge for diagnosis
and treatment due to the overlapping symptoms and complications associated with
both viruses.

3.3 DENV and ZIKV coinfection in iz vitro and mammalian models

Due to the cocirculation of both viruses in endemic regions, arbovirus coinfection
has been the subject of multiple experimental studies, with the aim of understanding
its dynamics of infection, dissemination, and viral transmission using cell and mam-
malian cultures.

Some authors report that a previous coinfection with one arbovirus can restrict
or even prevent subsequent infections with another arbovirus [31]. However, recent
research has yielded controversial and novel results depending on the type of infect-
ing arbovirus, as well as the coinfection pattern. In this regard, several i vitro studies
indicate that in C6/36HT cells, coinfection with DENV2 and DENV3 enhances
DENV?2 replication efficiency [32]. Furthermore, in the Aag?2 cell line, it was shown
that the Nicaraguan isolate of DENV2 NI-2B presented greater replication than the
NI-1isolate [33]. On the other hand, a study by Lin et al. indicates that viral replica-
tion in C6/36 cells (Ae. albopictus) sequentially infected with DENV strain 16,681 and
ZIKV (Thai isolate), presents an increase in DENV?2 viral replication compared to
monoinfection; in contrast, ZIKV replication was drastically suppressed. Importantly,
identifying the interaction between the ZIKV NS5 protein and the ssRNA of DENV2
suggests that there may be a cooperation in the use of cellular and molecular resources
that contributes to and favors DENV2 viral replication [34]. Likewise, a subsequent
study by Peng et al. presented that sequential coinfection at early times (12-36 h)
with DENV2 (New Guinea strain C) and ZIKV (strain Z16006) in C6/36 cells did not
influence the replication of either Orthoflavivirus; however, at late times of infec-
tion (48-72 h), ZIKV replication was observed to be suppressed. This suggests that
infection with DENV2 could negatively interfere with ZIKV replication over time.

In contrast, it was found that prior infection with ZIKV did not alter the replicative
capacity of DENV2 in this cellular model [31].

Regarding animal models, Valiant et al. reported in rhesus macaques (Macaca
mulatta) that sequential coinfection with Asian ZIKV genotype significantly
enhances DENV?2 viremia. However, in models with simultaneous coinfection,
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it has been observed that the viral loads in the macaques’ plasma are very similar

to monoinfection, suggesting that the replication kinetics of either virus are not
modulated. However, this simultaneous coinfection is accompanied by a considerable
activation of proinflammatory subpopulations of monocytes/macrophages and the
release of numerous proinflammatory mediators, which have been associated with the
appearance of the disease in its severe form [35].

4.DENV and ZIKV coinfection in the mosquito Aedes aegypti

Due to the current coexistence of DENV and ZIKV in endemic areas, their main
mosquito vector, Ae. aegypti, has a greater chance of contracting simultaneous or
mixed infections between these viruses. In this regard, several studies have focused
on elucidating and understanding the mechanisms by which these complex coinfec-
tion interactions occur in the vector, and the effects they can cause. Various factors
can impact mosquito susceptibility to coinfection, including the virus dose, which
is directly proportional to the infection rate [36], the type of infecting virus [37],
the mosquito’s immune response [38], the pattern of coinfection (simultaneous and
sequential) [39], as well as the genetic diversity and susceptibility of mosquitoes
to virus infection and adaptation, where there is evidence indicating that Brazilian
populations of Ae. aegypti mosquitoes are particularly more susceptible to DENV2
infections than African mosquito populations [40]. Dabo et al. found wide hetero-
geneity in the ability to acquire and replicate among different DENV strains and
serotypes, concluding that this is determined by the specific association between the
mosquito population and the DENV strain [41]. Likewise, Roundy et al. have reported
that the Asian lineage of ZIKV is less infectious than the African lineage of ZIKV in
Ae. aegypti populations present in the Americas [42]. Considering all these factors,
three types of scenarios have been reported: the primary infection may enhance,
inhibit, or have no effect on coinfections.

Furthermore, the coinfection phenomenon becomes more complex if we consider
the existence of the four DENV serotypes; in this sense, i silico assays have modeled
interactions between these findings differences considering the coinfection pattern [43].
Additionally, the analysis of simultaneous coinfection by different DENV serotypes in
mosquitoes reveals that one serotype takes advantage and enhances its infection. For
example, Quiner et al. studied the infectivity of different Nicaraguan DENV2 isolates
and found that the NI-2B isolate had a replicative advantage over NI-1 up to 12 days after
infection in Ae. aegypti [32]. Moreover, Quintero-Gil et al. found that in coinfected Ae.
aegypti mosquitoes, the DENV2 serotype had a replication efficiency a thousand times
greater than the DENV3 serotype at 4-14 days post-feeding [33]. Moreover, Vazeille et al.
demonstrated that in Ae. aegypti mosquitoes from French Guiana, DENV4, have a com-
petitive advantage over DENV1, enhancing its transmission 21 days after oral exposure to
coinfected blood meal [44]. On the other hand, when infection occurs sequentially in the
Ae. aegypti mosquito, it has been reported that the first exposure to one DENV serotype
reduces the susceptibility and dissemination of the other. In this sense, Muturi et al.
sequentially infected mosquitoes with DENV2 and DENV4 7 days after the first blood
meal, demonstrating a decrease in susceptibility to secondary infection regardless of the
serotype [45]. In conjunction with this, Serrato-Salas et al., found that 7 days after chal-
lenging Ae. aegypti mosquitoes with an inactive version of DENV2 New Guinea C virus,
were less susceptible to secondary DENV2 infection [46]. This evidence demonstrates
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that even DENV serotypes interact within the mosquito vector, and more than the type
of infecting serotype, it seems that the coinfection pattern determines the behavior and
survival of coexisting serotypes.

Within this complex context, we can also find coinfections between different
Orthoflavivirus, mainly DENV and ZIKV, a product of the Zika pandemic in 2015,
and from which constant subsequent outbreaks have occurred [36]. Likewise,
several studies have evaluated coinfection in mosquitoes. In this regard, Lin
et al. reported that by challenging Ae. aegypti mosquitoes (UGAL [University of
Georgia Laboratory]/Rockefeller strain) with DENV2 (strain 16,681) and ZIKV
(Thai isolate/1610acTw) sequentially, virus production and vector susceptibility
to infection increased significantly [34]. Also, a study conducted in Manaus, the
capital of the state of Amazonas, Brazil, showed that Ae. aegypti from this region is
highly permissive to monoinfection and coinfection with DENV and ZIKV and is
capable of co-transmitting both pathogens by bite. This coinfection significantly
influences vector competence, favoring the transmission of ZIKV to the vertebrate
host [44]. Furthermore, a study showed sequential coinfection of Ae. aegypti with
Chikungunya virus (CHIKV), an alphavirus that is transmitted by the same vector,
and ZIKV increased the transmission potential of ZIKV [47]. Similarly, Le Coupanec
et al. reported that mixed CHIKV (La Reunion 06.21) and DENV (Bangkok,
Thailand, 2BN32) infection facilitates viral replication in Ae. aegypti (Liverpool
strain) [48]. All these findings support the hypothesis that a single mosquito bite has
the potential to transmit two or more arboviruses simultaneously. They therefore
reinforce the premise that simultaneous and/or sequential coinfection with arbovi-
ruses in mosquitoes increases their cotransmission, thus contributing to the spread
and expansion of epidemics in humans. However, contrary to this evidence, Peng
et al. presented that Ae. aegypti mosquitoes (Guangdong line) can be sequentially
coinfected with DENV (New Guinea strain C) and ZIKV (strain Z16006), and
regardless of the order of exposure to the virus, replication, dissemination and trans-
mission potential of the secondary virus were inhibited, a phenomenon that was
attributed to the activation of innate immunity in previously infected mosquitoes,
altered lipid metabolism and an enhanced RNA interference (RNAi) pathway [31].
Complementing these findings, it has also been proposed that the presence of an
arbovirus in Aedes mosquitoes does not appear to significantly influence the develop-
ment of a secondary infecting virus. As indicated by the finding, initial infection
with DENV?2 (India, 803,347) or CHIKV (India, 061573) did not affect subsequent
replication of ZIKV (Uganda, MR-766) or infection rates of the Ae. aegypti mosquito
[49]. Another study showed that the coinfection of Ae. aegypti (from Poza Rica,
Mexico) with ZIKV (from Puerto Rico, KU501215), CHIKV (from British Virgin
Islands, KJ451624), and DENV?2 (from Mérida, Mexico, AY449677) minimally
affected vector competence, and that the vectors were able to transmit each viral
pair, as well as all three viruses simultaneously [50].

These findings suggest that for coinfection to become established within a mos-
quito vector, several complex interactions are required. These interactions range from
the type and dose of the infecting virus, the pattern of coinfection, the interaction
between viruses, and the vector’s immune response, among others. Ultimately, these
interactions will be crucial and determine the infection potential of vertebrate hosts,
primarily humans, in coendemic areas. Further experimental research is definitely
needed to help us refine and understand the transmission dynamics of these
Orthoflaviviruses in mosquito vectors.
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5. Vectorial capacity and vector competence of DENV and ZIKV
transmitted by Aedes aegypti

The relationship between Ae. aegypti, DENV and ZIKV determines vector com-
petence. This interaction is linked to biotic and abiotic factors, which together define
vector capacity and promote the spread of viruses among the human population in
each time and space. Biotic factors are linked to the bionomics of the vector, that is,
its survival time and life cycle, hematophagous habits, number of gonotrophic cycles
(oviposition and fertility), biting rate (locomotor activity and host search), as well
as population density and structure [51]. While abiotic factors include temperature,
humidity, rainfall, population type (rural or urban), and the virus’s own character-
istics. Thus, vector competence refers to the ability and capacity of the Ae. aegypti
vector to acquire the infection from a host infected with DENV and/or ZIKV and at
the same time transmit it to other susceptible hosts [52].

Once the mosquito has acquired the infection, the virus replicates in the entero-
cytes of the midgut (MI), subsequently passing into the circulation until reaching
the salivary glands to transmit the virus at the time of the bite or even to its offspring
in each oviposition (vertical or transovarian transmission) [53-55]. In the context of
DENYV, interactions with the vector can be influenced by the agent’s own character-
istics, such as its availability in reservoirs, affinity for the vector or vectors present,
replication capacity in the vector, pathogenicity, or the serotype of the virus [56].
Consequently, the susceptibility of the Ae. aegypti mosquito has a genetic basis related
to the acquisition of DENV infection and its dissemination. Furthermore, the survival
rate, the biting rate, and the blood-borne success rate have been described to increase
transmission efficiency in urban areas, where population density is high compared to
rural areas. As demonstrated in quasi-experimental studies, the survival rate is higher
during the dry season compared to the rainy season while maintaining the ability to
transmit DENV [57].

As delineated, female Ae. aegypti exhibits hematophagous and highly anthropo-
philic habits in both urban, peri-urban, and rural conditions due to their ability to
domiciliate and adapt to the environment [56]. In this regard, Kamau et al. found
that Ae. aegypti feeds primarily on human blood (51%) and observed opportunistic
feeding on cattle, rodents, reptiles, and birds, while in rural areas, the human source
was related to the degree of urbanization of the landscape [58]. Patterns like those
reported by Sene et al. [59], where 78% of 1710 female Ae. aegypti collected inside and
outside urban dwellings were fed human blood. The differences included blood from
dogs, cats, horses, cattle, sheep, and rats. Regarding the number of blood meals, a
second non-infectious blood meal was observed to significantly improve the com-
petence of Ae. aegypti against DENV and ZIKYV, shortening the extrinsic incubation
period (EIP) and improving virus dissemination from the IM. This was evaluated
through feeding on Ae. aegypti with a mixture of DENV, ZIKV, and defibrinated sheep
blood, and subsequently analyzed at different times to determine the infection and
transmission status [60]. Regarding feeding sites, Ouédraogo et al. [61], in their study
with 1908 adult females, found that inside the home, a significant proportion of
females fed with human blood with single ingestions were higher than 91% compared
to outside.

On the other hand, regarding the relationship between mosquito size and vector
capacity, it has been reported that the average size of female mosquitoes capable
of seeking a blood source is larger than the rest of the newly emerged population,
increasing the possibility of surviving a second gonotrophic cycle. Meanwhile, those
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of smaller-sized mosquitoes explore in search of a blood source more frequently and
feed on blood several times during a gonotrophic cycle, increasing the possibility

of acquiring and transmitting the viruses. In contrast, the study by Johnson ez al.
showed that the variation in the size of the DENV-infected blood meal is proportional
to the size of the vector, also observing that in mosquitoes with a complete feed

of DENV2-infected blood, the dissemination of the virus is earlier, and the EIP is
shorter [62]. This has also been observed with ZIKV since, during the ingestion of
infected blood, subsequent blood ingestion stimulates viral replication, increasing
viral titer and improving dissemination to new susceptible hosts [63]. Similarly, the
immune response and the vector microbiota are also related to the virus’ ability to
infect the female mosquito, as well as to the transmission mechanisms (horizontal or
vertical-transovarial). Likewise, it has been described that the genetic characteristics
of the vector populations are related to the intestinal microbiome and, in turn, to the
infection rates by ZIKV and DENV, which impacts the ability to acquire, replicate,
and transmit these viruses [64, 65].

Likewise, abiotic factors related to geographical characteristics such as climate,
relief, hydrography, housing, pollution, type of population (rural, semi-urban, or
urban), and human activity impact the virus-vector relationship [56]. In different
regions of Latin America, due to the lack of planning for the growth and infrastruc-
ture of urban areas and growing human settlements, as well as the lack of services,
such as the availability of water for human use, the increase in vector populations
and consequently the spread of viruses is favored [66]. This was demonstrated in a
research investigation conducted in Brazil, wherein geotechnological methods were
employed to delineate various locations characterized by elevated population density,
insufficient sanitation services, and diminished green spaces, detailing the epidemics
that transpired during the summer and autumn seasons [67]. Similarly, variations
have been observed between populations of Ae. aegypti from different regions and in
their capacity to acquire and transmit ZIKV, possibly related to microclimatic factors
[68]. Furthermore, microclimatic thermal variations directly influence the bionomics
of the vector. High temperatures accelerate the development of life cycle stages, nega-
tively impacting fertility rates, decreasing egg-laying success, and offspring viability
[69, 70]. Research investigations aimed at assessing the impact of elevated tempera-
tures on vectorial capacity regarding the transmission of ZIKV suggest a reduction
in longevity [71]. Others have shown that vectorial competence for this virus is
unimodal, observing that temperatures between 28 and 32°C are associated with high
vectorial competence, while temperatures lower or higher than these are associated
with low competence, a phenomenon that has also been observed in the transmission
of DENV [72-74]. For its part, cooler temperatures improve the development of the
vector’s life stages and, consequently, vector competence, as has been evidenced in
laboratory conditions, finding an effect on the shortening of the embryonic develop-
ment period at 32°C, and on the larval and pupal stages at 37°C [75]. In this sense,
microclimatic variations may be important in predicting transmission patterns based
on seasonal thermal fluctuations, in which an increase in cases of these arboviruses
has been observed during the summer [76].

6. Vertical transmission of DENV and ZIKV in Aedes aegypti

Both DENV and ZIKV have been shown to be able to be transmitted horizontally
and vertically [77]. Horizontal transmission refers to the transmission of the virus to
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humans, and occurs when mosquitoes become infected by feeding on viremic hosts
[78, 79]. This mode of transmission constitutes a significant mechanism contributing
to the longevity and sustained presence of these members of the Orthoflavivirus.

On the other hand, vertical transmission is characterized by the transmission of
these viruses to a proportion of their offspring (Figure 2), which also plays a crucial
role in maintaining viruses within mosquito populations [78, 81]. In this regard,
studies have shown that, in tropical regions, vertical transmission is more frequent
in the vector Ae. aegypti compared to Ae. albopictus [82, 83]. It is known that, during
infectious outbreaks, horizontal transmission between vectors predominates; on the
other hand, during periods between epidemics, vertical transmission is a mechanism
that these viruses use to their advantage to maintain their prevalence in nature. In line
with the above, vertical transmission of DENV has been demonstrated during the
inter-epidemic period, as observed in Mexico, where Ae. aegypti eggs were collected
in the field, and the larvae hatched in the laboratory were analyzed by RT-PCR assays;
this finding allowed the identification of serotypes DENV1, DENV2, and DENV3
[82]. On the other hand, under laboratory conditions, it was shown that DENV3
can be transmitted to up to seven consecutive generations of Ae. aegypti. However,
an important observation was that, by the seventh generation, the mortality rate of
infected larvae decreased significantly compared to the first two generations, dem-
onstrating the prevalence of the virus in the vector and making it an ideal reservoir
for its conservation [83]. In contrast, another study under laboratory conditions
indicated that variations in the feeding of the Ae. aegypti mosquitoes do not affect
the vertical transmission of DENV [84]. However, fieldwork carried out in Brazil, in
areas with a predominance of DENV2 and DENV3 serotypes, revealed the presence
of DENV2 in collected wild larvae and pupae [85]. Scientific evidence also confirms

@ DENV
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Vertical transmission of Orthoflaviviruses,
DENV and ZIKV.
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Figure 2.
Vertical transmission of the Orthoflaviviruses DENV and ZIKV are described in the Ae. aegypti mosquito.
During the inter-epidemic period, the virus finds a preservation mechanism through vertical transmission (VT),
which can take place when the female mosquito is infected through hematophagy or during mating, where both
viruses, having tropism for the ovaries, can be transmitted to the offspring and preserved in the different stages of
the mosquito’s development until its adult stage, promoting TV (based on [78, 80]. Created in BioRender.com.
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vertical transmission of DENV1 in Ae. aegypti, with an 11% rate recorded during egg
laying [86]. Regarding DENV4, an RT-PCR study demonstrated its capacity for verti-
cal transmission, both in single infections and in coinfections with DENV3, detecting
viral genetic material in immature stages collected in the Philippines [87]. These data
suggest that all four DENV serotypes have the potential for vertical transmission.
Regarding ZIKV, like DENYV, it is primarily transmitted by Ae. aegypti and has also
been shown to be able to be transmitted vertically to its offspring. This ability of the
virus has been reported in Mexico and Brazil through RT-PCR and immunofluores-
cence assays, which have demonstrated the presence of ZIKV in both eggs collected
in the field and their larvae hatched in the laboratory [88, 89]. However, in the case
of the African lineage of ZIKV, vertical transmission has not been demonstrated;
however, it is not ruled out that this lineage has the capacity to be transmitted to
the offspring of the vector [78]. On the other hand, it has been reported that during
vertical transmission of ZIKV, oviposition is affected by a decrease in the number
of eggs but with an increase in their size, which suggests that this reduction could
allow ZIKV-infected eggs to acquire more nutrients from the parental females [79].
Furthermore, vertical transmission of ZIKV can occur up to the fourth filial genera-
tion in the vector, a fact that demonstrates the reservoir capacity of Ae. aegypti for this
virus [90]. In this sense, it is hypothesized that the vertical transmission mechanism
is used by both DENV and ZIKV to overcome unfavorable environmental conditions.
In this context, it has been reported that the replication of both viruses in the vec-
tor is affected by the environmental temperature in which the arthropod is located.
However, studies have shown that vertical transmission of ZIKV and DENV can take
place at various temperatures, 27, 30, and 33°C for ZIKV and 24-30°C for DENV
[85, 91], supporting the idea that this is a preservation mechanism.

6.1 Vertical transmission mechanisms

Among the mechanisms for vertical transmission, it has been reported that male
mosquitoes infected with DENV or ZIKV can transmit these viruses to females during
mating. If the female is fertilized, both viruses show tropism toward the ovaries,
which favors egg infection. This process can be enhanced if the female subsequently
feeds on infected blood, thus increasing the likelihood that the eggs contain viral
particles. As a result, vertical transmission of the virus to offspring occurs (Figure 2),
culminating in vertical transmission in the progeny with an infection rate of 1:290-
1:151 in the case of ZIKV and 1:6-1:4 in DENV [83, 85, 88, 92]. On the other hand, it
has been shown that vertical transmission in a natural manner can occur under condi-
tions of coinfection between DENV and ZIKYV, although this appears less frequently
(13%) compared to mono-infections in the vector (30%) [93].

Based on the aforementioned information, it is crucial to note the developmental
cycle of Ae. aegypti, from egg to adult, requires approximately 12 days. During this
time, the female mosquitoes, ready for oviposition, require blood feeding, a time
when it can become vulnerable to acquiring DENV and/or ZIKV. In this context, the
egg is one of the primary stages for serving as a reservoir for these Orthoflaviviruses,
as it can withstand adverse weather conditions and prolonged periods of desiccation
until favorable environmental factors, characterized by increased humidity and
optimal thermal conditions, generally associated with rainfall or flooding, become
favorable. Furthermore, in urbanized environments, artificial water reservoirs create
favorable environments with the necessary conditions for the hatching of these eggs.
Once the eggs hatch, the larval stage begins, which includes four instars that can
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last 6-8 days before entering the pupal stage [94, 95]. The pupal stage typically lasts
approximately 1-2 days before the adult form emerges (Figure 2). Field studies have
shown the presence of viruses in both the egg and pupal stages in both natural and
laboratory environments, indicating that the persistence of both viruses can extend
into the adult stage [88, 89]. Furthermore, female mosquitoes can lay around 300
eggs during multiple oviposition events, which maintains a higher frequency of viral
circulation in natural ecosystems. Consequently, the egg and pupal stages, due to
their potential reservoir capacity, deserve to be investigated and managed, as they
could play a crucial role in eradicating the reservoirs of these two Orthoflaviviruses
specifically. However, the use of synthetic chemicals is limited due to significant
environmental impacts and adverse effects on human health [96]. For this reason,
the proposal to use insecticides derived from natural sources emerges as an innova-
tive approach for the management of this vector and, consequently, for reducing the
transmission of both DENV and ZIKV.

7. Activities of plant extracts and essential oils against different life cycle
forms of Aedes aegypti

Due to the absence of specific antiviral therapies for both pathologies and consid-
ering the historical prevalence of DENV epidemics alongside the current outbreaks of
ZIKV, their management, and regulation have predominantly relied on the utilization
of synthetic chemical insecticides. This reliance has, over time, resulted in the pro-
gressive development of resistance to various conventional chemical insecticides, in
addition to revealing toxicological effects within the food chain and adversely impact-
ing environmental quality [97], which in turn poses risks to both human and animal
health. Therefore, it is necessary to increase knowledge of new strategies for mosquito
vector control. In this context, there exists a considerable corpus of scholarly inves-
tigation focused on natural insecticides, particularly those sourced from botanical
substances, owing to their diverse array of secondary metabolites that serve predomi-
nantly as a defense mechanism against their ecological adversaries. These compounds
may confer benefits in terms of environmental safety, given that their residues
are amenable to biodegradation and are non-toxic to non-target species [98-100].
Current research includes the analysis of botanical extracts and essential oils from
various plants, evaluating Ae. aegypti from the early stages to the adult phase. Within
the search for insecticides for Ae. aegypti control, the larvicidal test has been the most
evaluated bioassay due to its ease and manipulation of the aquatic phase of the vector.
For the adult phase, there are compounds that cause toxicity upon direct contact, as
well as those with repellent action. This section aims to provide information on many
of these plant extracts and essential oils, which have been tested as repellents and/or
for their insecticidal activity against different life cycle stages of Ae. aegypti.

Based on the reviews by Silvério [101] and Priya et al. [102], we have an overview
of previous works that, together with the analysis of recent works, help us to know
more about the plants evaluated for their insecticidal effect during different stages of
the life cycle of the Ae. aegypti mosquito, as well as their repellent action, in addition
to identifying their geographical origin, allows us to identify that India has been
the country with the most publications on botanical extracts, followed by Brazil,
Indonesia, Madagascar, Saudi Arabia, and South Africa. Considering 19 plant families
(Zingiberaceae, Aristolochiaceae, Asteraceae, Buddlejaceae, Fabaceae, Sapindaceae,
Canellaceae, Cucurbitaceae, Apocynaceae, Rutaceae, Lamiaceae, Myristicaceae,
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Amaryllidaceae, Lythraceae, Solanaceae, Rhammnaceae, Orchidaceae, Rubiaceae, and
Sterculiacaeae), using from the whole plant or its aerial parts, bulbs, flowers, fresh

or dried leaves, the root, root bark and seeds, being the dried leaves the most used
part. Regarding the solvents used, water has been used, as well as a wide range of
organic solvents, methanol being the most used solvent, followed by benzene, ethyl
acetate, and n-hexane, and the least used were ethanol, chloroform, acetone, hexane,
dichloromethane, hydroalcoholic, and ether. Crude extracts are obtained using vari-
ous extraction methodologies employing organic solvents or water, while essential
oils are obtained through steam distillation or hydrodistillation processes. The type
of insecticidal activity (ovicidal, larvicidal, pupicidal, and adulticidal) is reported as
mortality and lethal concentration (LC50 and LC90) values, along with egg hatching.
Other evaluated activities include mosquito repellency and oviposition deterrence.
Table 1 provides some examples of the most recent studies evaluating these extracts
and their efficacies at different stages of the mosquito vector’s life cycle.

On the other hand, the use of essential oils has also been documented, and observed
in 32 plant species belonging to 13 botanical families (Annonaceae, Apiaceae,
Asteraceae, Cupressaceae, Euphorbiaceae, Lamiaceae, Myristicaceae, Myrtaceae,
Poaceae, Rutaceae, Schisandraceae, Verbenaceae, and Zingiberaceae), with the
Lamiaceae and Zingiberaceae families being the most represented in studies published
between 2009 and 2025, this is because their multiple insecticidal effects on different
stages of the life cycle of the vector mosquito have been reported. These species have
been collected in 12 countries, mainly in Latin America (with special emphasis on
Brazil) and Southeast Asia (particularly India, Thailand, and Vietnam). However, it
was identified that there are few studies evaluating more than one biological property
(such as larvicidal, ovicidal, pupicidal, or repellent activity), which represents a
significant limitation when characterizing the comprehensive bioinsecticidal potential
of these essential oils. Table 2 presents examples of the main results of recent stud-
ies (2023-2025) that evaluated essential oils with more than one insecticidal activity
against Ae. aegypti. Furthermore, it has been observed that most studies resort to the
use of chromatographic techniques for the identification and isolation of active com-
pounds [115, 116]. These compounds, once isolated, are usually evaluated individually
to determine their biological activity. However, in many cases, the most promising
results have been obtained using essential oils in their complete or unfractionated
form, suggesting the existence of synergistic effects between their components. In this
sense, the chemical composition of the essential oil, and therefore its effectiveness, is
also influenced by the extraction technique used. Hydrodistillation is the most com-
monly reported extraction technique due to its simplicity and low cost. However, this
methodology can induce thermal degradation of heat-sensitive compounds, thus alter-
ing the final chemical composition of the oil and, consequently, its biocidal efficacy. In
contrast, some studies have begun to incorporate alternative extraction methods, such
as supercritical fluid extraction, ultrasound-assisted extraction [117], and microwave-
assisted extraction [118], which allow for higher yields and better preservation of
bioactive compounds.

The present analysis allows us to understand that the insecticidal activity of the
extracts/essential oils of leaves, roots, bulbs, seeds, fruits, and flowers exhibited
significant activity against Ae. aegypti. Regarding the organic/aqueous extracts, the
plant families with the greatest number of species tested against different stages of Ae.
aegypti were Fabaceae, Asteraceae, Rubiaceae, and Ruteaceae. The ovicidal activity
was assessed by exposing Ae. aegypti eggs to plant extracts for a period (approxi-
mately 24-28 hours), followed by counting the number of hatched/unhatched eggs
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Plant species Family Country Partused  Extractionsolvent Activity ('L1-L4) Results Time of Reference
analysis (h)
Helicteres velutina Sterculia-caeae Brazil Aerial parts Hexane Ovicide Zero hatchability at 5 pg/mL 25 days [103]
Dichlorometane Ovicide Zero hatchability at 5 pg/mL 25 days
Hexane Pupicide LC50 0.12 mg/mL LC90 0.14 mg/mL 24
Dichlorometane Pupicide LC50 8.85 mg/mL LC90 26.93 mg/mL 24
Hexane Adulticide LC50 8.01 mg/mL LC90 36.14 mg/mL 24
Dichlorometane Adulticide LC50 0.74 mg/mL LC90 43.89 mg/mL 24
Hexane Repellent 100% of repellency at 3.88 mg/mL 2
Dichlorometane Repellent 100% of repellency at 5.80 mg/mL 2
Ateleia glazioveana Fabaceae Brazil Leaves Dichloromethane Larvicide (L3) LC50 954 pg/mL 24 [104]
Dichloromethane Repellent 85.71% of repellency by cream based ND
on ichloromethane 5%
hydroalcoholic Repellent 57.14% of repellency by cream based ND
on ichloromethane 5%
Ethanol Larvicide (L3) LC50 0.72 mg/mL LC90 16.7 mg/mL 24 [105]
Blumea lacera Asteraceae India Leaves Ethanol Ovicide 10% hatchability at 0.3 mg 48
Ethanol Larvicide (L3) LC50 7349 mg/mL LC90 1264.37 mg/ 24
mL
Neanotis montholonii Rubiaceae India Leaves Ethanol Ovicide 25% hatchability at 0.3 mg 48
Ethanol Larvicide (L3) — 24
Neanotis lancifolia Rubiaceae India Leaves Ethanol Ovicide 30% hatchability at 0.3 mg 48
Ethanol Larvicide (L3) — 24
Peltophorum Fabaceae India Leaves n-Hexane Ovicide 24% hatchability at 500 ppm 120 [106]

pterocarpum
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Extractionsolvent  Activity ('L1-L4) Results Time of 8 §
analysis (h) g §
Methanol Ovicide 6.4% hatchability at 500 ppm 120 < 8
Chloroform Ovicide 24% hatchability at 500 ppm 120 § §
n-Hexane Larvicide (L3) ~ LCS0 21914 ppm LC90 1120.27 ppm 2% Sy
Methanol Larvicide (L3) LC50 111.77 ppm LC90 330.71 ppm 24 o§ g
Chloroform Larvicide (L3) LC50 170.74 ppm LC90 684.06 ppm 24 > §
n-Hexane Pupicide LC50 303.07 ppm LC90 1195.92 ppm 24 § %
Methanol Pupide LC50 235.40 ppm LC90 1011.83 ppm 24 §. §
Chloroform Pupicide LC50 226.01 ppm LC90 1155.82 ppm 24 ,_§ ?}"
Peltophorum Fabaceae India Flowers n-Hexane Ovicide 9.6% hatchability at 500 ppm 120 [107] § é;
prevocarpum 8\ §
Methanol Ovicide 3.2% hatchability at 500 ppm 120 -§\\ §
Chloroform Ovicide 5% hatchability at 500 ppm 120 S
n-Hexane Larvicide (L3) LC50 111.81 ppm LC90 330.74 ppm 24 §
Methanol Larvicide (L3) LC50 121.92 ppm LC90 371.14 ppm 24 §..
Chloroform Larvicide (L3) LC50 3572 ppm LC90 982.1 ppm 24 C§
n-Hexane Pupicide LC50 3247.12 ppm LC90 18226.7 ppm 24 S
Methanol Pupicide LC50 172.8 ppm LC90 791.30 ppm 24 §
Chloroform Pupicide LC50 425.8 ppm LC90 1218.2 ppm 24 §
Coffea canephora Rubiaceae India Leaves Hexane Ovicide 30.4% hatchability at 500 ppm 120 [107] ;D>
Chloroform Ovicide 3.2% hatchability at 500 ppm 120 §'
Methanol Ovicide 3.2% hatchability at 500 ppm 120 0,%
Hexane Larvicide (L3) LC50 331.5 ppm LC90 1104.3 ppm 24 §



Plant species Family Country Partused  Extractionsolvent Activity (L1-L4) Results Time of Reference
analysis (h)
Chloroform Larvicide (L3) LC50 353.0 ppm LC90 1138.0 ppm 24
Methanol Larvicide (L3) LC50 116.2 ppm LC90 258.5 ppm 24
Hexane Pupicide LC50 3793.8 ppm LC90 33300.8 ppm 24
Chloroform Pupicide LC50 4089.2 ppm LC90 26161.1 ppm 24
Methanol Pupicide LC50 261.7 ppm LC90 746.7 ppm 24

"The larval phase of Ae. aegyptiis the period of feeding and growth and consists of a cycle of four larval stages (L1, L2, L3, and L4).

Table 1.

The larvicidal, pupicidal, ovicidal, adulticidal, vepellent, and oviposition activities of organic/aqueous extracts against the Ae. aegypti mosquito.
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Plant species Family Country Partused Activity ('L1-L4) Results Time of analysis (h)  Reference
Bocageopsis multiflora (Mart.) Annonaceae Brasil Leaves Larvicidal LC50 40.8 ppm; CL90 71.9 ppm 24 [108]
Adulticidal LC50 12.5 ppm; CL90 17.1 ppm 15
Brassica nigra India Seed Larvicidal LC50 23.2 uL/L 24 [109]
Pupicidal LC50 26.5 pL/L 24
Ovicidal 100% ovicidal effect 24
Citrus reticulata Rutaceae Myanmar Peels Larvicidal L3/L4 LC50 0.0015 g LC90 0.0051 g 24 [110]
Repellency 100% repellency al 120 min 4
Ovicidal 100% ovicidal effect for 4 daysat 0.01 g 96
EO
Helianthus annuus (L.) Asteraceae Nigeria Seed Larvicidal (L4) LC50 2021.32 ppm 0.75 [111]
Adulticidal LC50 2565.20 ppm 0.75
Ocimum basilicum Lamiaceae Brasil Leaves Repellency 70.5% repellency 24
Malasia Basil oil Repellency 98.9% to 2.22% repellency for 5 h 6
Brasil Leaves Larvicidal (L4) LC50 42.15 ppm; 50.35 ppm 24 [104, 112]
Leaves Larvicidal (L4) LC50 40.94 ppm; 54.26 ppm 48
Origanum minutiflorum Lamiaceae Turquia Aerial part Larvicidal LC50 24.5 ppm 120 [113]
Ovicidal no ovicidal effects were detected 240
Salvia dorystoechas Lamiaceae Turquia Aerial part Larvicidal LC50 100.6 ppm 120 [114]
Ovicidal no ovicidal effects were detected 240

"The larval phase of Ae. aegypti is the period of feeding and growth, and consists of a cycle of four larval stages (L1, L2, L3, and L4).

Table 2.

The larvicidal, pupicidal, ovicidal, adulticidal, repellent, and oviposition activities of essential oil against the Ae. aegypti mosquito.
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(mortality) compared to the number of eggs laid. Larvicidal activity was measured
by lethal concentration (LC) and larval mortality (represented in mg/mL, pg/mL,
or ppm). The assessment of the pupicidal activity of the plant extracts/essential oils
was inferred based on the mortality rates of Ae. aegypti pupae when exposed to these
for a period of approximately 24 hours, and the lethal concentration and lethal time
values were calculated. The adulticidal activity of the plant extracts and essential oils
was assessed by determining the percentage mortality of adult mosquitoes, lethal
concentrations, and lethal times when exposed to these extracts and essential oils for
a period of 24 hours. For oviposition deterrence, the extracts were exposed to adult
female Ae. aegypti mosquitoes, and the percentage of repellency was measured based
on the number of eggs laid by the mosquitoes. Repellency tests were performed with
animal models or human volunteers, exposing them to adult female Ae. aegypti mos-
quitoes at different time intervals and concentrations, and the percentage of landing
inhibition was ultimately calculated.

Furthermore, these analyzed works allow us to notice that from 2009 to date, few
studies have evaluated the insecticidal effect in more than two phases of the life cycle
of the mosquito vector, the most analyzed phases being the ovicidal-larvicidal activity
or the ovicidal-pupicidal activity, in addition to denoting the lower integration of the
repellent activity, which highlights the importance of characterizing the functional-
ity of each plant in its insecticidal activity for each phase of the mosquito in addition
to its repellent function, this with the objective of increasing the information in this
regard, as well as enhancing the options for the use of natural insecticides, emphasiz-
ing and giving importance to the fact that in the early stages of the mosquito’ life they
play an essential role, not only for the control of the population density of the vectors,
but also in reducing the risk of viral transmission, due to the transovarial transmis-
sion characteristic of DENV and ZIKV, which increases the possibility of contagion
in human populations. In this sense, the great diversity of plants with toxic effects
on the different life stages of the Ae. aegypti mosquitoes demonstrate their potential
to be used as a feasible alternative to synthetic chemical insecticides, given their
lower environmental impact, which, together with their lower toxicity to non-target
insect species, make them a considerable option. However, more extensive research
is needed to determine the type of plant, the type of extract, the type of metabolite,
the concentration, and the optimal combinations to enhance the use of these natural
insecticides for vector control.

8. Conclusions

While Orthoflaviviruses such as DENV and ZIKV represent a distinct category of
arboviruses, their unique attributes and transmission mechanisms underscore the
intricate nature of viral interactions within ecological systems. In this context, the
transmission cycles of DENV and ZIKV (both in sylvatic and urban areas) contribute
significantly to the spread of the disease and the high prevalence rates each year.

The simultaneous circulation of DENV and ZIKV in tropical regions represents a
significant challenge for public health. Although both infections can be asymptomatic
or cause mild symptoms, they can also lead to severe illness with neurological conse-
quences in offspring or pregnancy complications. Coinfection with DENV and ZIKV
has been little studied; however, it can increase morbidity and clinical complexity,
requiring more specialized medical care. In vitro coinfection studies have revealed to
us the effects behind replication: on the one hand, enhancing DENV replication in the
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presence of ZIKV, and on the other, suggesting cooperation between viral elements
of both viruses to promote replication. Moreover, the establishment of coinfection
with DENV and ZIKV within a mosquito vector necessitates the existence of various
intricate interactions (dose and strains or serotypes of infecting virus, the coinfection
pattern, the interaction between viruses, the immune response of the vector, among
others) that will be crucial and will determine the infection potential in vertebrate
hosts, mainly humans, in coendemic areas. Therefore, understanding the mechanisms
by which the acquisition, replication, and transmission of DENV and ZIKV occur by
the Ae. aegypti mosquito in the susceptible population, that is, its vectorial capacity is
crucial to understanding dispersion in time and space. Within these interactions, ver-
tical transmission in the Ae. aegypti vector takes on vital importance as a mechanism
of viral preservation, since, during oviposition, the viability of infected eggs could
persist in an adverse environment, and once optimal conditions are found, develop-
ment to the adult stage will be encouraged, thus maintaining the prevalence of both
viruses. Above all, it is important to understand the behavior of the vector mosquito
and its adaptive capacity to indoor environments, primarily due to the hema-
tophagous habit of female mosquitoes. However, additional factors such as climate
change, population movements, global trade, uncontrolled urbanization, and water
shortages, among others, have allowed the vector to establish itself in new regions

of the world, allowing the spread of these Orthoflaviviruses. This could be improved
by controlling the various stages of insect development through the implementation
and use of natural products of plant origin as an alternative to chemical insecticides.
Ecological botanical insecticides are an innovative approach to control Ae. aegypti
mosquito populations and therefore of DENV and ZIKV transmission, in addition to
being safer for the environment and posing a lower risk to human health.
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