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Preface

Viral neglected tropical diseases continue to evolve in complexity and reach, increasingly

affecting regions far beyond their traditional boundaries. This Special Issue was assembled to address

these shifting dynamics and to showcase interdisciplinary research that advances early detection,

vector surveillance, diagnostic innovation, and clinical insight. The articles collected here underscore

the importance of community engagement, cross-border collaboration, and resilient public health

systems in mitigating the growing burden of arboviral diseases. I extend my sincere appreciation to

all contributing authors and reviewers whose work enriches our understanding and strengthens the

global response to these persistent threats.

Jelena Prpić
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Editorial

Beyond Borders—Tackling Neglected Tropical Viral Diseases

Jelena Prpić

Croatian Veterinary Institute, 10000 Zagreb, Croatia; balatinec@veinst.hr

Neglected tropical diseases (NTDs) comprise a diverse group of infections that dispro-
portionately affect impoverished populations in tropical and subtropical regions. Among
them, viral NTDs, including dengue, Zika, chikungunya, yellow fever, West Nile virus,
Oropouche virus, and other emerging arboviruses, represent a growing global health con-
cern due to their expanding geographic distribution, increasing incidence, and complex
interactions with environmental and socioeconomic factors [1–3]. More than one hundred
arboviruses are known to infect humans, and many continue to emerge or re-emerge as eco-
logical and climatic conditions shift. According to the World Health Organization (WHO),
nearly 3.9 billion people now live in areas at risk for Aedes-borne arboviral infections, and
the frequency and magnitude of outbreaks have increased markedly over the past decade,
driven by climate variability, rapid urbanization, and intensified human mobility [2–4].

The WHO’s Global Arbovirus Initiative underscores the urgency of coordinated global
action, emphasizing that arboviruses such as dengue, Zika, chikungunya, and yellow
fever are expanding into new ecological niches and placing unprecedented strain on
public health systems. Climate change is accelerating vector expansion into temperate
regions, including parts of Europe, where Aedes albopictus and Aedes aegypti have become
increasingly established [5]. These shifts are reshaping arboviral transmission dynamics
and challenging traditional assumptions about the geographic limits of tropical viral
diseases.

Beyond environmental drivers, structural vulnerabilities, including inadequate vector
control, limited access to diagnostics, fragile health systems, and insufficient community
engagement, continue to exacerbate the burden of viral NTDs [3,4]. Surveillance gaps allow
silent transmission to persist for years before major outbreaks are detected, particularly in
low-resource settings. Although advances in biomedical research have improved diagnostic
and surveillance capacities, many endemic regions still lack the laboratory infrastructure
needed for timely detection and response. Interdisciplinary research increasingly highlights
the importance of integrating community-based strategies with scientific innovation to
strengthen outbreak preparedness and improve public health outcomes.

Addressing these challenges requires coordinated, cross-border, and interdisciplinary
approaches that integrate epidemiology, vector biology, diagnostics, clinical research, and
community engagement. As global mobility intensifies and climate change accelerates, the
need for adaptive and collaborative public health responses has never been greater.

In this Special Issue of Tropical Medicine and Infectious Diseases, “Beyond Borders—
Tackling Neglected Tropical Viral Diseases”, we invited contributions that explore innova-
tive strategies, research advances, and collaborative efforts aimed at understanding and
controlling neglected tropical viral diseases. Eight articles, spanning epidemiological analy-
ses, diagnostic innovation, seroprevalence studies, systematic reviews, and immunological
insights, were published.

Costa-Ribeiro et al. assessed the impact of mass dengue vaccination on disease
incidence in Paraná, Brazil, using an interrupted time series approach [6]. Their findings
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highlight the potential of large-scale immunization programs to reduce dengue burden,
while also emphasizing the importance of continuous monitoring and adaptive public
health strategies.

Reigoto et al. explored the use of limited near-infrared spectroscopy data combined
with machine learning to detect Zika virus infection in Aedes aegypti mosquitoes [7]. This
innovative vector-based diagnostic approach demonstrates the feasibility of rapid, non-
destructive surveillance tools, particularly valuable in resource-limited settings.

Chandrasena et al. conducted a systematic review and meta-analysis of dengue-
related knowledge, attitudes, and practices (KAPs) among the general public in Sri Lanka
from 2000 to 2023 [8]. Their synthesis reveals persistent gaps in community awareness
and preventive behaviors, underscoring the need for sustained, culturally tailored health
education initiatives.

To et al. evaluated baseline IgG seroprevalence of multiple arboviruses in Liberia
using a multiplex immunoassay [9]. Their findings demonstrate widespread exposure to
several arboviruses, highlighting the silent circulation of these pathogens and the need for
integrated serological surveillance in West Africa.

Amaral et al. performed a systematic review and meta-analysis examining the asso-
ciation between chikungunya fever and rheumatoid arthritis [10]. Their results suggest
that chikungunya infection may trigger or exacerbate chronic inflammatory joint disease,
emphasizing the long-term clinical consequences of arboviral infections.

Melebari et al. characterized dengue virus serotypes among patients presenting with
dengue fever in Makkah, Saudi Arabia [11]. Their identification of multiple co-circulating
serotypes provides essential information for anticipating outbreaks and guiding clinical
and public health preparedness in a region marked by intense international travel.

He et al. reviewed the mechanisms by which bunyaviruses suppress interferon
responses and summarized current antiviral strategies [12]. Their work highlights the
sophisticated immune evasion tactics of bunyaviruses and identifies potential therapeu-
tic targets.

Finally, Ríos-Bracamontes et al. analyzed national surveillance data from Mexico
(2020–2024) to identify factors associated with in-hospital dengue mortality [13]. Their
findings provide critical insights into clinical predictors of severe disease and underscore
the importance of early recognition and optimized case management.

The articles presented in this Special Issue collectively underscore that neglected
tropical viral diseases remain among the most dynamic and challenging threats to global
health. Despite decades of scientific progress, the persistent and often widening gaps
in surveillance, diagnostics, vector control, and clinical management reveal how deeply
these diseases are intertwined with structural inequities. The research showcased here
demonstrates that scientific innovation alone is not sufficient; rather, it must be paired
with sustained investment in public health infrastructure, community engagement, and
international cooperation.

A recurring theme across the contributions is the importance of early detection and
rapid response. Whether through innovative vector-based diagnostic tools, multiplex
serological assays, or improved epidemiological modeling, the ability to identify outbreaks
before they escalate is essential. Strengthening laboratory capacity and integrating novel
technologies into routine surveillance can help countries detect silent transmission, monitor
serotype shifts, and anticipate severe disease outcomes.

Another critical insight emerging from this Special Issue is the long-term clinical
and societal impact of arboviral infections. Studies examining chronic sequelae, such as
chikungunya-associated inflammatory disease, highlight the need for long-term patient
follow-up and improved clinical guidelines. These findings challenge the misconception

https://doi.org/10.3390/tropicalmed110100292
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that arboviral infections are self-limiting and emphasize the importance of integrating
post-acute care into national health strategies.

The contributions also reinforce the central role of community knowledge, behav-
ior, and trust in shaping outbreak trajectories. Persistent gaps in public awareness, as
documented in Sri Lanka and other endemic regions, demonstrate that effective vector
control and prevention strategies depend on culturally informed, community-centered
approaches. Public health messaging must be continuous, context-specific, and responsive
to local perceptions and barriers.

Importantly, the Special Issue highlights how global forces, climate change, urban-
ization, migration, and international travel are reshaping arboviral ecology. These forces
transcend national borders, making unilateral approaches insufficient. Cross-border data
sharing, harmonized surveillance systems, and coordinated vector control strategies are
essential to prevent the spread of arboviruses into new regions and to mitigate the impact
of outbreaks in highly interconnected societies.

Finally, the collective body of work presented here illustrates the value of interdisci-
plinary collaboration. Virologists, clinicians, entomologists, epidemiologists, data scientists,
and public health practitioners each contribute essential perspectives. When these disci-
plines converge, they generate insights that are greater than the sum of their parts. This
Special Issue demonstrates that tackling neglected tropical viral diseases requires not
only scientific excellence but also a shared commitment to equity, solidarity, and global
health security.

As we look ahead, it is clear that the challenges posed by viral NTDs will continue to
evolve. However, the research featured in this Special Issue offers a roadmap for progress,
one grounded in innovation, collaboration, and a recognition that no community should be
left behind. Continued investment in research, surveillance, and international partnerships
will be essential to reduce the burden of these diseases and to build a more resilient and
equitable global health landscape.
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Abstract

In southern Brazil, dengue transmission in the state of Paraná has shown a significant
increase in the number of cases since the first recorded occurrence in 1995, with more
frequent outbreaks in the west, northwest, and north of the state. We evaluated the impact
of a campaign of dengue vaccination administered to a fraction of the population in
30 municipalities in the state by conducting a 15-year interrupted time-series ecological
study using data obtained from an official Brazilian data register. We modeled dengue
incidence using Poisson regression adjusted by covariates (demographic, climate, and
epidemiological factors), allowing for specific temporal variation for each site. A reduction
of 18.7% in dengue incidence rate was estimated for a vaccination coverage of 100%.
Although there was an increase in the crude dengue incidence rate, considering the three-
dose coverage achieved in the municipalities, we estimated an 8.2% relative reduction in
the incidence rate. This reduction would increase to 17% with a hypothetical coverage
of 90%. The campaign was more effective in small municipalities since they had higher
vaccination coverage. These findings underscore the significant impact of the vaccination
campaign on reducing dengue incidence trends across the targeted municipalities.

Keywords: dengue; interrupted time-series; vaccine; Dengvaxia®

1. Introduction

In Brazil, dengue has spread since 1986, following an epidemic caused by dengue
virus serotype 1 (DENV-1) in the state of Rio de Janeiro [1]. This spread is due to the
reintroduction [2] and expansion of the main vector, Aedes (Stegomyia) aegypti (Linnaeus,

Trop. Med. Infect. Dis. 2026, 11, 11 https://doi.org/10.3390/tropicalmed11010011
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1762), as well as factors such as human migration; the occurrence of different serotypes
(DENV-1, DENV-2, DENV-3, and DENV-4) and genotypes of the dengue virus [3]; social
factors such as population impoverishment; and geographical factors such as climate and
environmental changes. Dengue outbreaks follow a cyclical pattern, occurring every three
or five years, and the number of cases has been increasing considerably [4]. This indicates
that current control measures are not effective enough. The regularity of these cycles, with
serotypes alternating between cycles, also suggests the presence of susceptible individuals
in the community.

In Paraná state (22◦30′58′′ to 26◦43′00′′ S; 48◦05′37′′ to 54◦37′08′′ W), which is in
southern Brazil, the number of reported dengue cases has been increasing since the first
cases were recorded in 1995. Municipalities have reported cases on an annual basis,
with the western, northwestern, and northern regions of the state experiencing a higher
frequency of dengue circulation. In 2016, all four serotypes of dengue were registered
simultaneously. Despite the control measures (cleaning campaigns, insecticide application
and educational activities), the state of Paraná has experienced a progressive increase
in dengue cases over a period of 21 years [5]. To address this issue, the state opted to
vaccinate the population against dengue in 2016 with CYD-TDV (Chimeric Yellow Fever
Virus-Dengue Tetravalent Vaccine) Dengvaxia®, the first and only licensed vaccine at the
time by the Brazilian National Health Surveillance Agency (Agência Nacional de Vigilância
Sanitária—ANVISA) [6]. Thirty priority municipalities with the highest incidence (above
300 per 100,000 inhabitants) recorded in the last five years were selected, and specific
age groups for vaccination were targeted. Paraná became second in the world, after the
Philippines, in administering the dengue vaccine through the public health system.

Although a previous study has shown that CYD-TDV reduces the risk of dengue
among seropositive individuals [7], surveillance data from Paraná revealed a substantial in-
crease in dengue incidence in the years following the mass vaccination campaign. This gen-
eral rise—likely driven by broader epidemiological dynamics, including the co-circulation
of multiple serotypes and the direct and indirect effects of the COVID-19 pandemic—poses
challenges to a straightforward assessment of the vaccination impact. Therefore, a key
motivation of the present study was the need to estimate the specific contribution of the
vaccination campaign on dengue incidence trends by constructing an appropriate counter-
factual capable of distinguishing the effect of CYD-TDV from concurrent upward trends
in dengue transmission. To address this, we applied a time-series modeling framework
incorporating contextual factors and comparisons with unvaccinated municipalities within
the same health regions.

2. Materials and Methods

This interrupted time series ecological study was conducted using data obtained
from Brazil’s Notifiable Diseases Information System (Sistema de Informação de Agravos
de Notificação-SINAN) [8–10]. SINAN is a computerized system developed by the
Brazilian Ministry of Health for registering mandatory notifiable diseases, including
dengue fever [11].

A historical record of dengue fever cases was compiled beginning in 1995. However,
the time series analysis was restricted to the period from epidemiological week 1/2008
(1 January 2008) to 36/2022 (5 September 2022). This analysis focused on 10 out of the
22 health regions (Regionais de Saúde; RSs) of the Health Department of Paraná State
(SESA/PR): the 1st, 9th, 10th, 12th, 14th, 15th, 17th, 18th, 19th, and 20th RSs. These health
regions encompass the 30 municipalities where a portion of the population received the
dengue vaccine CYD-TDV (Dengvaxia®) between 16 August 2016, and 18 December 2018.

https://doi.org/10.3390/tropicalmed110100116
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Of the 30 municipalities selected (with >300 DENV cases per 100,000) for the vac-
cination program, 5 are in the western region, 24 are in the northern region, and 1 is in
the eastern region. The vaccine was administered to the population aged between 9 and
44 years in Assaí (18th RS) and Paranaguá (1st RS), and to those aged between 15 and
27 years in the remaining 28 municipalities. Ages were calculated as of August 2016, the
start of the vaccination campaign [11] (Figure 1).

Figure 1. Geographical distribution of vaccinated municipalities in Paraná state, Brazil. Vaccination
age range (light gray and black); Health Regions (RS) numbered from 01 to 22 [11].

For each of the 10 RSs, the municipalities that did not receive the vaccine were com-
bined and used as control groups to comparatively assess the impact of the vaccine. The
analysis included data from 40 locations, consisting of 30 vaccinated municipalities and
10 groups of unvaccinated municipalities within the 10 targeted RSs. The study analyzed
data across three age ranges: (a) cases below the vaccination age range, (b) cases within
the vaccination age range, and (c) cases above the vaccination age range. The age ranges
were defined according to temporal evolution, with the age range increasing by 1 year
each year after 2016. The analysis began when the person received their first vaccine dose
(Table 1), and the aim was to track the migration of the age ranges over the course of the
study period.

Table 1. Age groups (years) by year, considering age migration, in the 30 municipalities selected for
vaccine administration in Paraná state, Brazil.

All Other 28 Municipalities Assaí and Paranaguá Year

15 to 27 9 to 44 2016

16 to 28 10 to 45 2017

17 to 29 11 to 46 2018

https://doi.org/10.3390/tropicalmed110100117
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Table 1. Cont.

All Other 28 Municipalities Assaí and Paranaguá Year

18 to 30 12 to 47 2019

19 to 31 13 to 48 2020

20 to 32 14 to 49 2021

21 to 33 15 to 50 2022

2.1. The Reference Population for Calculating the Incidence Rate

The population data for each municipality used in this study were obtained from the
Brazilian Institute of Geography and Statistics (Instituto Brasileiro de Geografia e Estatística;
IBGE) for the years 2008–2009 and 2011–2021, via the IBGE Automatic Recovery System
(Sistema IBGE de Recuperação Automática). The IBGE is a federal government agency
responsible for collecting annual population data for all municipalities in the country. The
population reference for the year 2010 was based on the census conducted that year and
divided by age groups. For the year 2022, a growth rate of 9.94% was applied, with the
estimated numbers based on the population of previous years as to the date of this analysis
in the 2022 Census Reports that had not yet been released. The resulting data include
population numbers for each municipality and year, which are divided into three age
groups (Supplementary Material S1).

2.2. Time Series Model

The output of the adopted model is the weekly count of dengue cases in each of the
40 locations, segmented by age group, resulting in 120 weekly time series. To model the
relative incidence risk, we used the population data aggregated by age group and year
(Supplementary Material S1).

The statistical model was adjusted for the time series, yikt, with i = 1, . . ., 40, indicating
the location i; k = 1, 2, 3 representing the age range and t = 1, ..., 766, indicating week t,
where t = 1 is the first epidemiological week of 2008 and t = 766 is the 36th epidemiological
week of 2022.

The expected number of cases, assuming that the population in location i, age group
k, and epidemiological week t has a similar rate to the overall gross rate of the 10 RSs, is
calculated as

Eikt = m0 × Pika/na, (1)

where Pika is the population in location i, age group k, and year a, which is repeated for
every epidemiological week t within year a; na is the number of epidemiological weeks in
year a; and m0 is the annual gross rate (baseline rate) obtained from the absolute incidence
in the 10 RSs over the entire period, obtained by

m0 =
∑40

i=1 ∑15
a=1 ∑3

k=1 yika

∑40
i=1 ∑15

a=1 ∑3
k=1 Pika

, (2)

where yika is the number of dengue cases in location i, age group k, and year a, for k = 1, 2,
3; a = 1, ..., 15 (with a = 1 being the year 2008) and i = 1, ..., 40.

A Poisson distribution was assumed for yikt

yikt ∼ Poisson(Eikt × λikt),

where λikt is the hazard ratio of location i, age group k relative to the baseline rate at week t.
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The factors adjusted in the model for the hazard ratio λitk were exposure (the weekly
coverage of the full course of three doses of vaccination in each municipality); control
variables (the circulating serotype in each RS per year); age group (with the vaccinated
group as the reference group); a specific temporal variation for each location; and a climate
variable calculated from an estimated time series of daily minimum temperature in each
location. The climate variable used was the proportion of time in the week when the
minimum temperature was above 21 ◦C, lagged by week (from 0 to 15 weeks) [12–19]
(Supplementary Material S2).

2.3. Vaccination Coverage

To evaluate whether the vaccination coverage with three doses is associated with
the number of cases, an index was calculated that varies over time; the accumulated
proportion of the target population vaccinated with three doses (VC), which reflects the
weekly vaccination coverage of three doses for each municipality. Coverage is zero before
the start of vaccination and reaches the maximum level (three doses) of that municipality
at the end of the vaccination period, December 2018.

2.4. Vaccination Effectiveness

After adjusting the model, we used Formula (3) to quantify the effectiveness of the
vaccine campaign in a municipality with a VC × 100% coverage of three doses of the vaccine:

effectiveness = (1 − exp(β × VC)) × 100% (3)

where β represents the estimated effect of vaccine coverage, and VC (0 ≤ VC ≤ 1) is the
coverage rate of three vaccine doses.

2.5. Predictions from Two Scenarios

To compare the effectiveness of the vaccine, the model was used to predict the expected
number of cases in two hypothetical scenarios for the target population of the vaccine in
the 30 municipalities:

Scenario 1: No vaccine dose was applied (0% coverage).
Scenario 2: High percentage of the population in the vaccine age group received three

doses (90% coverage).
To predict the number of cases under these scenarios, we used 3000 independent

samples (Monte Carlo) from the approximate joint distribution of all model parameters.
These scenarios were evaluated from 2 January 2019 (15 days after the end of the vaccination
program), to 5 September 2022 (end of the study).

This procedure allows for hypothetical scenarios to be drawn and predicts the expected
vaccination effects on the number of dengue cases under varying vaccination coverage
conditions, assuming that other conditions, such as circulating serotypes and weather
conditions, remain as observed.

In Scenario 1, we determine the reduction in the number of cases attributed to the
vaccination campaign by subtracting the observed number of cases from the number
of cases predicted by the model under a 0% coverage assumption. This considers each
location’s final three-dose coverage rate. To calculate the reduction in cases in Scenario 2,
we compare the predicted number of cases under a 90% coverage scenario (which simulates
a successful vaccination campaign) to the predicted number of cases under a no vaccination
scenario. The predicted number of cases also includes 95% credible intervals to account for
the observed coverage and predicted cases under both scenarios.

The R package INLA [18], version 22.04.16, was used considering the central composite
design (CCD) strategy for the experimental design to integrate with respect to the three
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hyperparameters of the model. All the statistical analyses were performed via the R
statistical analysis system [20].

3. Results

3.1. Dengue Incidence and Serotypes

Paraná state, initially characterized by dengue cases reported in 16 municipalities
in 1995, has since expanded to 347 additional municipalities reporting cases as of 2022,
resulting in a total of 363 affected municipalities. The vaccinated municipalities were those
with consistently high incidence rates, driving the state’s overall pattern (Figure 2).

 
Figure 2. Annual dengue incidence rates per 100,000 inhabitants in 30 municipalities of Paraná state
from 1995 to 2022. Municipalities incidence rate (gray); Paraná incidence rate (red).

During the analyzed period, 1,379,141 dengue cases were reported in Paraná, of
which 609,632 were of autochthonous origin. After excluding 2161 notifications classified
as “discarded” and 482 as “not assessed”, 606,989 probable autochthonous cases were
observed in the state, hereafter referred to as “cases” (Table 2).

Table 2. Dengue notifications according to SINAN, Paraná state, from 1 January 2008 to 5 September 2022.

Final Classification
Autochthonous Origin Total

Indefinite N.A. No Yes N %

Dengue 2008 33,666 17,874 595,212 648,760 47.0
Dengue with warning signs 35 408 199 7458 8100 0.6

Severe dengue 12 40 48 1396 1496 0.1
Inconclusive 395 60,744 492 2923 64,554 4.7

Probable cases 2450 94,858 18,613 606,989 722,910 52.4
Discarded 54 640,163 7113 2161 649,491 47.1

N.A. 6 6211 41 482 6740 0.5
Total 2510 741,232 25,767 609,632 1,379,141 100.0

N.A.: Not Assessed.

The 30 municipalities selected for vaccination had 271,114 cases during the specified
period. The other 172 municipalities in the same 10 RSs where the vaccination campaign
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took place that did not participate in the campaign reported 293,940 cases. The remaining
municipalities in Paraná had 41,935 cases that were excluded from the analysis, resulting
in a total of 565,054 cases (Table 2). Among the municipalities scheduled to receive the
vaccine, Londrina had the highest proportion of cases, accounting for 25.1% of the total,
followed by Foz do Iguaçu with 23.4% and Maringá with 12.0%, making up a total of 60.5%
of the cases. For the unvaccinated municipalities, the cases were more evenly distributed
across the 10 RSs, with the highest percentages in the 14th RS (17.8%), the 20th RS (15.4%),
the 10th RS (15.2%), the 15th RS (11.7%), and the 12th RS (11.4%) of the cases, accounting
for 71.5% of the cases (Table 3).

Table 3. Frequency of dengue cases in municipalities located in the 10 health regions of Paraná state,
Brazil, participants and non-participants of the dengue vaccination campaign from 1 January 2008 to
5 September 2022.

Vaccinated Municipalities N %
Health Region (Unvaccinated

Municipalities)
N %

Paranaguá 18,577 6.9 RS 01 (6) 4326 1.5

Foz do Iguaçu 63,440 23.4
RS 09 (6) 16,701 5.7SM Iguaçu 2964 1.1

ST Itaipu 4321 1.6

Boa Vista da Aparecida 343 0.1 RS 10 (24) 44,603 15.2

Tapira 1205 0.4 RS 12 (20) 33,417 11.4

Cruzeiro do Sul 1009 0.4 RS 14 (26) 52,466 17.8Santa Isabel do Ivaí 3386 1.2

Iguaraçu 613 0.2

RS 15 (21) 34,361 11.7

Munhoz Melo 550 0.2
Mandaguari 2520 0.9

Marialva 3171 1.2
Maringá 32,624 12.0
Paiçandu 4086 1.5
Santa Fé 2299 0.8
Sarandi 15,830 5.8
SJ Ivaí 1111 0.4

Assaí 4205 1.6

RS 17 (13) 28,034 9.5

Bela Vista do Paraíso 2712 1.0
Cambé 12,575 4.6
Ibiporã 6500 2.4

Jataizinho 5448 2.0
Londrina 68,036 25.1
Porecatu 4020 1.5

Sertanópolis 4346 1.6

Itambaracá 649 0.2
RS 18 (18) 21,836 7.4Leópolis 295 0.1

SS Amoreira 1238 0.5

Cambará 2044 0.8 RS 19 (21) 13,018 4.4

Maripá 997 0.4 RS 20 (17) 45,178 15.4

Total 271,114 100 Total 293,940 100.0

Between 2008 and 2022, the DENV-3 serotype was the least frequently detected (in
three years), followed by DENV-4 (in 9 years) and DENV-2 (in 11 years) (Figure 3). DENV-1
was the most prevalent virus in this period and presented high incidence rates, except in
2020, when more than 80% of the identified virus was DENV-2 [5].
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The group of municipalities selected for vaccination had the highest incidence rate
of dengue in 2016 among the age groups eligible for vaccination. From 2019 to 2021, the
rates were even higher for all age groups in the municipalities participating in vaccination
(Participant) than in the unvaccinated group (Non-participant). However, in 2022, the
situation was reversed, with higher dengue rates in the unvaccinated group across all age
groups (Figure 4).

Serotype Year of occurrence 

 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 

DENV1                

DENV2                

DENV3                

DENV4                

Figure 3. Serotypes identified by year from 2008 to 2022, Paraná state, Brazil. Adapted from [5].

Figure 4. Monthly dengue incidence rates (per 100,000 inhabitants) by age groups in municipalities
in Paraná state, participating in vaccination versus municipalities not participating in vaccination
from 2008 to 2022. The green area in the vaccine age group panel shows the period of time six months
after the beginning of the vaccination.

The aggregated incidence rates for the pre-vaccine (2008–2015) and post-vaccine
(2019–2022) periods by age group (vaccine age range, below and above the vaccine age
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range), as well as the RRs, are presented in Table 4. The incidence rates during the
post-vaccine period were higher than those during the pre-vaccine period, both within
and outside the vaccine age range. However, the magnitude of the RR was lower in
municipalities where vaccination was conducted in each age group. For example, in the
targeted age range, the RR for the post-vaccine period compared with the pre-vaccine period
was 2.4 in vaccinated municipalities, whereas it was 4.4 in unvaccinated municipalities.

Table 4. Dengue incidence rates per 100,000 inhabitants and rate ratios, according to vaccination
participation group and age group, in the 10 health regions of Paraná state, Brazil, during the
pre-vaccination (2008–2015) and post-vaccination (2019–2022) periods.

Period Group

Age Group
Within the Eligible

Age Range
for Vaccination

Below the Eligible
Age Range

for Vaccination

Above the Eligible
Age Range

for Vaccination

Pre-vaccination period
Participant 17 9.4 14
Non-participant 9.4 6.3 10

Post-vaccination period
Participant 40.3 30.6 43.2
Non-participant 41.7 28.7 44.6

RR *
(Post/Pre)

Participant 2.4 3.3 3.1
Non-participant 4.4 4.6 4.5

* Rate Ratio

Weekly time series of incidence rates for the three age ranges were higher in the
municipalities of Tapira (12th RS), São Jorge do Ivaí (15th RS), Porecatu (17th RS), São
Sebastião da Amoreira (18th RS), Cambará (19th RS), and Maripá (20th RS) in 2022 than in
unvaccinated municipalities in the same RS. In 2020, in Foz do Iguaçu (9th RS), dengue
caused by serotype DENV-2 affected all age groups, including vaccinated individuals, with
incidence rates much higher than 300 per 100,000 inhabitants. High rates also occurred
in the other two municipalities that received the vaccine; however, in the vaccinated
group, they were slightly lower than in the rest of the region. However, in 2022, these
municipalities showed higher incidence rates compared to Foz do Iguaçu, where rates were
lower, and the predominant virus was DENV-1.

3.2. Vaccine Coverage

The weekly time series of the number of third doses of the dengue vaccine shows
three decreasing peaks over time (Figure 5A). The largest peak occurred in the second
half of 2017, the intermediate peak at the beginning of 2018, and the smallest at the end of
2018, which marked the finish of the vaccination campaign. The time series of the weekly
vaccination coverage for three doses per participating municipality in the vaccination
campaign shows significant variability in vaccination coverage (Figure 5B).
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Figure 5. Evolution of the proportion of people vaccinated against dengue, with three doses over
time, in 30 municipalities of Paraná state from 2016 to 2018, Brazil. (A) Weekly number of people
vaccinated with three doses; (B) Weekly coverage of three vaccine doses.

3.3. Time Series Analysis

The climate variable was adjusted in the model by considering different time lags,
and the lags between 9 and 12 weeks showed the best fit. They were combined into a
common factor (the proportion of time during the period of 9–12 weeks before the date of
the cases when the minimum hourly temperature exceeded 21 ◦C) and used in the final
model [12–19] (Supplementary Material S2).

The estimated effect of vaccination coverage −0.207 (95% CI = [−0.252; −0.161]) was
significantly less than zero, resulting in a reduction in the hazard ratio of dengue cases
(HR = 0.813; 95% CI = [0.777; 0.851]).

The effectiveness of the vaccine campaign for a (vaccination coverage of 100%) was esti-
mated from this result as 18.7% (95%CI = [14.9%; 22.3%]) [21–23] (Supplementary Material S3).
This percentage reduction in cases is expected in a hypothetical scenario where a municipality
has 100% coverage of the third vaccine dose. However, none of the study locations achieved
vaccination coverage of 100%. The municipality with the highest vaccination coverage of
three doses was Cruzeiro do Sul, with 83.0%, and in this case, the campaign’s effectiveness
was estimated to be 15.8%. In contrast, the municipality with the lowest vaccination coverage
was Foz do Iguaçu, with only 16.4% of its population vaccinated, resulting in an estimated
effectiveness of (1− exp(−0.207× 0.164))·100% = 3.3%.

The estimated specific temporal variation for each location after adjusting for all the
observed factors, along with their 95% credible intervals estimated under the model, are
represented in Figure 6. Different patterns are observed in the series, both in terms of their
profiles and error margins. However, neighboring municipalities, such as Maringá and
Sarandi and Londrina and Cambé, tended to exhibit similar patterns of cyclical variation
in dengue. Interestingly, Paranaguá’s specific temporal variation was low until 2016 and
the highest in 2016 compared with the other locations. In fact, dengue was introduced in
Paranaguá in 2016, and it had the highest observed rate.
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Figure 6. Estimated specific temporal variation for each location (black line) and 95% credible
intervals (grey color) in Paraná state, Brazil.

The findings from the first scenario suggest that there was an 8.2% decrease in the
number of dengue cases due to the vaccination campaign. This means that there were
3411 fewer cases than what the model had predicted in the absence of the vaccination. For
a three-dose vaccination coverage reaching 90% (Scenario 2), the expected overall reduction
in dengue cases across all 30 municipalities was 17.0%, corresponding to 7090 fewer cases
(Supplementary Material S4).
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4. Discussion

Between 2008 and 2015, the western, northwestern, and northern regions of the state
of Paraná recorded the highest number of dengue cases. It was only in 2016, in the
eastern region, specifically in the city of Paranaguá, that the first significant epidemic of
DENV-1 occurred on the state coast [24]. The history of DENV infection varied among
the 30 municipalities selected for vaccination. Londrina had the highest number of cases
(68,036), followed by Foz do Iguaçu (63,440) and Maringá (32,624), whereas Munhoz de
Melo (550), Boa Vista da Aparecida (343), and Leópolis (295) had the lowest number of
cases. However, the highest incidence until 2016 was observed in small municipalities.

In a previous vaccine effectiveness study using individual-level data, we demonstrated
that CYD-TDV (Dengvaxia®) was associated with a 21.3% reduction in the risk of dengue,
with the effect being modified by a history of dengue [7]. In this new study, we documented
the significant impact of the vaccination campaign on the incidence rate trend. As expected,
the overall population impact of the campaign was statistically significant, dependent on
vaccine coverage, and independent of contextual factors. The proposed model included
covariates, such as the circulating serotypes, population density, temperature, and age
within the recommended vaccination range.

Our findings indicate that larger municipalities act as modulators of seasonal DENV
transmission patterns at the regional level, whereas smaller municipalities (<10,000 inhabi-
tants) show seasonal patterns that are largely determined by the epidemiological context of
their surrounding regions.

Temperature is one of the key factors affecting survival, longevity, vector capacity,
and other aspects of the life cycle of Ae. aegypti [25]. In this study, temperature was
identified as a risk factor (HR = 3.49 95% CI = [2.73; 4.49]) for the dengue virus. In a
temporal and spatial analysis, the high incidence rates of dengue and the heterogeneous
spatial distribution in the state of Paraná were attributed to sociodemographic factors and
environmental determinants [26].

For the model, the DENV-1 serotype was the only one that presented a significant
risk factor (HR = 3.49 95% CI = [2.73; 4.49]) for the occurrence of dengue epidemics.
Proportionally, DENV-1 was the serotype that was present in the state for the longest
period. One probable explanation for this is the introduction of new variants and the
genetic diversity of DENV-1 [27]. The V genotype (American/African), which is grouped
in the clade of lineages I, II, and III, was detected for this serotype in Brazil [28]. The lowest
risk was attributed to DENV-3, followed by DENV-2 and DENV-4. DENV-2 was the first
serotype to circulate in the southern region of the country, and it was introduced in the
state of Paraná in 1995. DENV-1 was introduced in Santa Catarina in 1999, DENV-3 in
Paraná in 2000, and DENV-4 in Rio Grande do Sul in 2011 [29].

The highest degree of vaccination coverage was observed in municipalities with fewer
than 10,000 inhabitants, as previously reported [11]. Among these municipalities, Cruzeiro
do Sul had the highest coverage rate at 83.0%, resulting in a higher estimated effectiveness
rate of 15.8% (95% CI = [12.5%; 18.9%]). Conversely, Foz do Iguaçu had the lowest coverage
rate at 16.4%, resulting in a lower effectiveness rate of 3.3% (95% CI = [2.6%; 4.0%]).
The overall effectiveness rate across all 30 municipalities was 18.7% (95% CI = [14.9%;
22.3%]). Despite the high variability in vaccination coverage, with 33% of municipalities
having a coverage rate of 40% or less and low vaccine effectiveness, the two scenario
predictions suggest an overall reduction of 8.2% in dengue cases when three vaccine doses
are considered. The approach used includes a vaccination coverage indicator that varies
over time, ranging from 0% coverage before the start of vaccination to the achieved coverage
level in each municipality, which could reach 95% of the target population.
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In the analysis of the incidence rates (unadjusted), there was a generalized increase in
dengue cases after the vaccination period. However, in the municipalities where the vaccine
was implemented, the rate ratio in the vaccinated age group was the lowest (RR = 2.4),
suggesting a possible vaccine effect. According to the statistical model, individuals below
and above the vaccinated age group presented a lower risk for dengue infections. However,
Paranaguá, one of the municipalities that targeted the age group of 9–45 years, experienced
the first dengue epidemic between 2014 and 2016 [24]. The co-circulation of multiple dengue
serotypes reduces adults’ susceptibility due to acquired immunity from the disease [30]. In
Paraná, the highest incidence rate was reported in the population aged between 20 and
59 years, with a significant difference in the incidence rate between age groups: ≤10 years
(p < 0.01), ≥60 years (p < 0.05), and 11–19 years (p < 0.05) [26]. Furthermore, a global analysis
revealed that individuals under 5 years of age, the age group previously responsible for
most deaths and years of life lost due to dengue in 1990, were replaced by those between
15 and 49 years of age in 2019 [31].

Dengue epidemics are complex and multifactorial [26,32]. Brazil is experiencing a
hyperendemic scenario, with the co-circulation of all four serotypes of DENV and an
increasing occurrence of severe and fatal cases, as well as the co-circulation of other
arboviruses, such as Zika, yellow fever, and Chikungunya [31].

The susceptibility of the human population to circulating serotypes and their geno-
types, as well as the mosquito infestation index, are factors related to the number of dengue
cases [33]. Moreover, climatic, environmental, social, and demographic factors, as well as
vector control measures, also play a significant role in its incidence.

Several limiting factors made it difficult to adjust the model during the study. For
example, it was challenging to obtain a representative sample of the circulating serotype
and its genotypes. In our previous study using individual data from confirmed cases, we
reported that the vaccine effectively reduced the risk for certain serotypes (DENV-1 and
DENV-4) but had no such effect on DENV-2. In fact, in patients without prior dengue
infection, the vaccine increased the risk of DENV-2. Thus, the circulating serotype is a
key factor in determining the impact of a vaccine. In the present study, which focused
on probable cases (most of which lacked serotype data), we were unable to disaggregate
cases by serotype. Nevertheless, the significant reduction in probable cases indicates
that the benefits of vaccination outweigh any adverse effects. The heterogeneity of the
efficacy of this vaccine has already been documented in clinical trials [34]. Thus, it is well
accepted that a seronegative status implies a lack of benefit. Therefore, the vaccine would
be indicated only for seropositive individuals. Since the campaign was carried out before
this knowledge was available, there would be concern about the population impact of the
mass vaccination program. In this sense, our study contributes to assessing the impact
from the perspective of its association with the incidence rate of probable cases. These
results complement previously published estimates that focused on confirmed cases [7,35].

Additionally, historical data on dengue in the target municipalities and data on the
infestation of Ae. aegypti were unavailable. Another issue was the limited number of
meteorological stations in the state.

It is important to acknowledge that dengue incidence increased markedly across
the state during the post-vaccination period, reflecting the influence of factors that were
unrelated to the intervention. The COVID-19 pandemic, for example, may have affected
viral circulation patterns, health-seeking behavior, reporting practices, and vector control
activities, potentially amplifying dengue transmission. Moreover, the predominance of
particular serotypes, especially DENV-2 during certain years, may have attenuated the
population-level impact of the vaccine, given known differences in vaccine performance by
serostatus and serotype.
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Despite these strong external pressures, our modeling results indicate that the increase
in dengue incidence was smaller than expected in municipalities that implemented vaccina-
tion when compared with the estimated counterfactual scenario. In other words, although
the crude trends show an overall rise, the vaccination campaign appears to have mitigated
part of this increase. This finding aligns with previous evidence of CYD-TDV’s individual-
level effectiveness and reinforces that the campaign’s impact should be interpreted as a
relative reduction in expected incidence, rather than as prevention of outbreaks under the
highly unfavorable epidemiological conditions of recent years.

These observations underscore the importance of accounting for secular trends,
serotype dynamics, and concurrent public health disruptions when evaluating population-
level vaccine impact. Relying solely on crude pre-post comparisons would risk underes-
timating the benefits of the campaign, whereas the counterfactual modeling framework
allows a more accurate estimation of its marginal effect.

5. Conclusions

An analysis of the unadjusted incidence rates revealed a general increase in dengue
occurrence during the post-vaccination period across the state. In this context of rising
transmission, the time-series model indicated that municipalities implementing the vacci-
nation campaign experienced a lower-than-expected increase in dengue incidence when
compared with the counterfactual scenario. After adjusting for serotype circulation, climatic
conditions, age structure, and location-specific temporal patterns, vaccination coverage was
associated with a significant reduction in the risk of dengue. According to model-based
predictions, the campaign prevented an estimated 8.2% of cases under the coverage levels
achieved, and this reduction could have reached 17% with higher vaccination coverage.
These findings suggest that, despite the strong upward secular trends in recent years, the
mass vaccination campaign contributed to mitigating the expected burden of dengue in the
targeted municipalities.
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Abstract

This study presents a technique for categorizing Aedes aegypti mosquitoes infected with the
Zika virus under laboratory conditions. Our approach involves the utilization of the near-
infrared spectroscopy technique and machine learning algorithms. The model developed
utilizes the absorption of light from 350 to 1000 nm. It integrates Linear Discriminant
Analysis (LDA) of the signal’s windowed version to exploit non-linearities, along with
Support Vector Machine (SVM) for classification purposes. Our proposed methodology
can identify the presence of the Zika virus in intact mosquitoes with a balanced accuracy
of 96% (row C2HT, average of columns TPR (%) and SPC (%)) when heads/thoraces of
mosquitoes are scanned at 4, 7, and 10 days post virus infection. The model was 97.1%
(10 DPI, row C2AB, column ACC (%)) accurate for mosquitoes that were used to test it,
i.e., mosquitoes scanned 10-days post-infection and mosquitoes whose abdomens were
scanned. Notable benefits include its cost-effectiveness and the capability for real-time
predictions. This work also demonstrates the role played by different spectral wavelengths
in predicting an infection in mosquitoes.

Keywords: Zika virus; machine learning; detection; arboviruses; classification; Support
Vector Machine

1. Introduction

Among the diverse group of arboviruses, certain pathogens such as dengue virus
(DENV), Zika virus (ZIKV), and chikungunya virus (CHIKV) have emerged as significant
global public health concerns due to their pathogenic potential and capacity to trigger
explosive outbreaks in densely populated urban environments [1–3]. The primary vector
responsible for the transmission of these arboviruses is Aedes aegypti, a mosquito species
highly adapted to urban ecosystems. Aedes aegypti exhibits a strong anthropophilic behavior,
preferentially feeding on human blood, and commonly oviposits in artificial water-holding
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containers located in or near human dwellings. Its limited dispersal range is typically
restricted to a few hundred meters which further reinforces its close association with
domestic and peridomestic habitats [4–9].

Given the rapid and unpredictable nature of arbovirus transmission, the effectiveness
of vector control strategies hinges on the implementation of robust and timely entomologi-
cal surveillance systems [10,11]. Surveillance programs based on the systematic sampling
of immature and adult mosquito populations provide critical insights into vector abun-
dance and spatial distribution, serving as the foundation for evidence-based public health
decision-making [12–16]. However, conventional surveillance methods often suffer from
limitations in spatial resolution and operational efficiency, necessitating refinement to meet
contemporary demands [14,17,18].

To enhance vector control outcomes, mosquito surveillance data should be inte-
grated into spatial and temporal analytical frameworks capable of generating dynamic risk
maps [10,19–21]. These models can identify intra-urban transmission hotspots, enabling
geographically targeted interventions that maximize resource allocation and operational
impact. In this context, integrated vector management (IVM) strategies that align ento-
mological surveillance with tailored control measures represent a promising paradigm
for sustainable arbovirus control [22,23]. Ultimately, refined surveillance systems not only
support epidemic preparedness and response but also facilitate continuous monitoring
of disease trends, evaluation of intervention efficacy, and adaptive management of vector
control programs. Such approaches empower local public health authorities to optimize
control efforts and mitigate arboviral disease burden more effectively [24].

Recent advances in mathematical modeling and computational methods have sig-
nificantly contributed to understanding and predicting mosquito-borne diseases such as
dengue and Zika. Jose et al. (2024) conducted a comprehensive study on dengue incidence
in Thailand, applying statistical and machine learning approaches—including exponential
smoothing, polynomial fitting, and Random Forest models—to forecast outbreak dynamics
and enhance public health preparedness [25]. In a complementary framework, Jose et al.
(2023) developed a deterministic model describing the co-infection dynamics of Zika virus
and dengue fever, highlighting through bifurcation and stability analyses the intricate
interactions between human hosts and mosquito vectors [26]. From a biological control
perspective, Joseph et al. (2023) proposed a fractional-order, density-dependent model
to evaluate the dissemination of different Wolbachia strains in Aedes aegypti populations,
identifying the wAlbB strain as the most effective in suppressing viral transmission [27]. To-
gether, these studies demonstrate the potential of quantitative and data-driven approaches
for understanding arboviral transmission and guiding vector control strategies. Building
upon this foundation, the present study explores the integration of spectroscopy data and
machine learning techniques as an innovative diagnostic approach for detecting Zika virus
infection in Aedes aegypti mosquitoes, particularly under conditions of limited or sparse
spectral information.

Zika virus (ZIKV), a member of the Flaviviridae family, was historically considered a
geographically constrained and poorly characterized pathogen, primarily circulating in
specific regions of Africa. However, in the early 2010s, ZIKV expanded its geographical
range, culminating in a major outbreak in South America. In 2015, its association with
severe neurological outcomes—such as congenital microcephaly in neonates and Guillain–
Barré syndrome in adults—led the World Health Organization to designate it a Public
Health Emergency of International Concern [28–31]. Although ZIKV transmission has
declined globally following this epidemic, it remains an important model for studying
the epidemiology and control of emerging and re-emerging mosquito-borne diseases.
Effective surveillance of ZIKV, as with other arboviruses, requires surveillance tools that are
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not only sensitive and specific but also scalable, cost-effective, and operationally feasible
for large-scale field deployment. Molecular diagnostic tools such as polymerase chain
reaction (PCR) and quantitative PCR (qPCR) have long been the gold standard for detecting
arboviral RNA in mosquito vectors [32]. Nevertheless, the logistical demands of these
techniques—particularly their reliance on expensive reagents, skilled personnel, and time-
consuming protocols—pose substantial barriers to widespread implementation in routine
entomological surveillance. In response to these challenges, near-infrared spectroscopy
(NIRS) has emerged as a promising alternative diagnostic modality. NIRS operates within a
wavelength range of approximately 750–2500 nm and quantifies the absorption of light by
specific chemical bonds (e.g., C–H, O–H, S–H, and N–H) within a biological sample [33,34].
The resulting spectral signatures reflect the molecular composition of the sample and can
be analyzed to infer key biological parameters. This technique offers several operational
advantages: it is non-destructive (preserving the sample for future analyses), reagent-free
(minimizing costs), rapid (yielding results in seconds), and environmentally sustainable
(generating no chemical waste) [35].

Researchers have previously utilized NIRS within the wavelength range of 700 to
2500 nm to identify the presence of the Zika virus in mosquitoes [36]. The obtained
spectra were mean-centered and then subjected to classification through the Partial Least
Squares (PLS) regression technique in GRAMS Plus/IQ software from Thermo Galactic.
The outcomes of this method are presented in Table 1.

Table 1. NIRS method [36], where C1TR stands for Cohort 1 train, C1VS for Cohort 1 validation
(sorted), C2HT for Cohort 2 head/thorax, C2AB for Cohort 2 abdomen, TPR for True Positive Rate,
SPC for specificity, and DPI for days post infection.

Dataset
4 DPI 7 DPI 10 DPI

TPR (%) SPC (%) TPR (%) SPC (%) TPR (%) SPC (%)

C1TR 83.3 96.8 93.5 96.4 - -

C1VS 100.0 94.1 100.0 100.0 - -

C2HT 98.7 98.3 100.0 98.3 100.0 86.7

C2AB 98.7 85.0 96.2 80.0 97.4 68.3

The primary issue with the approach outlined in [36] lies in its cost. Acquiring a
near-infrared spectrograph can entail expenses running into the thousands of dollars. This
study seeks to explore the feasibility of detecting the Zika virus in mosquitoes using a
narrower band of wavelengths while leveraging advanced machine learning algorithms.
Specifically, we apply Linear Discriminant Analysis (LDA) and Support Vector Machine
(SVM) to the dataset from [36], focusing solely on wavelengths between 350 and 1000 nm.
It is worth mentioning that other techniques, such as Principal Component Analysis (PCA)
and Random Forest (RF), were also evaluated, but the most effective combination was
the use of LDA and SVM. From a financial standpoint, a comprehensive near-infrared
spectrometer (covering 350 to 2500 nm, which corresponds to the last part of ultraviolet,
UV, the whole visible, VIS, and the whole near-infrared, NIR, spectra) typically carries a
price tag around US $60, 000 (LabSpec 4i NIR spectrometer acquired and used in this work).
In contrast, certain spectrometers capable of detecting light within the 350 to 1000 nm
range can be found for around US $1500 (the model investigated was ATP1000−UV-VIS-
NIR-5 from optosky.com). Electrochemical technology [37], with an estimated cost of
tens of dollars, which identifies dengue and Zika viruses in solutions, cannot replace the
spectrometer approach for this work, due to the fact that the conditions of applicability
of the two technologies are quite different. For example, one requires a solution of the
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virus and the other requires the intact body of the mosquito. The main achievement of this
work is to show that applying discriminative and classification techniques in a narrower
spectral bandwidth could provide equivalent performance to the whole spectral bandwidth
available in this work for identifying the Zika virus in intact mosquitoes, possibly reducing
the implementation cost. The structure of this paper is as follows: Section 2 provides an
overview of the dataset initially introduced in [36] and utilized in this study. Section 3
delves into the proposed methodology. Section 4 presents the obtained results and a
subsequent discussion. Concluding remarks can be found in Section 5.

2. Dataset

The dataset utilized in this research was built and obtained from [36]. This dataset
encompasses three key variables:

• The absorbance measurements at various wavelengths, ranging from 350 to 2500 nm;
• The infection status of the mosquito (infected or uninfected);
• The duration measured in days post infection (DPI).

In Figure 1, a comparison of absorbance versus wavelength is presented for two
distinct samples. The blue line represents an uninfected mosquito, whereas the orange
line denotes an infected mosquito (7 DPI). It also presents three sensor ranges used in the
spectrometer, silicon (350 to 1000 nm) and InGaAs sensors (sensor 1: 1000 to 1800 nm, and
sensor 2: 1800 to 2500 nm), along with the UV, VIS, and NIR limits.

Figure 1. Example of the difference between the average spectrum of the mosquitoes infected and
non-infected. This graph plots the result of the spectroscopy (intensity of light) versus the measured
wavelengths (350 to 2500 nm). It also shows the ranges of the three sensors used in the equipment,
silicon (350 to 1000 nm), and InGaAs (sensor 1: 1000 to 1800 nm, and sensor 2: 1800 to 2500 nm)
sensors and how they are related to UV (350 to 400 nm), VIS (400 to 750 nm) and NIR (750 to 2500 nm).

In this experiment, we utilized female Ae. aegypti mosquitoes that were either 5 or
6 days old when they received their first blood meal. Briefly, an infective blood meal
containing human blood from an anonymous donor and Zika virus was offered to half of
the mosquitoes reared under standard conditions (27 ± 2 ◦C, 70 ± 5 relative humidity). The
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other half received ZIKV-uninfected blood from the same donor, plus C6/36 cell culture
instead of virus. We established two distinct cohorts of mosquitoes, each collected and
measured independently, with scans collected at 4, 7, and 10 days post infection (DPI). Prior
to taking measurements, the mosquitoes were immobilised by placing them in a sealed jar
with a cotton ball soaked in ethyl acetate for 1 min. Subsequently, a NIRS spectrometer was
employed to analyze the absorbance across a range of wavelengths from 350 to 2500 nm,
utilizing the LabSpec 4i NIR spectrometer from Malvern Panalytical, which features an
internal 18.6 W light source.

For Cohort 1, spectra were collected from the head/thorax of the mosquitoes. For Co-
hort 2 two separate spectra were collected as follows: spectra of the combined head/thorax
and spectra of the abdomen. Following these measurements, RT-qPCR tests were conducted
on infected mosquitoes to confirm infection.

Samples from each cohort were classified according to DPI (4, 7, and 10) and infection
status (infected and not infected), resulting in up to six groups for each cohort, as illustrated
in Figures 2 and 3.

Figure 2. Distribution of samples from Cohort 1, training dataset, shown in percentage and with its
respective number of samples enclosed in parenthesis.

Figure 3. Distribution of samples from Cohort 2, test dataset, shown in percentage and with its
respective number of samples enclosed in parenthesis.
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The data from Cohort 1 contains (a) 108 infected samples and 47 uninfected samples
at 4 DPI; and (b) 98 infected samples and 70 uninfected samples at 7 DPI, making a total of
323 samples.

The data from Cohort 2 contains: (a) 76 infected samples and 59 uninfected samples
at 4 DPI; (b) 77 infected samples and 59 uninfected samples at 7 DPI; and (c) 77 infected
samples and 60 uninfected samples at 10 DPI, having 408 samples in total.

The spectrometer used combines three devices: (1) a silicon sensor that operates
between 350 and 1000 nm; (2) an InGaAs sensor that operates between 1001 and 1800 nm;
and (3) an InGaAs sensor that operates between 1801 and 2500 nm. Our model was designed
using only the readings from the first device (the silicon sensor), as this wavelenght is
most commonly found in low-cost equipment. However, a comprehensive comparison of
efficiency among the other sensors data was also carried out.

3. Methodology

In this paper, we utilized samples from Cohort 1 to train our model and subsequently
tested the model with data from Cohort 2, which can be considered unseen in the sense that
it was not used in the training. This approach provides the benefit of having training and
testing data that were collected and measured independently. Given that the preparation
of mosquitoes and the associated measurements can be quite intricate, this separation of
data aids in ensuring that our model can generalize effectively and predict the status of
new samples rather than merely fitting to noise present in the data.

There are two issues concerning the remaining data: its limited number of samples
and its high dimensionality. While excluding samples from Cohort 2 from our training
data exacerbates the challenges posed by the scarcity of data, the benefits of this approach
outweigh the drawbacks. It is essential to demonstrate that our model can generalize
effectively. We employed the k-fold method (k = 10) to validate our model using samples
from Cohort 1 without the necessity of removing them from our training dataset. Note that
the validation data is part of the whole training data, Cohort 1. It is related to k-fold and
used to find the hyperparameters associated to the most efficient k-fold model, which are
used in the learning process of the whole training data generating a single model. The test
data, Cohort 2, is related to the model evaluation.

The k-fold method involves partitioning the data into k distinct folds. We then trained
our model k times, each time excluding one fold from the training data and utilizing it for
model evaluation. The final evaluation metrics are derived from the average of all k models
and the final model is a synthesis of all individual models. In classification tasks, the
predicted class can be determined by the majority vote among all models. It is a common
practice to assess a model using k-fold validation to find out the best hyperparameters
associated the highest accurate k-fold model, which are subsequently used to create a new
single model by training on all folds, i.e., on the whole training data, Cohort 2. If we
obtain a sufficient quantity of data and folds to minimize noise from specific samples, it is
anticipated, according to the theory of generalization [38] that our final model will closely
resemble the amalgamation of the original k models.

3.1. Applying LDA

To address the dimensionality issue, we eliminated data that contributes minimal
information. Our dataset, which consists of absorbance measurements against wavelength,
was expected to reveal some level of linearity since the data is being classified over a contin-
uous range. This property allowed us to utilize Linear Discriminant Analysis (LDA) [39,40]
as a feature extractor, effectively handling dimensionality challenges. LDA works by trans-
forming the axes of our parameters into new dimensions that enhance class discrimination.

27



Trop. Med. Infect. Dis. 2025, 10, 308

Its primary objective is to identify a projection axis that maximizes the variance between
classes while minimizing the variance within each class. By transforming the data in this
way, it became possible to distinguish between classes using fewer parameters, which
means we could confidently discard some of the original data elements. For a visual
comparison, see Figure 4, which illustrates the spectral band from 350 to 1000 nm for both
infected and non-infected mosquitoes.

Figure 4. Example of the difference between the average spectrum of the mosquitoes infected and
not-infected with ZIKV. This graph plots the result of the spectroscopy (intensity of light) versus the
measured wavelengths (350 to 1000 nm).

The idea behind LDA is to transform our parameter axes in new ones that best discrim-
inate our classes. The main focus of the LDA is to separate the classes by jointly maximizing
the distance between their centers and minimizing the variance of each individually. This
concept can be seen in Figure 5, where a new axis that indicates an optimization towards
the discrimination between the classes is generated.

Figure 5. Illustrative example of a new axis generated by LDA.
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We employed the LDA algorithm to derive new features from our dataset. In clas-
sification scenarios involving C classes, the LDA algorithm yields C − 1 axes that most
effectively differentiate the classes. Given that the current problem only encompasses
2 classes (infected or not), the LDA algorithm produced merely 1 axis. Consequently,
our model could only identify a threshold line along this axis and classify based on that
threshold. A limitation of this method is its inability to address non-linearity, which
could enhance the algorithm’s effectiveness. To overcome this limitation, we selected a
reduced wavelength range of (350, 1000] nm, corresponding to the ith intensity vector
xi = [x(1), . . . , x(650)], and partitioned it into twenty-six non-overlapping windows, each
with intervals of 25 wavelengths, resulting in ranges of (350, 375], . . ., (975, 1000] nm. We
generated LDA models for each window’s associated data, denoted as LDA1, . . . , LDA26,
plus one more LDA model obtained from the entire interval, denoted as LDAall, and ap-
plied the vector window to its corresponding LDA coordinates, thereby producing the
projection of the vector window in LDA space. The twenty-seven projections were con-
catenated to form the feature vector, [x′1, . . . , x′26, x′all]. This vector consists of an axis that
optimally discriminates each vector window plus the entire interval. Each axis can still be
utilized to classify each window plus the whole interval based on a threshold, but they can
also indicate the reliability of these classifications through the distance from the threshold.

After obtaining the feature vector by concatenating the projections from LDA, we
utilized a Support Vector Machine (SVM) for data classification, which yields the output
yi corresponding to xi. The entire system, named as LDA + SVM, can be seen in Figure 6,
showing the training and test sets are performed using Cohort 1 and Cohort 2 datasets,
respectively. The LDA models for feature extraction used in test phase are the same
generated during the training.

Figure 6. Block diagram of LDA + SVM approach and training and test setups.
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3.2. SVM for Classification

The Support Vector Machine (SVM) [41–44] is an exceptionally powerful and widely
utilized algorithm. It has the capability to replicate the outcomes of more complex models
while utilizing simpler ones. This characteristic enables the algorithm to manage a greater
number of parameters with a reduced amount of data, demonstrating increased resilience
against the curse of dimensionality [42] and overfitting.

The fundamental concept of SVM involves utilizing the hyperspace of input param-
eters to identify the optimal hyperplane that separates two classes. This hyperplane is
designed to maximize the margin between the classes, which is determined by the support
vectors. Support vectors are the data points that lie on the margin of the hyperplane.
Furthermore, this margin classifier is capable of addressing non-linearly separable classes
by transforming the data into a higher-dimensional space φ, which is practically executed
through kernel functions, with the most prevalent being polynomial and radial basis ker-
nels. We utilized the new vector generated from the LDA algorithms as input for a Support
Vector Machine (SVM) with a polynomial kernel. By employing a non-linear kernel, our
model gains additional complexity. The SVM aims to identify the hyperplane that best
separates the data. As previously mentioned, our new vector represents the projection of
each window along the axis that distinguishes it most effectively while also conveying the
reliability of each discriminant. Essentially, the SVM aligns with the geometric structure of
our data.

4. Results

The experimental results were generated by applying the proposed LDA + SVM
system in the restricted wavelength range of 350 to 1000 nm for all subsets of the whole
dataset (training and test), considering all different DPIs, and the composite performance
using five evaluation metrics commonly applied to classification problems. A performance
comparison between the three sensor ranges represented in the dataset plus the VIS spec-
trum was also evaluated. This second part of the results considered only the test set. The
findings from the LDA + SVM approach considering the wavelength range from 350 to
1000 nm can be found in Tables 2 and 3.

Table 2. LDA + SVM (350 to 1000 nm) stratified in 4, 7, and 10 DPI, where C1TR stands for Cohort 1
train, C1VS for Cohort 1 k-fold validation, C2HT for Cohort 2 head/thorax, and C2AB for Cohort 2
abdomen, where TPR, SPC, PRC, ACC, F1S, are True Positive Rate, Specificity, Precision, Accuracy,
F1-Score, respectively.

Dataset TPR (%) SPC (%) PRC (%) ACC (%) F1S (%)

4 DPI

C1TR 100.0 100.0 100.0 100.0 100.0

C1VS 100.0 ± 0.0 93.5 ± 10.3 96.5 ± 6.3 97.6 ± 4.2 98.1 ± 3.5

C2HT 100.0 86.4 90.5 94.1 95.0

C2AB 100.0 95.0 96.2 97.8 98.1

7 DPI

C1TR 100.0 100.0 100.0 100.0 100.0

C1VS 100.0 ± 0.0 93.7 ± 9.6 94.8 ± 7.9 96.9 ± 4.8 97.2 ± 4.3

C2HT 100 93.2 95.1 97.1 97.5

C2AB 94.8 100 100 97.1 97.3
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Table 2. Cont.

Dataset TPR (%) SPC (%) PRC (%) ACC (%) F1S (%)

10 DPI

C1TR - - - - -

C1VS - - - - -

C2HT 98.7 98.3 98.7 98.5 98.7

C2AB 94.8 100 100 97.1 97.3

Table 3. LDA + SVM (350 to 1000 nm) with no DPI stratification, where C1TR stands for Cohort 1
train, C1VS for Cohort 1 k-fold validation, C2HT for Cohort 2 head/thorax, and C2AB for Cohort 2
abdomen, where TPR, SPC, PRC, ACC, F1S, are True Positive Rate, Specificity, Precision, Accuracy,
F1-Score, respectively.

No DPI Stratification (%)

Dataset TPR (%) SPC (%) PRC (%) ACC (%) F1S (%)

C1TR 100.0 100.0 100.0 100.0 100.0

C1VS 100.0 ± 0.0 91.8 ± 7.2 95.3 ± 4.3 96.9 ± 2.8 97.5 ± 2.2

C2HT 99.6 92.7 94.6 96.6 97.0

C2AB 98.3 96.7 97.4 97.6 97.8

Table 2 presents the stratified results from the metrics True Positive Rate (TPR), also
known as Recall and Sensitivity, Specificity (SPC), Precision (PRC), Accuracy (ACC), and F1-
Score (F1S). Comparing the results displayed in Tables 1 and 2, i.e., comparing two different
models, it is observed that the proposed method attained a better TPR, which means a
lower number of false negatives (FN) in almost all cases, except for C2HT at 10 DPI and
C2AB at 7 and 10 DPI. However, considering the balanced accuracy

(
TPR + SPC

2

)
in these

three exceptions, the proposed method performed better, representing a certain balance
between the percentages of true positives (TP) and true negatives (TN) within the actual
classes. It is worth noting that a lower FN means the error of predicting infected mosquito
as uninfected is reduced. Applying the same rationale, the SPC in the three exceptional
cases is higher in the proposed method, meaning that the number of false positives (FPs) is
lower, which represents a higher percentage of truly infected among all infected predictions.
One important remark is that the model was trained without mosquitoes at 10 DPI, so this
group of mosquitoes with higher balanced accuracy indicates a good generalized model,
which can also be confirmed by observing the ACC metric for the C2HT dataset at 4 and 7
DPI, reaching 94.1% and 97.1%, respectively, and for the C2AB dataset at 4, 7, and 10 DPI,
reaching 97.8%, 97.1%, and 97.1%, respectively. These results indicate generalization not
only in unseen data but also in data without representation in training.

Table 2, row C2HT, column ACC (%) achieves 94.1% and 97.1% for 4 and 7 DPI,
respectively. Also observing the same Table 2, row C2AB, column ACC (%) achieve 97.8%
and 97.1% for 4 and 7 DPI, respectively. Furthermore, the same row and column for 10 DPI
achieves 97.1%.

Table 3 presents the same results of Table 1 without DPI stratification, which is the
statistics to be considered whenever this approach is applied in a field situation. For
datasets C2HT and C2AB, no metric was lower than 92%, while the metrics TPR and F1S
reached over 97%. Comparing the metrics in the same model, TPR values were higher
than PRC with over 94%, indicating that the number of FP is higher than FN, and that the
proposed model is more likely to find an infected mosquito than to miss it.
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In order to analyze the proposed approach in different wavelength ranges, an exper-
iment was devised applying the LDA + SVM method to the spectrum range concerning
the original spectrometer silicon sensor from 350 to 1000 nm, InGaAs sensor 1 from 1000
to 1800 nm, and sensor 2 from 1800 to 2500 nm. In addition to that, the visible spectrum
range, from 400 to 750 nm, was also added to the experiment. The results are presented in
Table 4 for the test datasets C2HT and C2AB encompassing all the metrics (TPR, SPC, PRC,
ACC, and F1S) with no DPI stratification. It can be noticed that the range originally chosen
to develop the proposed model hit the higher performance in all metrics, probably because
this spectrum range carries the most discriminative information to fulfill the task.

Table 4. Comparing different wavelength ranges associated to the original spectrometer sensors
(350–1000 nm, 1001–1800 nm, and 1801–2500 nm) and visible light (400–750 nm) without classifying
mosquitoes into DPI for test datasets within Cohort 2 for head/thorax scans and within Cohort 2 for
abdomen using TPR, SPC, PRC, ACC, and F1S metrics.

Range (nm) TPR (%) SPC (%) PRC (%) ACC (%) F1S (%)

Cohort 2 Head/Thorax

350–1000 99.6 92.7 94.6 96.6 97.0

1001–1800 90.4 41.6 66.7 69.1 76.8

1801–2500 98.3 36.0 66.5 71.1 79.3

400–750 (VIS) 93.5 88.2 91.1 91.2 92.3

Cohort 2 Abdomen

350–1000 98.3 96.7 97.4 97.6 97.8

1001–1800 84.3 37.8 63.4 63.9 72.4

1801–2500 97.4 52.2 72.3 77.6 83.0

400–750 (VIS) 97.4 75.6 83.6 87.8 90.0

The second best range in terms of performance was the visible light, which showed
higher predictive accuracy compared to InGaAs sensors 1 and 2 ranges, except for TPR in
the range from 1800 to 2500 nm for both datasets. However, it was better than the InGaAs
sensor 2 in both exceptions considering the balanced accuracy. Commercial instruments
comprising the range of the silicon sensor and VIS are the cheapest available options with
an average price of US $1500, while the InGaAs sensors 1 and 2 can cost up to US $32,000
(the models investigated were L/300-1100, L/400-740, N/900-1700, and N/900-2500 on
simtrum.com). It is worth remembering that the proposed model, LDA + SVM model, was
not trained with 10 DPI data nor abdomen measurements, i.e., the model was built without
knowing any 10 DPI and abdomen data samples; however, it achieved performance above
approximately 95% in these data strata.

5. Conclusions

The findings from this research indicate that it is feasible to detect Zika virus-infected
mosquitoes using limited spectral data. This approach could potentially be executed with a
more affordable device compared to the traditional Labspec spectrometer. As a result, it
opens the door for the development of a budget-friendly IoT solution that can be utilized
effectively in the field and improve surveillance of vector-borne diseases.

Reverse Transcription quantitative polymerase chain reaction (RT-qPCR) and standard
PCR are the traditional technique for virus detection in mosquitoes [24,32,35]. However, it
comes with several drawbacks: it is quite expensive, particularly for large-scale programs
that require the analysis of thousands of samples, and it is time consuming and requires
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skilled personnel to operate. On the other hand, although it can be automated to provide
results in real-time, the traditional NIR spectrometer currently in use for mosquito charac-
terization (Labspec 4i) measures wavelengths from 350 to 2500 nm and requires more than
US $60,000 as an overlay cost for a spectrometer. These drawbacks limit its applicability in
many field settings. Our findings indicate smaller instruments with a smaller band width
provide similar results as the traditional benchtop instruments. This is consistent with Taka-
hashi and colleagues’ recent findings that demonstrated that a miniaturized spectrometer
(NIRvascan) with wavelengths from 900–1700 nm is comparable to the LabSpec instrument
for age grading and predicting mosquito blood feeding history [45]. Our findings suggest
that a spectrometer with wavelengths from 350 to 1000 nm will provide similar results
for detecting viruses in mosquitoes. Although cheaper spectrometers may have lower
SNR, raising doubts about the noise robustness of the proposed system, the conclusion
of [45] indicates equivalent discriminatory capacity of real data using cheaper equipment
compared to more expensive ones.

The proposed LDA + SVM method demonstrated superior generalization in the
classification of mosquitoes at 10 DPI when compared to the original approach examined in
this study. The data for mosquitoes at 10 DPI and abdomen measurements are considered
unseen, as they were not used during the training phase. The addition analysis of different
ranges concluded that the VIS region on its own achieved slightly lower predictive accuracy
than the range from 350 to 1000 nm, although the commercial equipment have similar costs.
The key takeaway is that the proposed method achieves performance levels comparable to
those reported in [36], while utilizing significantly less wavelength information.

Given the challenges associated with capturing and infecting mosquitoes, our training
dataset is limited in sample size. To enhance the reliability of the statistical information, it is
advisable to expand the dataset, preferably incorporating sampling infected and uninfected
mosquitoes at different time points post-infection. This approach is expected to yield a
more effective training model and potentially improve the accuracy of the system.

Further investigation into hyperparameter optimization and the removal of outliers is
a logical next step, as the data has not been thoroughly explored. Future endeavors will
also involve the development of a cost-effective IoT device to facilitate these readings and
to implement our model in the field.
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Abstract

The objective was to conduct a review and meta-analysis of questionnaire-based surveys
of dengue knowledge, attitudes, perceptions, and practices (KAP)s among the general
public in Sri Lanka as no prior island-wide survey existed. The electronic database PubMed
and other bibliography were searched for literature on dengue questionnaire-based KAP
surveys in Sri Lanka from 2000–2023. Data pertaining to the three domains were extracted
from sixteen eligible articles, pooled, and analyzed separately using random effect models.
Meta-analyses of the three domains were performed using R version 3.6.3. The population
surveyed (8955) was <0.045% of the total Sri Lankan population. The publication frequency
increased over time and surveys were distributed in Colombo and suburbs 43.7% (7/16),
Kandy 25% (4/16,) Gampaha 12.5% (2/16), and 6.3% (1/16) one each in Kurunegala,
Matara, Batticaloa, and Jaffna. Knowledge on dengue transmission, vector breeding,
and fever as a symptom was >80%, while on vector species, preferred feeding times,
recurrence of dengue it was > 55% and on warning signs of severity it was 25%. Attitudes
towards community participation in dengue prevention activities and knowledge of dengue
risk factors (avoidance of aspirin and dark colored drinks) were poor, while practice
of control measures (removal of water collecting receptacles, roof-gutter management)
lacked regularity.

Keywords: dengue; knowledge; attitudes; practices; Sri Lanka

1. Introduction

Dengue fever, a mosquito-borne viral infection, stands as the most widespread and
rapidly expanding arboviral infection globally [1]. The illness presents as a spectrum of
disease manifestations and is categorized into dengue fever (DF) with or without warning
signs and severe dengue which includes Dengue Hemorrhagic Fever (DHF)/Dengue Shock
Syndrome (DSS) and severe organ impairment as defined by the World Health Organization
(WHO) 2009 [2]. The global incidence of dengue has markedly increased over the past two
decades [3]. Currently, over half the global population is at risk in 129 countries, with an
estimated 10,000 deaths and 100 million symptomatic infections per year [4]. Thus, dengue
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is an ever-present threat to human health in tropical and subtropical regions of the world
where the mosquito vectors Aedes aegypti and A. albopictus thrive. Approximately 70% of
the global burden of dengue is estimated to be in Asia [3].

Sri Lanka is a tropical island nation (population 22 million) situated in the Indian
Ocean comprised of nine administrative provinces and 26 districts. Among the Asian
countries with a high dengue burden, Sri Lanka ranks amongst the world’s 30 most
endemic countries [5]. Following the first serological confirmationof dengue in Sri Lanka
in 1962, multiple island-wide outbreaks of DF with cases of severe dengue (DHF, DSS)
and deaths occurred [6–9]. The magnitude of dengue epidemics increased from early
2000 onwards, with large epidemics documented in years 2002, 2004 and 2017 [8]. In 2005,
the National Dengue Control Unit (NDCU) of the Ministry of Health was established to
curb the escalating burden of dengue cases [8]. The NDCU implemented dengue prevention
programs at district and national level. Pivotal to the sustainability of dengue control is
involvement of the community. Thus, improving public awareness, attitudes, and practices
on all aspects of dengue has been the focus of social mobilization programs conducted
by the NDCU [8]. Activities include declaration of dengue mosquito control week/s,
production and dissemination of dengue information, education, and communication (IEC)
material to the public aimed at enhancing or creating awareness on preventive strategies
and to promote early health-seeking behavior [8]. The communication for behavioral
impact (COMBI) approach was implemented to encourage specified behaviors (removal of
breeding sites and early medical attention for fever) to target groups (housewives, school
principals and teachers, dengue prevention committees and dengue patients) with key
messages comprising weekly inspections and clearance of vector breeding sites in home,
school, and work environments, seeking treatment for fevers of over two days from a
qualified medical doctor and avoidance of anti-inflammatory drugs [8]. These promotional
activities mostly happen periodically in anticipation of or during an outbreak of dengue.
The impact of these societal interventions has been studied in Sri Lanka via questionnaire-
based surveys on KAPs targeting specified communities or subpopulations who were
perceived as high-risk groups (school children) or were important in implementation
of control strategies (housewives, school teachers, and youth organizations). However,
an island-wide survey or a review of dengue KAPs has not reported to date. Thus, the
objective was to conduct a review of the literature on questionnaire-based dengue KAP
surveys in Sri Lanka with meta-analysis of the three domains.

2. Materials and Methods

2.1. Search Strategy

A search of the PubMed database was conducted on the 28 December 2023 to iden-
tify relevant literature from year 2000 onwards using relevant Medical Subject Headings
(MeSH) terms “Dengue/epidemiology”, “Dengue/prevention & control”, “Sri Lanka”, and
variations of “Knowledge, Attitudes, and Practices.” Additional search techniques were
employed to broaden the search. These techniques included searching within titles and
abstracts, incorporating alternative keywords and phrases, and exploring related articles
and citations. The search was expanded to include terms such as “survey”, “questionnaire”,
“prevention”, and “treatment” within titles and abstracts. We also used wildcards and
truncation to capture variations of terms, ensuring that our search was not restricted by
specific wording. The titles and abstracts of the search output were screened independently
by two investigators (Nilmini Chandrasena and Nayana Gunathilake) for relevance and
eligibility based on inclusion criteria. In the event of controversy, a third investigator
(Ranjan Premaratna) was consulted.

37



Trop. Med. Infect. Dis. 2025, 10, 189

2.2. Inclusion Criteria

The inclusion criteria comprised of cross-sectional studies with quantitative data
on dengue-related KAPs were conducted in Sri Lanka and utilized questionnaire-based
methodologies. The titles and abstracts of the articles were screened by three authors and
those not meeting the inclusion criteria were excluded.

2.3. Data Extraction for Analysis

Two investigators (Deshaka Jayakody and Nilmini Chandrasena) performed data
extraction in which DJ extracted data into a pre-formed data extraction template while NC
cross-checked the extracted data. The data extracted were the reported outcomes of survey
questions addressing any of the KAP domains per study. Outcomes reported as percentages
were converted to numbers where necessary. Survey items across studies were categorized
under the three domains. The items under the knowledge domain included knowledge
on viral etiology, transmission, vector bionomics, symptoms of infection, warning signs of
severity, re-infection events, preventive, and management measures (hydration, avoidance
of aspirin and dark colored drinks or food). Items under the attitudes domain included
perceptions of severity, treatability, preventability, treatment-seeking behaviors, support for
premise inspection, and participation in community clean-up activities. The items under
the practices domain included practice of individual protection measures (mosquito nets,
repellants) and activities pertaining to prevention of mosquito breeding (environmental
clean-up, covering water-holding containers, clearance of roof gutters). A table was created
to organize data, accounting for variability in study tools and surveyed items.

2.4. Meta-Analysis of Data in the Three Domains

There were differences in the number of questions in the surveys. We, therefore,
considered each question as a separate outcome and conducted the analysis. To assess
the collective outcome of each question within KAP surveys, we conducted a separate
meta-analysis. Heterogeneity between studies was evaluated using the I2 statistic and the
Cochran Q test. A random-effects meta-analysis of proportions was conducted to calculate
pooled estimates, accounting for heterogeneity [10]. Inverse variance weighting and the
DerSimonian–Laird method were used to pool the estimates [11]. Statistical analyses were
performed (Dileepa Ediriweera) using R version 3.6.3. The “meta” package was used for
meta-analyses of proportions. The “dmetar” package was used to identify outliers and
influential studies.

3. Results

A total of 93 articles were obtained from the PubMed search using MeSH terms. Addi-
tionally, 11 more articles were found through bibliography and Google Scholar searches,
adding up to a total of 105 articles. Of these, 88 were excluded, as these were determined
to be irrelevant to KAP studies and/or Sri Lanka. Ultimately, a total of 16 articles were
included in the review (Figure 1).

Questionnaire-based KAP surveys on dengue were published from 2012 onwards
in Sri Lanka with only five surveys being reported during the first six years of scrutiny
(2012–2017) compared to eleven studies being documented over the subsequent six years
(2018–2023). The majority of the studies were conducted in urban and semi-urban areas
in the districts of Colombo and suburbs 43.7% (7/16,) Kandy 25% (4/16), and Gampaha
12.5% (2/16), while the districts of Kurunegala, Matara, Batticaloa, and Jaffna reported a
single study each. The population screened for dengue KAPs in Sri Lanka was a minority
(0.045% n = 8955). Specified populations were mostly targeted such as community members
residing in high-endemic areas (seven studies, n = 4667), high-risk populations such as
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school children (two studies, n = 2331), undergraduates (single study, n = 384), hospital-
based studies on patients receiving indoor care for dengue (two studies, n = 332) outpatients
(single study, n = 500), parents of children hospitalized for fever (single study, n = 86)
and subpopulations involved in implementing control, such as housewives (single study,
n = 400), school teachers (single study, n = 105), urban youths (single study, n = 150),
(Table 1).

 

Figure 1. Flowchart of papers included in the review.

Table 1. Publications included in the review on dengue knowledge, attitudes, and practices surveys
in Sri Lanka.

Author Article Title Year
Region of
Sri Lanka

Sample
Size

Age Group
Study
Population

Main Outcomes of
the Study

Chanyasanha
et al. [12]

Factors influencing
preventive behaviors for
dengue infection among
housewives in Colombo,
Sri Lanka

2015 Colombo
municipality 400 20+ Housewives

69.2% had dengue
knowledge
91.5% positive attitudes
58.5% preventive
knowledge

Disanayaka et al. [13]

Knowledge, attitudes,
and practices (KAP)
about dengue
prevention among
residents in Ratmalana
medical officer of
health area

2017 Attidiya North 312 18+

Community
members
(Ratmalana
MOH area)

>90% had dengue
knowledge
>90% positive attitudes to
early medical attention
and source reduction
65% participation in
environmental clean ups
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Table 1. Cont.

Author Article Title Year
Region of
Sri Lanka

Sample
Size

Age Group
Study
Population

Main Outcomes of
the Study

Gayathri et al. [14]

Knowledge, attitudes,
and practices towards
dengue among
undergraduate students
at a University in
Sri Lanka

2021 University
of Peradeniya 384 20–30 Undergraduate

students

40–60% in health-related
faculties had satisfactory
knowledge
<20% in non-health-related
faculties had satisfactory
knowledge
Overall, 60.9% had
fair-satisfactory
practice scores

Gunadhasam
et al. [15]

Knowledge, attitudes,
and practices on dengue
prevention among
secondary school
students in university
community project area

2021 Batticaloa
District 137 14–16 Secondary

school students

68.6% had good
knowledge
67.9% had good practices
44.5% had poor attitudes

Gunasekara et al. [16]

Knowledge, attitudes,
and practices regarding
dengue fever in a
suburban community in
Sri Lanka

2012 Colombo district 349 <20–55+

Community
members
(Boralesgamuwa
MOH area)

58% had satisfactory
knowledge score (>70)
37% had satisfactory
attitudes (score > 75)
85% had good practices;
(score > 70)

Jayalath et al. [17]

Knowledge and
attitudes regarding
dengue fever among the
outdoor patients of the
teaching hospital
Peradeniya, Sri Lanka

2018 Teaching hospi-
tal Peradeniya 500 20–70

Outpatients at
Teaching
Hospital
Peradeniya

46.5% had
>average knowledge

Jayawickreme
et al. [18]

A study on knowledge,
attitudes, and practices
regarding dengue fever,
its prevention and
management among
dengue patients
presenting to a tertiary
care hospital in Sri
Lanka

2021 Colombo 132 13+ Dengue patients
at SJH

62% had dengue
prevention awareness
51% had dengue
management awareness

Kumanan et al. [19]

A study on knowledge,
attitudes, and practices
regarding dengue
among hospitalized
patients from Northern
Sri Lanka

2018 Jaffna 200 12+
Dengue patients
at Teaching
Hospital Jaffna

>90%–had early
health-seeking behavior,
Prevention, mostly
avoidance of mosquito
bites, with low focus on
source reduction

Nazeer et al. [20]

Awareness of dengue
fever among the urban
youth in Colombo and
its Suburbs, Sri Lanka in
November 2014

2015 Colombo
and suburbs 150 16–25 Urban youth

48% knew dengue
specific features
Awareness on substances
to avoid during illness;
66% NSAIDS
16% unspecified food
items
32% believed in papaya
leaf extract therapy

Pavithra et al. [21]

Awareness, attitudes,
and preventive
measures practiced
towards dengue fever
by the teachers of three
schools in Colombo
District

2015 Colombo District 105 20–60 Teachers in the
Colombo District

20% had good knowledge
68% had fair knowledge
12% poor knowledge
65% regarded prevention a
self-responsibility

Perera et al. [22]

Household-based
survey on knowledge,
attitudes, and practices
towards dengue
infection and prevention
in a semi-urban area
(Ja-Ela MOH Area)

2021 Gampaha
District 510 18+ Ja-Ela MOH Area

Good awareness; 56.5%,
Good attitudes; 52.9%,
Good practices; 50.7%

Radhika et al. [23]

Level of awareness of
dengue disease among
school children in
Gampaha District, Sri
Lanka, and effect of
school-based health
education programs on
improving knowledge
and practices

2019 Gampaha
District 2194 13–15 School children

Knowledge prior to health
education (HE)
Good; 46.3%
Excellent; 3%
After HE 41.8% had
excellent knowledge
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Table 1. Cont.

Author Article Title Year
Region of
Sri Lanka

Sample
Size

Age Group
Study
Population

Main Outcomes of
the Study

Rajapaksha et al. [24]

health-seeking
behaviors, dengue
prevention behaviors
and community
capacity for sustainable
dengue prevention in a
highly dengue-endemic
area, Sri Lanka

2023 Kurunegala
District 496 18–70

Community in a
high-
endemic region

Preventive behaviors;
19.2%
Early medical attention;
44.6%

Udaynga et al. [25]

Comprehensive
evaluation of
demographic,
socio-economic and
other associated risk
factors affecting the
occurrence of dengue
incidence among
Colombo and Kandy
Districts of Sri Lanka: a
cross-sectional study

2018 Colombo
and Kandy 2000 0–55+

Community in
high dengue
incidence regions

dengue affected groups
(test)
had better knowledge on
illness, than dengue-non-
affected (control)

Udayanga et al. [26]

Socio-economic,
knowledge, attitudes,
and practices (KAP),
household related and
demographic based
appearance of
non-dengue infected
individuals in high
dengue risk areas of
Kandy District,
Sri Lanka

2018 Kandy District 1000 15–55+
Non-infected
individuals in
high-risk regions

Dengue knowledge;
good-medium except in
Kundasale and Kandy
municipality
Good preventive measures
and
high
environmental cleanliness

Wickremasinghe
et al. [27]

Knowledge, attitudes,
and practices of a
selected group of
parents on pre-hospital
management of fever in
children in a
dengue-endemic area of
Southern Sri Lanka

2021

Teaching
Hospital
Karapitiya and
District General
Hospital, Matara

86 20–40+

Parents of
children with
fever
hospitalized at
Teaching
Hospital
Karapitiya and
District General
Hospital, Matara

Dengue risk awareness
27.9%,
55.8 knew NSAIDs were
best avoided but 32.56
preferred NSAIDs for
fever management
89.53% knew hydration
was important

3.1. Study Tool Validity and Reliability

The study tools utilized were validated and pre-tested in three studies [12,14,22], only
pre-tested in five [13,16,23,28,29], and only validated in four [18,19,24,30] studies. Two
studies reported the reliability of the study tool by calculating the Cronbach’s α coefficients
with scores ranging from 0.83–0.98 [12,24]. The questionnaires were self-administered
(n = 8) or interviewer-administered (n = 7) while one was administered online via a social
media-network.

3.2. Knowledge Domain

Meta-analysis of the knowledge domain indicates that the Sri Lankan popula-
tion in urban and suburban areas had good (≥80%) knowledge on transmission as-
pects of dengue [13,16,17,19,21,22,25,26], vector bionomics which included breeding
preferences [14,16–18,20,23,25,26] the day-biting nature of vectors [15–19,22,26], and viral
etiology [14,26]. The knowledge of mosquito vector species was 55% [13,16,17,19–22,25,26],
but the vector adaptations to breed in brackish and polluted water were limited [13,14].
Knowledge of dengue as a febrile infection was good (>80%) [13–17,19–22,26]. However,
knowledge of other symptoms (abdominal pain, rash,) or severity indicators such as
low-urine output and bleeding manifestations was low (25%) (Table 2).

Knowledge of the potential for recurrence of dengue due to multiple viral serotypes
[13,17–19,26] and association of outbreaks with rainy season was >60% [14–16,22]. Less
than half (41%) were aware that there was no specific medicine to cure dengue [15,18,20].
The awareness of dengue risks was surprisingly low (27.9%) in some high-endemic res-
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idential environments [25,27]. Factors affecting the knowledge domain were level of
education [12,13,17–19,22], family income [12,17,22], and past dengue experience [22,25].
Media (television and radio broad casts) were preferred sources of information [13,16,19],
while newspapers, schools, and health personnel also contributed [13,16,19] (Table 2).

Table 2. Meta-analysis of the knowledge domain in dengue KAP surveys (2000–2023) in Sri Lanka.

Dengue Transmission Knowledge No. Studies Total Sample Size Correct Responses Iˆ2
Random-Effects Model

(95% CI)

Dengue is mosquito-borne 8 7255 6324 99.8% 87.3% [64–99.4%]
Vector species 7 5991 4322 99.4% 55.0% [34.7–74.5%]
Biting times of vector 7 5828 3647 98.5% 66.4% [52.8–78.8%]
Vector breeding characteristics 8 6128 5690 97.8% 88.8% [81.1–94.7%]
Disease knowledge
Viral etiology 2 4384 3768 0% 86% [84.9–87%]
Serotypes 1 4000 2468 NA 61.7% [60.2–63.2%]
Febrile infection 8 6141 5514 99.7% 80.1% [53.1–97.2%]
Other dengue symptoms 2 462 98 98.9% 25.4% [0.3–70.%]
Recurrence of dengue 5 5144 3850 97.5% 0.68.4% [56.1–79.4%]
No specific medicine 3 419 180 97.4% 41.5% [15.4–70.4%]
Papaya leaf extract does not cure 2 282 113 78.6% 39.7% [27.7–52.3%]
Association with rainy season 4 1380 794 99.5% 65% [28.5–93.5%]

3.3. Attitudes Domain

Attitudes towards perceived dengue severity with potential for fatality [15,17–19],
susceptibility regardless of age [13], treatability [13,17], preventability [19], early treatment-
seeking behavior from qualified medical practitioners [13,14,17,20–22,24], support for
premise inspection and fogging [15,22,26] were positive (>75%) (Table 3). Attitudes to-
wards maintaining hydration during illness [13,14,19,21,22] were average (>55%). Only
a minority had positive attitudes towards Ayurveda (5%), while beliefs on papaya leaf
extracts to cure dengue had more acceptability (32% were strongly positive and 22% were
positive) [17,20]. Negative attitudes were reported with regard to the perceived onus of
dengue control activities, with 73.6% perceiving it as the government’s responsibility [12,22],
35% perceiving it as individual’s responsibility [14], and 58% perceiving it a shared re-
sponsibility between the state and individuals [17,22] (Table 3). Factors having a positive
impact on attitudes domain were high family income, male gender, past dengue experience,
employment status, and health awareness programs tailored for specific demographic
groups [12,22–24].

Table 3. Meta-analysis of the domain of attitudes in dengue KAP surveys (2000–2023) in Sri Lanka.

Illness Perceptions/Management No. Studies Total Sample Size Correct Responses Iˆ2
Random-Effects Model

(95% CI)

Dengue fatality 4 969 833 97.5% 83.1% [64.3–95.9%]
Preventable 1 200 152 NA 76.% [69.5–81.7%]
Susceptibility regardless of age 1 312 305 NA 97.8% [95.43–99.1%]
Treatable 2 812 758 93.7% 94.5% [86.4–99.2%]
Early treatment from a medical practitioner 7 2472 1929 98.4% 82.4% [68.7–92.9%]
Ayurveda as initial treatment 1 500 26 NA 5.2% [3.4–7.5%]
Hydration/oral fluids 5 1102 615 99% 56% [25.9–83.9%]
Control is the government’s responsibility 2 894 558 99.8% 73.6% [6.8–100.%]
Control is a self-responsibility 1 120 42 NA 35.% [26.5–44.2%]
Control is both individual and state responsibility 2 1010 584 96.3% 58.% [41.9–73.3%]
Support for premise inspection and/fogging 3 1647 1226 79.9% 75.3% [69.7–80.%]

3.4. Practices Domain

The practice of mosquito source reduction measures such as clearance of water collect-
ing receptacles outdoors [15,16,18,21,24], covering water tanks, wells and containers [12,15],
and cleaning and scrubbing outdoor water-holding containers [15–17,19,21,22,24,26] was
good (>70%), but management of indoor breeding sites was barely adequate (<60%)
[13,22,24] (Table 4). The management of roof gutters was less than adequate (44.5%) [17,24].
Personal protection methods were practiced by <55%; these include the use of mosquito
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nets 45.7% [15,17], mosquito coils 43.8% [15,17,19,26], repellants 19.3% [17,19] insecticides
27% [17,19,22] and protective clothing 54.7% [15] (Table 4).

Table 4. Meta-analysis of the practices domain in dengue KAP surveys (2000-2023) in Sri Lanka.

Preventive Practices No. Studies Total Sample Correct Responses Iˆ2
Random-Effects Model

(95% CI)

Scrubbing water containers 8 3312 2483 99.3% 72.4% [52.5–88.6%]
Remove water in outdoor
receptacles 5 1234 1041 87.1% 86% [79.7–91.3%]

Remove water in indoor receptacles 3 1318 776 99.3% 58.3% [26.0–87%]
Roof-gutter management 2 996 444 95.3% 44.5% [30.7–58.8%]
Cover wells and tanks 2 537 478 0.0% 89.1% [86.3–91.6%]
Use mosquito nets 4 5100 2286 85.3% 45.7% [40.5–51%]
Protective clothing 1 137 75 NA 54.74 [46–63.3%]
Mosquito coils 3 4700 2930 99.4% 43.8% [16.9–72.8%]
Insecticides 3 1210 364 93.0% 27% [17.8–37.3%]
Repellant use 2 700 212 99.2% 19.3% [0- 63.2%]
Physical rest 2 696 492 94.6% 71.7% [56.3–84.9%]
Paracetamol as antipyretic 3 896 499 89.3% 57.3% [47.2–67.2%]
Avoid NSAIDs 2 849 269 96.8% 32.9% [16.6–51.7%]
Avoid dark colored drinks 3 981 267 99.5% 37.1% [2.6–82.8%]

Except for physical rest implemented by 71.1% [13,14], other practices related to
home-based care of dengue patients were barely adequate (<60%); paracetamol for fever
management was 57.3% [13,14,19], avoidance of non-steroidal anti-inflammatory drugs
(NSAID)s was 32.9% [16,17], and avoidance of dark colored drinks was 37.1% [13,17,18]
(Table 4). Factors influencing positive practices were age (25–30 years), dengue knowl-
edge, positive attitudes, family income, unemployment (practices were better among the
unemployed), and past dengue experience [12,22] (Table 4).

4. Discussion

This review provides an overview of dengue KAP studies conducted in Sri Lanka from
2000–2023. Although the number of studies included in this review was low, this review is
the first to report an overall assessment of dengue KAPs in Sri Lanka. On comparison with
dengue KAP reviews in the region, the number of studies in Sri Lanka was similar in range
to that of Philippines but low compared to Malaysia and high compared to Thailand [28–30].
The population screened was just a minority.

Meta-analysis of the knowledge domain indicates that the Sri Lankan population in
urban and suburban areas had good (≥80%) knowledge on transmission dynamics and
viral etiology and febrile nature of dengue infection. (see Table 2). These knowledge rates
were much higher than those reported for the Southeast Asian region [31]. Awareness of
basic illness features of dengue in Sri Lanka (flue-like illness) was consistent with studies
in the region (Philippines, Laos) [28,32]. The low knowledge (25%) on severity indicators
such as rash, abdominal pain, and bleeding manifestations was similar to a report in Laos
where most (>70%) knew that dengue caused fever but only 18.2% knew of rash, and 3% of
bleeding tendencies [32].

The knowledge gaps on warning signs could lead to delayed hospitalization and
fatalities. Good public knowledge on dengue transmission may be attributed to the consis-
tent efforts of the Ministry of Health and NDCU to educate the general public on dengue
prevention during or prior to outbreaks. The high literacy rates (males, 93.63% and females,
91.3%) particularly in the urban and suburban settings perhaps play a role in the assimi-
lation of the core health messages. These findings are consistent with studies reported in
Vietnam, Malaysia, and Tamil Nadu [33–35]. In contrast, in the Philippines, the level of
education was inversely associated with dengue knowledge [28].

Health education is an important component of dengue control as a correlation with
increased mortality and low dengue knowledge has been documented [30]. Deficiencies
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noted on home-management aspects such as avoidance of NSAIDS and dark colored
drinks and foods such as coke, coffee, and chocolate require more focus in awareness
programs. Therefore, developing a national communication strategy that is consistent
and timely to build long-term national awareness is suggested. Positive attitudes towards
dengue severity perceptions and management in Sri Lanka were similar to those reported in
Vietnam, Nepal, and Yemen [33,36,37]. Seeking early medical assistance (Western medicine)
was comparable to Philippines, Vietnam, and Tamil Nadu [28,33,35]. In contrast, a study in
Malaysia reported that only 50.8% would seek medical assistance if a child with dengue
was restless or lethargic [29].

Despite the low faith in Ayurvedic treatment, positive beliefs on papaya leaf extracts
were reported. Complimentary substances such as papaya leaf extracts with reported
platelet-increasing properties were highly used in Malaysia and the Philippines [29,38].
The negative attitude towards dengue control responsibilities in Sri Lanka was similarly
reported in the Philippines, Vietnam, and Tamil Nadu [28,33,35]. However, attitudes
towards supporting premise inspection and fogging were positive (>75%) in Sri Lanka.
Conduction of awareness programs in schools and other educational institutes on a regular
basis may be an option for instilling a sense of community responsibility and thereby
improve attitudes among the younger generations [23]. The value of school-based health
education programs for dengue control has been widely reported in the literature [39,40].

The practice of source reduction measures was mostly limited to house and garden
premises and lacked regularity [13,16]. Public areas such as roads, sidewalks, and neigh-
boring premises were not attended due to time constraints and or fear of disrupting public
relations. Attention to water collecting receptacles indoors (58.3%) and management of roof
gutters (44.5%) was less than adequate. Regional disparities were noted in application of
preventive practices with certain regions focusing more on individual protection methods,
or source reduction while some practiced both [12,13,16,19,25]. Public satisfaction was re-
portedly low regarding the state control efforts [20,21]. Instead of penalizing the public for
not clearing vector breeding sites in their properties, a more community-friendly approach
by the local authorities is suggested, particularly in clean-up of state-owned public places.
Regular removal of solid waste (weekly or biweekly) by the municipality is mandatory to
maintain environments free of clutter. The COMBI approach needs to be reinforced and
strengthened to motivate the public to change their risk-behaviors.

5. Limitations

The study outcomes may not be representative of dengue KAPs in the general pop-
ulation of Sri Lanka as most surveys targeted specific populations. The variations of the
study tools (questionnaires) may have affected the outcome of the review while the com-
prehensiveness of the literature search may have been limited by the selectivity of MESH
terms used in the search. The responses in the domains of attitudes and practices may have
been influenced by social desirable bias. Temporal changes on knowledge and behaviors
patterns were not analyzed as targeted populations differed.

6. Conclusions

Knowledge on dengue transmission and basic illness features among the general
public of Sri Lanka was good, but there were notable gaps in the knowledge domain on
dengue severity indicators and risk factors. Negative attitudes towards dengue control
responsibilities, deficiencies in home-based care practices, and irregularity in removal
of breeding sites (source reduction practices) were the gaps identified in attitudes and
practices domains. Geographic disparities in KAP surveys suggest less focus on peripheral
districts that are now reporting dengue cases. These geographic gaps need to be addressed
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by policymakers and researchers in the future. Concerted efforts are required to bridge the
identified gaps. The need for a national communication strategy on dengue that is consis-
tent and timely to build long-term national awareness, a dedicated communication expert,
community-capacity building programs for provision of technical skills in maintenance of
environments is recommended. Reinforcing the COMBI approach to motivate the public to
change their risk-behaviors and the integration of dengue control with other vector-borne
disease control programs are suggested for cost-efficacy.
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Abstract: Insect-borne viruses may account for a significant proportion of non-malaria
and non-bacterial febrile illnesses in Liberia. Although the presence of many arthropod
vectors has been documented, the collective burden of arbovirus infections and baseline
pre-existing immunity remains enigmatic. Our goal was to determine the seroprevalence of
arbovirus exposure across the country using a resource-sparing, multiplex immunoassay
to determine IgG responses to immunodominant antigens. 532 human serum samples,
from healthy adults, collected from 10 counties across Liberia, were measured for IgG
reactivity against antigens of eight common flavi-, alpha-, and orthobunya/nairoviruses
suspected to be present in West Africa. Approximately 32.5% of our samples were reactive
to alphavirus (CHIKV) E2, ~7% were reactive separately to West Nile (WNV) and Zika
virus (ZIKV) NS1, while 4.3 and 3.2% were reactive to Rift Valley Fever virus (RVFV) N
and Dengue virus-2 (DENV-2) NS1, respectively. Altogether, 21.6% of our samples were
reactive to ≥1 flavivirus NS1s. Of the CHIKV E2 reactive samples, 8.5% were also reactive
to at least one flavivirus NS1, and six samples were concurrently reactive to antigens of
all three arbovirus groups, suggesting a high burden of multiple arbovirus infections for
some participants. These insights suggest the presence of these four arbovirus families
in Liberia with low and moderate rates of flavi- and alphavirus infections, respectively,
in healthy adults. Further confirmational investigation, such as mosquito surveillance or
other serological tests, is warranted and should be conducted before initiating additional
flavivirus vaccination campaigns. The findings of these studies can help guide healthcare
resource mobilization, vector control, and animal husbandry practices.

Keywords: arbovirus; cross-reactivity; IgG; Liberia; microsphere immunoassay; serosurveillance

1. Introduction

The country of Liberia is situated on the lower southwestern tip of West Africa with
a population of approximately 5.3 million people living within 15 counties covering

Trop. Med. Infect. Dis. 2025, 10, 92 https://doi.org/10.3390/tropicalmed10040092
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111,370 sq. km. It borders the North Atlantic Ocean to the west, and neighbors Sierra
Leone, Guinea, and Côte d’Ivoire [1]. Emerging from more than a decade of civil wars
and the recent 2014–15 Ebola virus outbreak, the country is actively engaged in imple-
menting infrastructural improvements to its public health sectors to better manage future
biothreats [2]. As part of the pandemic preparedness strategy, active surveillance for human
pathogens is being conducted to construct current circulation patterns and natural histories
of viral infections in the country. Such comprehensive studies are crucial for guiding
government policies, mobilizing healthcare resources, and advising animal husbandry
practices in the event of an outbreak.

Given the high number of arbovirus infections in West African nations, mosquito- and
tickborne viruses may account for a large proportion of non-malaria and non-bacterial
febrile illnesses in Liberia. Such etiologies are severely under-reported as they are fre-
quently undiagnosed, misdiagnosed, or not recognized if asymptomatic [3,4]. The last
documented serological study in Liberia, published in 1986, noted a seropositivity rate of
16 and 22% arbovirus-specific antibodies in both epilepsy patients and control participants,
respectively [5]. No countrywide survey for common arboviruses has been conducted
in Liberia since before the Liberian civil wars. In addition to Anopheles sp., many com-
petent Aedes and Culex sp. vectors are found in Liberia [6]. Considering that the level
of urbanization has reached 53% [7] and land use reform has resulted in a deforestation
rate of 2% per year prior to 2018 [8], significant landscape changes may contribute to the
distribution/adaptation of arbovirus vectors into new habitats, thus expanding the region
where the vectors, and the viruses they carry, are found. As mosquito- and tickborne
viruses have different lifecycles and reservoir hosts, the ecological niche of these viruses
will likely vary across different Liberian counties, from urban and rural communities to
coastline regions and neighborhoods bordering other countries.

The purpose of our study is to document the distribution of eight major arboviruses
by serology: West Nile virus (WNV), Usutu virus (USUV), Yellow Fever virus (YFV),
Dengue virus-2 (DENV-2), Zika virus (ZIKV), Chikungunya virus (CHIKV), Rift Valley
Fever virus (RVFV), and Crimean-Congo Hemorrhagic Fever virus (CCHFV). The non-
structural protein 1 (NS1) from the flaviviruses, the envelope 2 protein (E2) from CHIKV,
the nucleoprotein (N) from RVFV and glycoprotein c (Gc) from CCHFV were selected as
analytes for our multiplex immunoassay (MIA) panel due to their immunodominance
leading to high assay sensitivity and virus specificity [9–11]. Serum samples used in this
study represent 10 different counties with varying levels of urbanization, spanning the
most populous cities to more rural/forest-covered regions of the country. Additionally,
seven collection sites share borders with three other West African countries, which provides
valuable information on the regional distribution of these arboviruses.

2. Materials and Methods

2.1. Ethical Statement and Sample Collection

Protocols for this study were reviewed and approved by the Institutional Review
Boards of the University of Hawai‘i at Mānoa, the University of Liberia, as well as the
National Research Ethics Review Board of Liberia (NREB). All work was conducted in
accordance with institutional and governmental guidelines and regulations. De-identified,
archived samples (n = 193) were previously collected from consented, healthy adults
(18–80 years of age) in the four counties most heavily affected by the 2014/2015 Ebola Virus
Disease outbreak: Montserrado, Margibi, Grand Bassa, and Bong. Additional archived
human blood samples (n = 200), from a Lassa Fever study, originating in Bong, Lofa, Nimba,
and Grand Bassa county, as well as prospective samples (n = 199) from Grand Cape Mount,
Gbarpolu, Grand Gedeh, and River Gee county, were also tested. Approximately 5–10 mL
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of blood was drawn by venipuncture into BD vacutainer tiger top tubes (BD, Accra, Ghana)
from each participant. Sera were separated onsite by centrifugation at 1000–2000× g for
10 min and aliquoted into cryovial tubes prior to immediate freezing in a mobile −80 ◦C
freezer. Samples were transported at temperatures below −20 ◦C to the University of
Liberia Fendall Mobile Laboratory for storage at −80 ◦C until analysis.

2.2. Antigen

Stably transformed cell lines expressing the flavivirus (USUV [strain SAAR-1774],
DENV-2 [strain TSV01], and ZIKV [strain H/FP/2013]) NS1 and alphavirus (CHIKV
[strain Senegal 37997] E2 were generated, generally as previously described [12,13].
Briefly, codon-optimized synthetic genes (IDT, Coralville, IA; and Twist Biosciences,
San Francisco, CA, USA) were inserted downstream of an inducible metallothionein (MT)
promoter in plasmid vectors pMT-BiP (Invitrogen, Waltham, WA, USA) or pUHM (propri-
etary). Drosophila S2 cells were transfected with the appropriate selection marker using
Lipofectamine-based transfection reagents (Invitrogen, Carlsbad, CA, USA) and cultured
in the presence of hygromycin (InvivoGen, San Diego, CA, USA) until stable cell growth
was observed. Cell lines were induced with 200 μM copper sulfate, and antigen expression
was determined using SDS-PAGE and immunoblot using a 6x-his-tag secondary antibody
(Thermofisher Scientific, Waltham, WA, USA).

Recombinant antigens were purified from clarified cell culture supernatants using a
HisTrap FF column (Cytiva, Marlborough, MA, USA). Optimized purification protocols,
using a single or double imidazole elution step, were developed for each antigen to achieve
maximum purity. Select fractions containing the antigen were pooled, buffer-exchanged
into PBS, and stored at −80 ◦C until use. Purity for all internally produced antigens was
≥90% as estimated by SDS-PAGE.

Drosophila S2-expressed WNV NS1 and CCHFV Gc were gifted by Hawai‘i Biotech
Inc. (Honolulu, HI, USA), and YFV NS1 (cat no. YFV-NS1-100) and RVFV N (cat no.
REC31640-100) were purchased from the Native Antigen Company (Oxford, UK). The
reactivity of each antigen was confirmed using a panel of arbovirus IgG reference sera
(provided by the Vector Borne Disease Branch of the US Centers for Disease Control and
Prevention, and the United States Department of Agriculture) by Western blot.

2.3. Arbovirus Microsphere Panel

Antigens were coupled to spectrally distinct MagPlex-C Microspheres (Luminex
Corporation, Austin, TX, USA) using a modified, two-step carbodiimide reaction based on
the manufacturer’s protocol. A total of 25 μg of each antigen was covalently coupled to
the surface of 5 × 106 microspheres. The antigen-conjugated microspheres were stored in
800 μL of PBS-TBN buffer (PBS with 0.1% bovine serum albumin Fraction V, 0.02% Tween-
20, and 0.01% sodium azide (Sigma-Aldrich, St. Louis, MO, USA) at 2–8 ◦C until use.

2.4. Microsphere Immunoassay

IgG seroreactivity of human serum samples to each of the eight arbovirus antigens and
BSA as the negative antigen control was measured using a multiplex microsphere-based
immunoassay (MIA) as described previously [13]. The MagPix instrument was calibrated
with reference beads prior to each use. Serum samples were initially diluted to 1:100 with
PBS+ 1% BSA and 0.02% Tween 20 (PBS-BT) and added to the arbovirus microsphere
panel (1:200 suspended in PBS-BT) 1:1 in black-sided 96-well plates in duplicates. The
antibody-bead complex was allowed to form for 3 h at ambient temperature (32–35 ◦C)
with agitation. After two PBS-BT wash steps, 50 μL of 1 μg/mL red phycoerythrin (R-PE)-
conjugated goat anti-human IgG antibodies (Jackson ImmunoResearch, Inc., West Grove,
PA, USA) were added to each well and incubated at ambient temperature with agitation
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for 1 h. Finally, after another series of wash steps and resuspension in MAGPIX® drive
fluid, the median fluorescence intensity (MFI) was measured using a MAGPIX® Instrument
(Luminex Corporation, Austin, TX, USA). Samples with coefficient of variation percent
(CV%) values of >15% or with low bead counts (below 50 beads per region) were retested.

2.5. Statistical Analysis

Samples with high background, i.e., a MFI of 1500 or greater for BSA and all other
analytes, were removed from further analysis. MFI cutoff for high seroreactivity was
determined using a Gaussian mixture model to identify clustering of low, medium, and
high MFIs [14]. Values were log-transformed, and the maximum likelihood estimation for
normal clusters of a specified number of components was determined using the Expectation-
Maximization (EM) algorithm within the (mixR) package on R software (v 4.3.1) [15]. The
number of components for each distribution was increased until a clear high MFI clus-
ter was distinguishable. The vertical intercept between the left tail of the high MFI and
the right tail of the adjacent normal curves was set as the cutoff for highly seroreactive
samples (Figure S1A). The assay background was determined using the mean MFI of
BSA + 3 standard deviations. Individual antigen analyte cutoffs of low-medium seroreac-
tivity were determined using the mean MFI of samples showing no specific reactivity to
any analyte + 3 standard deviations. Although not available for every analyte, the cutoff
demarcating highly seroreactive samples was verified using positive reference sera.

To resolve the signal interference caused by cross-reactivity between the USUV, WNV,
YFV, DENV-2, and ZIKV NS1s, ratios for each analyte were generated by dividing each of
the flavivirus NS1 MFIs by the NS1 MFIs of interest for each participant sample [9]. This
yielded a single relative MFI (rMFI) ratio of 1.0, where the numerator and denominator
values are the same analyte, and four other ratios of either <1.0 or >1.0 for the other fla-
vivirus NS1 analytes (Figure S1B). Samples with monotypic reactivity for a single flavivirus
NS1 had a ratio of 1.0 for the analyte corresponding to the probable etiology of the primary
infection and had relative ratios of <0.5 for the other four flavivirus NS1 analytes. Samples
with reactivity to two or more flavivirus NS1s, defined as having two rMFI ratios ≥ 1.0,
were categorized as having had multiple flavivirus infections. To determine the distribution
of flavivirus infections by county (Table 1), only the strongest flavivirus NS1 response was
considered. In the case of samples having multiple NS1 reactivities above the established
cutoff, the NS1 analyte with the highest MFI was selected, while the other NS1 MFI values
were removed from the tally. Only a single NS1 analyte contributed to the final count. Sam-
ples with multiple flavivirus NS1 rMFI ratios >1 were enumerated and counted separately
(Table 2).

Graphical representation was plotted using Prism, GraphPad Software (v10.0.1),
(San Diego, CA, USA).

3. Results

Archived samples from 393 healthy adult participants from Montserrado, Margibi,
Grand Bassa, Bong, Nimba, and Lofa counties were collected in 2021 to survey the sero-
prevalence of Ebola and Lassa virus after the 2014 Ebola Virus Disease and annual Lassa
Fever outbreaks. To gain greater resolution and to provide a contrast to the urban coun-
ties with large population centers (Figure 1A), 199 samples were prospectively collected
from participants inhabiting Grand Cape Mount, Gbarpolu, Grand Gedeh, and River Gee
counties. These four counties are comprised primarily of rural communities, with lower
population densities, and border the countries of Sierra Leone, Guinea, and Côte d’Ivoire
(Figure 1A,B).
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Figure 1. Distribution of arbovirus seroreactivity in 10 counties across Liberia. (A) Population
distribution of Liberia per square kilometer. The image was generated with ArcGIS Online, using
the 2016 Liberian Population Density layer, generated by the USAID Liberia, available on the online
service. (B) Selected counties where participant serum samples originated. Each selected county is
displayed in a different color. (C) Curated distribution of arbovirus antigen reactivities by county.
The black dotted line indicates the background signal of BSA + 3 STDEV. The black dashed line
indicates the analyte-specific assay cutoff determined by using the mean MFI of samples showing no
specific reactivity to any analyte + 3 STDEV. The red solid line indicates the Gaussian mixture model
cutoff for highly seroreactive samples. Where available, the red dotted line indicates the MFI value of
a PCR-confirmed, arbovirus-positive reference sera.
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Table 1. Individual Count, Percentage by County and Countrywide Total of Highly Seroreactive
Samples to Each Arbovirus Antigen.

County n
USUV
NS1

WNV NS1 YFV NS1 DENV-2 NS1 ZIKV NS1 RVFV N CHIKV E2
CCHFV

Gc

Grand Cape
Mount 49 1

(2.0%)
3

(6.1%) - - 2
(4.1%)

2
(4.1%)

13
(26.5%)

1
(2.0%)

Gbarpolu 50 1
(2.0%)

9
(18.0%)

1
(2.0%) - 4

(8.0%)
1

(2.0%)
12

(24.0%) -

Lofa 50 1
(2.0%)

3
(6.0%)

1
(2.0%)

1
(2.0%)

5
(10.0%)

1
(2.0%)

22
(44.0%)

1
(2.0%)

Bong 79 1
(1.3%)

8
(10.1%)

1
(1.3%)

1
(2.0%)

5
(6.3%)

5
(6.3%)

29
(36.7%) -

Montserrado 51 1
(2.0%)

3
(5.9%)

1
(2.0%)

7
(13.7%)

1
(2.0%) - 5

(9.0%)
1

(2.0%)

Margibi 40 1
(2.5%)

4
(10.0%)

1
(2.5%)

2
(5.0%)

3
(7.5%)

2
(5.0%)

11
(27.5%) -

Grand Bassa 66 1
(1.5%)

6
(9.1%) - 4

(6.1%)
3

(4.5%)
4

(6.1%)
20

(30.3%)
1

(1.5%)

Nimba 48 1
(2.1%)

2
(4.2%) - - 6

(12.5%) - 21
(43.8%) -

Grand Gedeh 49 3
(6.1%)

1
(2.0%)

1
(2.0%)

1
(2.0%)

4
(8.2%)

3
(6.1%)

17
(34.7.0%)

4
(8.2%)

River Gee 50 1
(2.0%)

2
(4.0%)

1
(2.0%)

1
(2.0%)

5
(10.0%)

5
(10.0%)

23
(46.0%)

1
(2.0%)

Countrywide
Total 532 12 41 7 17 38 23 173 9

Percentage - 2.3% 7.7% 1.3% 3.2% 7.1% 4.3% 32.5% 1.7%

- indicates no seroreactivity detected.

Table 2. Probable count, percentage by county, and countrywide total of single and multiple
arbovirus infections.

County n
Single

Flavivirus
Infection

Multiple (≥2)
Flavivirus
Infections

Total
Flavivirus
Infection

Single Flavivirus
w/CHIKV
Infection

Multiple Flavivirus
w/CHIKV
Infection

CHIKV
with RVFV
Infection

CHIKV
with

CCHFV
Infection

Grand Cape
Mount 49 6

(12.2%) - 6
(12.2%)

2
(4.1%) - - -

Gbarpolu 50 13
(26.0%)

2
(4.0%)

15
(30.0%)

6
(12.0%) - 1

(2.0%) -

Lofa 50 9
(18.0%)

2
(4.0%)

11
(22.0%)

4
(8.0%) - 1s

(2.0%) -

Bong 79 11
(13.9%)

5
(6.3%)

16
(20.3%)

8
(10.1%)

4
(5.1%)

3 (1s)
(3.8%) -

Montserrado 51 12
(23.5%)

1
(2.0%)

13
(25.5%)

1
(2.0%)

1
(2.0%) - 1m

(2.0%)

Margibi 40 7
(17.5%)

4
(10.0%)

11
(27.5%) - 2

(5.0%)
1

(2.5%) -

Grand Bassa 66 11
(16.7%)

3
(4.5%)

14
(21.2%)

4
(6.1%)

2
(3.0%) - 1m

(1.5%)

Nimba 48 9
(18.8%) - 9

(18.8%)
4

(8.3%) - - -

Grand
Gedeh 49 7

(14.3%)
3

(6.1%)
10

(20.4%)
2

(4.1%)
2

(4.1%) - 3
(6.1%)

River Gee 50 10
(20.0%) - 10

(20.0%)
3

(6.0%) - 2 (1s)
(4.0%)

1s

(2.0%)

Countrywide
Total 532 95 20 115 34 11 8 6

Percentage - 17.9% 3.8% 21.6% 6.4% 2.1% 1.5% 1.1%

- indicates no seroreactivity detected. ns indicates the number of people with a single flavivirus infection
and nm indicates the number of people with multiple flavivirus infections with CHIKV and either RVFV or
CCHFV infections.

Of the 592 serum samples tested, 60 samples were removed from the analysis due to
excessively high background signals and non-specific binding to all analytes, including
BSA, which is used as a negative analyte control and is present in all assay buffers. Samples
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removed from the analysis showed either signs of hemolysis or had high lipid content;
however, a few samples were aberrantly reactive without any visible signs of compromised
sample integrity. A total of 532 samples yielded consistent MFI values with a low back-
ground signal. Gaussian mixture modeling of log-transformed MFI values was used to
identify low, medium, and high MFI clusters that were used to establish cutoffs distin-
guishing highly seroreactive samples apart from adjacent lower MFI clusters (Figure S1A).
Samples with MFIs greater than the cutoff value were considered highly seroreactive and
likely to have antigen-specific antibodies for the detected analyte.

Cross-reactivity between the flavivirus NS1s (homology ranging from 45 to 76%),
which yields MFIs above the set cutoffs for multiple flavivirus analytes, could result in
duplicate counting. This was controlled for by using rMFI ratios, where the MFI of each
flavivirus NS1 analyte is divided by the MFI of the NS1 of interest (Figure S1B). Reactivity to
a single NS1 analyte indicates that a participant has had only a primary flavivirus infection,
whereas reactivity to two or more NS1 analytes suggests multiple flavivirus infections.
Table 1 displays the total count of sample reactivities to all arbovirus analytes countrywide
and sorted by county. Here, only the tally of single flavivirus was counted. In the event a
serum sample is reactive to two or more flavivirus NS1s, the analyte with the highest ratio
was selected for the final count, and its corresponding MFI readouts for the other flavivirus
NS1s were removed from the tally.

Overall, a third of our serum samples (32.5%) were reactive to the CHIKV E2, sug-
gesting a moderate seroprevalence for alphaviruses in the Liberian population. This was
followed by reactivities to WNV NS1 at 7.7% and ZIKV NS1 at 7.1%. Lower seroprevalence
was observed for RVFV N at 4.3% and DENV-2 NS1 at 3.2%. While at much lower rates,
IgG against USUV NS1, YFV NS1, and CCHFV Gc were also detected. The presence of
these antigen-specific antibodies suggests that at least eight arboviruses may have or are
currently circulating in Liberia.

Table 2 displays the count of samples with single flavivirus and multiple arbovirus
reactivity. Approximately 17.9% of our samples were reactive to only a single flavivirus
analyte, while 3.8% were reactive to two or more flavivirus NS1s. Co-reactivities for
both DENV-2 and ZIKV NS1s were the most common. Altogether, over a fifth of our
samples (21.6%) were reactive to at least one flavivirus NS1. Of the samples reactive to
CHIKV E2, 6.4% and 2.1% were also reactive to either a single or multiple flavivirus NS1(s),
respectively, for a total of 8.5% co-exposure. Similarly, approximately 1–2% of CHIKV E2
reactive samples were also reactive to either RVFV N or CCHFV Gc, and six samples were
reactive to at least one analyte from three virus families with no pattern based on location.

4. Discussion

This report provides the first published update on the epidemiological situation of ar-
bovirus infections in Liberia since 1986 [5]. Our pilot study uses a multiplex immunoassay
based on serum reactivity to immunodominant, recombinant antigen from eight highly
relevant arboviruses, and a statistical modeling approach using MFI signal clustering, to de-
termine if the spatial differences in arbovirus antigen reactivity can be seen in 532 archived
and prospective serum samples collected from 10 counties.

Overall, arbovirus infections appear to be widespread throughout the country. Ap-
proximately 60% of our samples were reactive to at least one arbovirus analyte. Notably,
there is a moderate to low degree of alphavirus and flavivirus seroprevalence. The most
prevalent infection appears to be from an alphavirus (CHIKV), followed by WNV, ZIKV,
RVFV and finally DENV-2; altogether suggesting endemic circulation of these arboviruses
in Liberia. There is also a low rate of dual reactivity to antigens from both alphaviruses
and flaviviruses in some samples; with six samples reactive to antigens of three arbovirus
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families, indicating a potentially heavy burden of mosquito-borne diseases for a few indi-
viduals. After accounting for possible cross-reactivity, evidence of YFV, USUV, and CCHFV
infections was found, with approximately one sample per county, with some exceptions,
seroreactive to these antigens; however, it is not clear whether this indicates active endemic
transmission rather than cross-border transmission from neighboring countries [16–18].
The primary vectors for all these arboviruses (Aedes aegypti, Culex pipiens, Hyalomma spp.,
respectively) are present in Liberia [6,19].

The arboviral landscape of Liberia reported here aligns with large-scale, mosquito-
borne disease outbreaks and serological evidence of flavi-, alpha-, and orthobunya-
/nairoviruses documented in this region [20–31]. Antibodies to CHIKV have been re-
ported in individuals from Liberia and Sierra Leone since 1977 [32], and was cited as
a cause of acute febrile illnesses in Sierra Leone [30] and Guinea [33]. Our report of
32.5% seroprevalence for CHIKV is consistent with the 31.2% reported in Mali [34], and the
38.5–54% reported in Senegal [35,36]. CHIKV E2 reactivity may also be attributed to, or at
least in part, by O’nyong’nyong virus (ONNV), a closely related but divergent alphavirus,
transmitted by Anopheles mosquitoes [37]. The E2 antigen of CHIKV and ONNV shares
87% homology. Neutralization tests performed with ONNV on CHIKV IgM+ samples
in Sierra Leone suggest that ONNV may be predominant in West Africa [30], and a 2003
outbreak in neighboring C te d’Ivoire makes this notion highly plausible that ONNV
cross-reactivity may contribute to the high rate of CHIKV E2 reactivity in our assay [38].
While we attempted to include ONNV E2 in our analysis, the purity of our antigen was
~25%, which resulted in a high background signal in our assay. Together with the high
homology, we could not establish a clear antigen cutoff and thus excluded the ONNV data
set from our final analysis.

By contrast, the IgG seroprevalence to WNV (7.7%) and ZIKV (7.1%) NS1s in our
samples are lower than the rates reported in other countries; however, many of the sero-
prevalence rates reported in the literature are derived from febrile or clinic-based patient
samples and cannot be directly compared. The prevalence rates of WNV antibodies
in febrile patients in Mali were reported to be 39% [39], and upwards of 40% in Sierra
Leone [40]. In healthy children and adults in Ghana, the rate of WNV-specific IgG was
~30% overall. By comparison, ZIKV seroprevalence in Mali was 12% [41] and 25.8% [34]
for afebrile and febrile participants, respectively, while the average IgM seroprevalence of
febrile patients in Guinea was about 14.7% [42].

While RVFV has been detected in animals in Senegal, Guinea, and C te d’Ivoire [43–46],
the prevalence of infection in humans appears to vary depending on the region sampled [47]
and on the occupation of the individual, with higher infection rates found in those working
with livestock [48]. The overall seroprevalence of RVFV in Africa was reported as 7.9% [49]
and is comparable to our rate of 4.3%.

Molecular evidence of all four DENV serotypes has been recorded in Senegal, Burkina
Faso, Ghana, Sierra Leone, and C te d’Ivoire, where the viruses are endemic [20,31,50–55].
Similarly, much of the seroprevalence of DENV reported in the literature is derived from
febrile patients; however, the distribution of these infections is likely heterogeneous de-
pending on the region sampled [56]. Between 69.2 and 78.6% of febrile hospital patients in
Ghana and Sierra Leone were determined to have been infected with DENV [57,58]. One
study in Mali, via random household sampling, reported a seroprevalence rate of 77.2%
based on virus neutralization tests [34]. Comparatively, the DENV-2 NS1 seroprevalence
rate of 3.2% in our study is much lower. The higher rates for flavivirus NS1 reactivity in the
literature could be partially attributed to the difficulty in distinguishing flavivirus cross-
reactivity, especially in the case of multiple flavivirus infections, using commercial ELISA
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kits. Furthermore, our DENV NS1 analyte, derived from DENV-2, may not capture the full
extent of all DENV serotype infections, especially from low-titer convalescent samples.

It is evident, though, that highly DENV-2 NS1 reactive samples appeared to largely
cluster in the central coastal counties of Liberia with the majority coming from Montserrado
and Grand Bassa counties, which have urban or semi-urban settings along the Atlantic
Ocean. The lower coastal elevation, slightly warmer climate, and contribution of salinity-
adapted Aedes aegypti may explain the urban distribution of DENV-2 observed in this
study [59,60]. This mosquito species is the primary vector for DENV and is found com-
monly in anthropophilic settings [6]. It is also noted that no RVFV N reactive samples were
detected from Montserrado County, which supports the observation that RVFV is primarily
a rural disease [61]. While both Aedes and Culex spp. are susceptible to RVFV infection,
transmission by Aedes aegypti appears to be host-dependent [61,62] and unlikely in an
urban setting, as ruminant hosts are less likely to be present [61]. Similarly, CHIKV reactive
samples were more prevalent outside of Montserrado County and may be attributed to the
greater presence of Aedes albopictus, which is typically found in rural settings [63], and is
a more competent vector for CHIKV than Aedes aegypti [64]. The dichotomy of DENV-2
and CHIKV seroprevalence may be explained by the preferred habitats of these two Aedes
spp. [65]. Although less prominent, a similar trend was observed with ZIKV infections,
as only a single reactive sample originated in Montserrado County. The contribution
of CHIKV and ZIKV transmission from the sylvatic cycle by Aedes albopictus and Aedes
africanus is a possible factor for their predominance in rural settings [25,66]. In terms of
total flavivirus infections, there appears to be an even spread across the country, whereas
individuals with both flavivirus and alphavirus (CHIKV) infection appear more frequently
outside the urbanized Montserrado and Margibi counties. Lastly, there is a trend of more
WNV infections occurring west of Nimba County. Although Aedes spp. are competent
vectors for WNV transmission, Culex spp., especially Culex quinquefasciatus, predominate
as the primary source of transmission in Africa [67]. This seroprevalence pattern suggests
that the distribution of arboviruses may be determined by the type of mosquito hosts that
inhabit certain ecological niches created by terrain, climate, and level of urbanization.

Precautions were taken to ensure valid measurements and accurate classification
within our data set, however, there are some limitations to be considered. (1) A portion of
samples, especially those archived, were deidentified or lost, and thus, sociodemographic
data could not be analyzed to establish potential risk factors. (2) Systematic household
sampling was not possible in every circumstance; thus, a portion of sera were collected
on a voluntary basis at a single community center in the county. This sampling bias
could subtly influence our results, as some samples were collected only from those who
could travel to the collection site. However, our non-healthcare-based sample pool of
healthy adults may capture asymptomatic and underreported cases that would otherwise
be missed. (3) Although most of our samples yielded clear readouts with low background
interference, we had to exclude some samples during our quality control screening due to
poor sample integrity. This reduced our sample size by 10%. Timely sample processing
is critical for settings where access to laboratory equipment is not feasible within a few
hours after collection. It is recommended that blood samples be processed as soon as
possible and immediately transported/stored between −20 and to −80 ◦C. (4) Our assay
relied on IgG reactivity to immunodominant antigens. While this enables better specificity
compared to traditional ELISA methods and allows for evaluation of antibody binding in
the context of other similar antigens, NS1 cross-reactivity still limits the resolution required
to distinguish the etiology of multiple flavivirus infections. Virus neutralization tests will
be required to corroborate our results; however, this is exceedingly difficult to accomplish
in-country due to the lack of appropriately equipped biocontainment facilities, assay
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reagents, and skilled personnel. The utility of this microsphere immunoassay stems from
its high-throughput capacity to quickly and widely survey for the presence of antibodies
in humans or animals [68] against certain pathogens as routine disease surveillance or in
response to an outbreak situation. As IgG binding-based assays are not as definitive as
neutralization tests, the addition of Aedes and Culex spp. to ongoing mosquito surveillance
can help corroborate the presence of these specific arboviruses in the country. (5) Lastly,
our YFV NS1 analyte is unable to discriminate wt-YFV infection from responses generated
with vaccination-attenuated YFV-17D. While the countrywide YF vaccination coverage had
dropped below 60% between 2014 and 2015, current coverage is estimated to be ~78–92%
in 2022. Our results can only be interpreted as baseline YFV immunity rather than the
prevalence of YFV infections.

5. Conclusions

Our analysis provides a critical update of baseline arbovirus immunity in Liberia.
We show low and moderate rates of flavi- and alphavirus infections, respectively, in
healthy adults, with more DENV-2 seroprevalence in urban counties and ZIKV and CHIKV
seroprevalence in rural counties. The seroreactivity rates for RVFV and CCHFV are also
low relative to other African countries. This alludes to the role of various mosquito vectors
in arbovirus distribution, thus careful speciation of Aedes, Culex, and Anopheles (for ONNV)
mosquitos may provide further insight into virus transmission patterns. Arbovirus-specific
confirmational tests and/or mosquito surveillance should be conducted before the initiation
of mass vaccination campaigns in the country. The findings of these studies can further help
guide healthcare resource mobilization, vector control, and animal husbandry practices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/tropicalmed10040092/s1, Figure S1: Distribution of Arboviruses
in 10 Counties across Liberia.
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Abstract: Chikungunya fever (CHIKF) is a re-emerging infectious disease caused by the
chikungunya virus (CHIKV), transmitted primarily by Aedes mosquitoes. A significant
number progress to chronic chikungunya arthritis, which shares similarities with rheuma-
toid arthritis (RA). Despite evidence of a link between CHIKV infection and subsequent
RA development, a comprehensive analysis of the relationship between these two diseases
is lacking. This study systematically analyzes the incidence of RA after CHIKV infec-
tion and its immunological mechanisms, following PRISMA guidelines with literature
searches across multiple databases up to 3 September 2024. Eligible studies included
retrospective and prospective designs reporting RA diagnoses after CHIKV infection. Data
extraction was performed independently, and the risk of bias was assessed using appro-
priate tools. Sixteen studies involving 2879 patients were included, with 449 individuals
diagnosed with RA following CHIKV infection, resulting in a combined incidence of 13.7%
(95% CI: 6.12% to 27.87%). High heterogeneity between studies was observed (I2 = 96%),
indicating variability related to diagnostic criteria and population characteristics. This
review highlights the significant RA incidence after CHIKV infection, emphasizing the
need for research on autoimmune mechanisms, long-term rheumatological follow-up, early
diagnostic biomarkers, and CHIKV’s long-term health impacts.

Keywords: chickungunya fever; rheumatoid arthritis; joint disease; autoimmune arthritis

1. Introduction

Chikungunya fever (CHIKF) is a mosquito-borne, viral infection that has re-emerged
in global outbreaks over the past 75 years. First reported in 1952, CHIKF has since
spread to over 100 countries, with over 4 million cases reported, particularly after the
first case in the Americas in 2013 [1,2]. The chikungunya virus (CHIKV), a positive-sense
single-stranded RNA Alphavirus virus is transmitted by Aedes mosquitoes (Ae. aegypti
and Ae. albopictus) [3]. The disease presents with sudden fever, incapacitating polyarthri-
tis, myalgia, rash, headache, and gastrointestinal symptoms, typically 2 to 6 days after
infection [4]. While usually self-limiting, with recovery in 10 days, up to 40% of cases
progress to a chronic phase, chronic chikungunya arthritis (CCA), characterized by persis-
tent or deforming arthritis [5].

Following the global spread from Africa of the vectors of CHIKV, A. aegypti and
A. albopictus, and the increase in international travel, there has been rapid geographic expan-
sion of CHIKV infection. With the resultant increasing CCA cases, better characterization
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of the clinical features of CCA has been possible [6,7]. Within the clinical spectrum of CCA,
some patients present as RA “mimics” with symmetric polyarthritis, morning stiffness,
frequent hand involvement, and in some individuals, positive RA biomarkers. [8–10]. Not
infrequently, these individuals meet ACR (American College of Rheumatology)/EULAR
(European Alliance of Associations for Rheumatology) classification criteria for RA [11,12]
Whether CCA mimics RA or whether CHIKV infection increases the risk of developing
ongoing RA is still a subject of debate.

The similarities between CCA and RA are pathological as well as clinical [5,10,11,13].
RA is a systemic inflammatory disease of multifactorial etiology characterized by chronic
and progressive synovitis [9–11]. RA pathogenesis involves interactions between genetic,
environmental, and immunological factors, resulting in dysregulated immune responses
and chronic inflammation, damaging joints and other organs [10]. Immunophenotyping
of peripheral blood mononuclear cells in RA and CCA reveals a common inflammatory
profile, suggesting shared immunological mechanisms. Viral persistence in joints, detection
of viral genetic material in the synovium, and activation of innate and adaptive immune
responses are mechanisms proposed to explain CCA pathogenesis. Autoimmunity induced
by molecular mimicry or virus-induced tissue damage has also been considered [8,11].

There has long been interest in whether RA is linked to viral infection [12]. For CCA,
there is a fundamental pathogenic question as to whether the arthritis phase results from
persistent viral infection or a post-viral inflammatory process [13,14]. There is also a
question as to whether CCA patients benefit from a disease-modifying treatment strategy,
borrowed from the treatment of RA [11]. For these multiple reasons, we conducted a
systematic review and meta-analysis to evaluate current evidence on the development
of RA following CHIKV infection. We believe that the increasingly available data justify
further investigation of pathogenic similarities between these two diseases and support
CCA therapeutic strategies informed by RA treatment.

2. Materials and Methods

The study protocol was registered in the International Prospective Register of Sys-
tematic Reviews (PROSPERO) (protocol CRD42024585798). This study was conducted
according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) [15] guidelines to address the following question: “What are the character-
istics and incidence of rheumatoid arthritis development in patients after chikungunya
virus infection?”

2.1. Information Sources

We systematically searched PubMed, Cochrane Library, Scielo, LILACS, Web of Sci-
ence, and Scopus for relevant literature published until 3 September 2024. We also incorpo-
rated studies found through manual searches using Google Scholar, gray literature, and
reference lists. Articles in English, Spanish, or Portuguese were included.

2.2. Eligibility Criteria

Retrospective and prospective studies, randomized controlled trials, and case series
reporting diagnosis of RA after CHIKV infection, with clinically and laboratory-confirmed
testing for anti-CHIKV-specific immunoglobulin M (for acute cases) or immunoglobulin G
(post-exposure) detected by enzyme-linked immunosorbent assay (ELISA) or RNA virus
by reverse-transcriptase polymerase chain reaction were included. Studies were excluded
if they did not include laboratory confirmation of CHIKV, did not follow the ACR-EULAR
classification criteria, or presented insufficient data for analysis. We excluded from this
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systematic review: letters to the editor, editorials, review articles, commentaries, preclinical
trials, and papers without relevant data.

2.3. Search Strategy

Search terms included combinations of free-text and MeSH or Emtree terms for CHIK
and RA, including (“Chikungunya virus” (MeSH) OR “Chikungunya fever” (MeSH) OR
“CHIKV” OR “Chikungunya infection” OR “Chikungunya” OR “CHIK” OR “CHIKV”)
AND (“Arthritis, Rheumatoid” (MeSH) OR “Rheumatoid arthritis” OR “Autoimmune
arthritis” OR “RA”). Information about the databases used, search dates, search methods,
and the number of studies retrieved is provided in the Supplementary Materials (Table S1).

2.4. Selection Process

Two independent reviewers (J.K.A. and R.T.S.) screened titles and abstracts based
on the eligibility criteria. Studies with uncertain relevance were included to ensure all
potentially relevant work was considered. Disagreements were resolved through discus-
sion, with a third reviewer involved if necessary. The same process was applied to full-text
reviews, with further evaluation of studies with unclear relevance at the abstract stage.

2.5. Data Collection Process

Independent reviewers (J.K.A. and R.T.S.) extracted data using a standardized form
(Table S2). Afterward, a second reviewer independently verified the data to ensure all
relevant information was included. Any discrepancies were resolved through discussion,
with a third reviewer involved if necessary. The form captured details such as author, pub-
lication year, country, study design, patient demographics, type of chikungunya diagnosis,
number of RA cases, comparators, evaluation measures, symptoms, clinical progression,
and study results.

2.6. Data Items

Data were collected on the following outcomes: the incidence of RA, defined by the
percentage of patients who developed RA after CHIKV infection, as diagnosed by the
authors of the included studies using standard clinical and laboratory criteria; the clinical
and demographic characteristics of patients, including mean age (±standard deviation),
sex (male/female), country of origin, and type of chikungunya diagnosis (acute or post-
exposure), as determined by the detection of anti-CHIKV IgM or IgG antibodies or viral
RNA by PCR; the measures used to assess RA, such as clinical examinations, laboratory
tests, and established diagnostic criteria; the clinical evolution of patients, including descrip-
tions of symptoms, duration of arthritis, clinical progression of the disease, and response
to specific treatments, when applicable; and other relevant outcomes, including any other
relevant findings associated with the development of RA following CHIK infection, as
reported in the included studies.

2.7. Study Risk of Bias Assessment

The risk of bias in the included studies was assessed using tools appropriate to each
study design, focusing on those that confirmed CHIKV infection through serological
tests (IgM/IgG anti-CHIKV) or other validated methods. Two reviewers independently
evaluated the risk of bias using the Newcastle–Ottawa Scale (NOS) for cohort studies, the
Joanna Briggs Institute (JBI) Critical Appraisal Checklist for case series and observational
studies, and the RoB 2.0 tool for randomized controlled trials [16–19].
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3. Results

3.1. Study Selection

A total of 4392 studies were retrieved from the database searches. After exclusion by
reading the titles and/or abstracts and duplicates, only 46 articles were selected for full
reading. Sixteen studies met the eligibility criteria and were included in the systematic
review (Figure 1).

Figure 1. PRISMA flow diagram of search results. PRISMA: Preferred Reporting Items for Systematic
Reviews and Meta-Analyses.

3.2. Study Characteristics

The studies included in this systematic review were conducted in diverse geographical
and epidemiological settings, reflecting the wide geographic distribution of CHIKV infec-
tion and its rheumatological consequences. Two cross-sectional studies were conducted in
Brazil [20] and Colombia [21]. Nine cohort studies included research from Bangladesh [22],
the United States [23], France [24], India [25–27], Colombia [28,29], and Reunion Island [30].
Four case series studies were conducted in the United States [31], France [32], Reunion
Island [33], and Brazil [34]. The randomized controlled trial was conducted in India [35].

3.3. Risk of Bias in Studies
3.3.1. Cross-Sectional and Case Series Studies

Among the cross-sectional studies, both Hayd et al. [20] and Tritsch et al. [21] were
rated as having a moderate risk of bias. These studies showed limitations in controlling
for potential confounding factors that could affect the validity of their findings. Similarly,
among the case series studies, there was variable bias risk. While some case series, such as
Javelle et al. [33], were rated with low risk of bias due to their clear inclusion criteria and
consistent measurement of outcomes, others, including Miner et al. [31], Bouquillard and
Combe [32], and Amaral et al. [34], were assessed as having a moderate risk of bias due to
concerns related to participant selection and the handling of incomplete data.
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3.3.2. Cohort Studies

A significant proportion of the cohort studies (n = 7 of 9) were rated with low risk
of bias. These studies, such as Pollett et al. [23], Manimunda et al. [25], Segura-Charry
et al. [28], Rodriguez-Morales et al. [29], Paul et al. [26], Mathew et al. [27], and Guillot
et al. [30], adhered to rigorous methodological standards, including valid and reliable
measurement of exposures and outcomes, identification and control of confounding factors,
and sufficient follow-up duration to capture relevant outcomes.

Two cohort studies were rated with a moderate risk of bias. Hossain et al. [22] and
Bouquillard et al. [24] had incomplete follow-up and inadequate handling of confounding
factors that could introduce bias into their findings.

3.3.3. Randomized Controlled Trials

The randomized controlled trial by Ravindran and Alias [35] was rated with some
bias concerns using the RoB 2.0 tool. The study was an open-label design, raising potential
bias in the measurement of subjective outcomes. Although the trial demonstrated strength
in areas like randomization and handling of missing data, the open-label nature could have
influenced participant behavior or reporting, leading to “some concerns” about the overall
risk of bias.

The details are reported in the Supplementary Materials.

3.4. Results of Individual Studies

A total of 2879 patients infected by CHIKV were found in the included studies, with
449 diagnosed with RA. The studies differed by location and methods but consistently
identified patients meeting RA diagnostic criteria after infection. Common symptoms
included persistent joint pain, morning stiffness, polyarthralgia, joint swelling, and auto-
antibodies such as rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP).
Severe cases showed bone erosions, synovitis, and required advanced therapies like tumor
necrosis factor (TNF) blockers and other biologics.

For example, Segura-Charry et al. [28] reported that 87 of 410 patients developed RA,
with many requiring biologics therapy due to disease severity. In Guillot et al. [30], 40 of
159 patients had persistent symptoms up to 13 years post infection, highlighting the chronic
nature of RA after CHIKV. Bouquillard and Combe [32] and Javelle et al. [33] demonstrated
the effectiveness of methotrexate (MTX) in alleviating symptoms and slowing disease
progression. Ravindran and Alias found combination therapy with MTX, sulfasalazine,
and hydroxychloroquine (HCQ) more effective than HCQ monotherapy in reducing RA
activity after CHIKV [35].

See Table 1 for details on each study, including diagnosed cases and clinical characteris-
tics.
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3.5. Quality Assessment

Most of the studies included in the systematic review demonstrated good method-
ological quality, with low or moderate risk of bias. The rigorous application of the NOS,
JBI, and RoB 2.0 bias assessment tools allowed for a clear identification of the strengths and
limitations of each study.

3.6. Meta-Analysis

The combined proportion of patients who developed RA after CHIKV infection was
13.7% (IC 95%: 6.12% to 27.87%), based on the random effects model, due to high hetero-
geneity among studies (I2 = 96%, Q = 373.00, p < 0.0001). The graph in Figure 2 presents
the individual estimates of RA proportion for each study, as well as the combined estimate
obtained through the random effects model. After excluding cross-sectional studies and
case series from the meta-analysis, heterogeneity reduced from 96% to 76.8% (Q = 33.4969,
p < 0.0001), indicating better homogeneity among the remaining studies.

Figure 2. Forest plot of proportion of rheumatoid arthritis in patients after chikungunya infection [20–
35].

The analysis only with cohort studies classified as having low risk of bias resulted in
an incidence of rheumatoid arthritis of 17.7% (95% CI: 4.2–31.3%). Although heterogeneity
decreased compared to the full meta-analysis, it still remained high (I2 = 81.07%).

The certainty of the evidence was assessed using the GRADE approach, considering
risk of bias, inconsistency, imprecision, publication bias, and applicability of the results.
For the incidence of RA post CHIKV, the certainty was considered moderate, downgraded
due to inconsistency (I2 = 96%, IC 95%: 6.12–27.87%).

A forest plot showing the proportions of patients who developed rheumatoid arthritis
after chikungunya infection in each study is included in the meta-analysis. The diamond
at the bottom represents the combined proportion with a 95% confidence interval. The
random effects model was used due to the high heterogeneity observed.

4. Discussion

This systematic review is, to our knowledge, the first to explore the relationship be-
tween CHIKV infection and the subsequent development of RA. Despite the heterogeneity
of RA incidence among these studies, the meta-analysis suggests that a significant pro-
portion of patients develop RA after CHIKV infection. However, the observed variability
indicates that factors such as population characteristics, diagnostic methods, and follow-
up duration may influence results. Our systematic review was restricted to studies that
assessed RA as recognized in ACR-EULAR classification criteria [11]. Rodríguez-Morales
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et al. conducted a more general review in which they classified RA as part of a group called
“post-CHIK chronic arthritis” that also included post-viral or nonspecific arthritis and
seronegative spondylitis, finding a prevalence of 13.66%. However, they did not specifically
evaluate RA separately [36].

Despite the variation in follow-up time among the studies in this review, we suggest
that a longer period of time may be necessary to identify RA patients after CHIKV infection,
as demonstrated in the study by Guillot et al. [30]. We acknowledge that the absence of a
standardized observation period among the studies may have influenced the variability of
the estimates, representing a limitation of this analysis.

Many CCA patients develop RA symptoms that clinically resemble classic RA, such as
persistent joint pain, morning stiffness, polyarthralgia, and joint swelling [37–39]. But is this
RA or an RA “mimic”? Many of these patients had severe disease, with joint erosions and
synovitis, suggesting that CHIKV may cause the same inflammatory processes associated
with RA, as described in another review [5]. The presence of auto-antibodies, such as RF and
anti-CCP, also indicates that CHIKV may trigger autoimmunity, clinically indistinguishable
from RA in non-CHIKV-infected individuals [8].

These clinical features are consistent with the known pathogenesis of post-CHIKV
infection RA [14]. Viral persistence and molecular mimicry are possible mechanisms for
the development of RA after CHIKV infection. Bouquillard et al. demonstrated that viral
components can remain in synovial tissue long after acute infection, leading to chronic
inflammation [32]. Additionally, Miner et al. [31] and Guillot et al. [30] report that CHIKV-
induced arthritis shares immunological characteristics with idiopathic RA.

The efficacy of treatments for RA, such as MTX and biologic therapy in patients with
CHIKV-induced arthritis has been documented in studies by Bouquillard and Combe [32]
and Javelle et al. [33]. In these cohorts, patients with more severe manifestations required
more aggressive treatment, such as TNF inhibitors, reflecting the chronic and refractory
nature of post-CHIKV RA. These treatments significantly improved outcomes, reducing
pain and disease activity. However, a recent clinical trial review did not demonstrate
additional benefits of these drugs compared to anti-inflammatories or placebo [40].

Our review and meta-analysis included mostly observational studies, which may
represent an important limitation because this type of study is more susceptible to selection
bias and residual confounding. This may contribute to the high heterogeneity observed
in the results (reduction of I2 from 96% to 76.8%), and the incidence estimate, which went
from 16.2% to 12.4%. However, due to the nature of the topic investigated, there is a
limited availability of randomized controlled trials that could reduce these biases. Another
limitation that should be mentioned is the variation in sample sizes (between 10 and
437 patients), which may influence the precision of the pooled estimates.

Future studies should prioritize the standardization of diagnostic criteria and the
long-term follow-up of specific subgroups in order to more accurately clarify the risk
factors for the development of RA after CHIKV infection. Moreover, research focused on
early interventions is essential to reduce the impact of this disease. Given the chronic and
debilitating nature of CHIKV-associated RA, it is crucial to explore the mechanisms of au-
toimmunity triggered by the virus. For this, longitudinal studies with well-defined cohorts
are fundamental, allowing not only for a better understanding of disease progression but
also for the identification of biomarkers that facilitate early diagnosis. Finally, clinical trials
are indispensable to assess the long-term efficacy and safety of biological therapies and
combined treatments, offering new perspectives for therapeutic management.
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5. Conclusions

This systematic review and meta-analysis revealed that a significant proportion
of patients infected with CHIKV develop RA, with a combined estimate of 13.7%
(95% CI: 6.12% to 27.87%). However, the high heterogeneity between the studies (I2 = 96%)
indicates considerable variability in the findings, suggesting that factors such as differences
in diagnostic criteria, study populations, and follow-up durations may have influenced
the results.

These findings reinforce the need for long-term rheumatological follow-up in patients
who have survived CHIKV infection, especially in endemic regions. The identification of au-
toimmune mechanisms associated with viral infection and the development of biomarkers
for early diagnosis are important areas for future investigations.
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Abstract: Dengue fever is caused by four common serotypes of the dengue virus (DENV-1,
DENV-2, DENV-3, and DENV-4). Patients infected with one serotype may develop lifelong
serotype-specific protective immunity. However, they remain susceptible to reinfection
with the other serotypes, often increasing the risk of severe forms of dengue. This cross-
sectional study investigates the prevalence of the four dengue serotypes in patients who
presented with dengue fever at Makkah hospitals between April 2023 and May 2024.
Data were collected from the medical records of the Regional Laboratory in Makkah, Saudi
Arabia. The 238 positive dengue samples included 185 samples (77.73%) from male patients.
The average age of the patients was 37.65 years (SD = 15.05). Dengue type 2 was the most
common serotype, followed by type 1, type 3, and type 4. Most of the dengue patients were
Saudi nationals, followed by Egyptians. There were 11 dengue-positive samples that were
not diagnosed with any of the four dengue serotypes. Since Makkah receives numerous
international travelers, these samples might contain novel dengue serotypes circulating in
different parts of the world. This study underscores the need for the continuous monitoring
of dengue serotypes to predict potential outbreaks and mitigate the risk of severe dengue
in susceptible populations.
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1. Introduction

Dengue is a mosquito-borne viral disease caused by the dengue virus (DENV) that
has enormous public health significance. DENVs belong to the Flaviviridae family of
single-stranded RNA viruses that have a positive genetic strand. Almost half of the world’s
population lives in areas at risk of dengue infection. An estimated 100–400 million people
are infected with the dengue virus annually [1]. However, only a few of these infections
develop into clinical cases. In 2023, there were an estimated 6.5 million cases of dengue,
and it caused 6800 deaths globally [2]. In the WHO East Mediterranean Region, dengue is
endemic in Afghanistan, Djibouti, Egypt, Oman, Pakistan, Saudi Arabia, Somalia, Sudan,
and Yemen. Two vector species are involved in DENV transmission in this region: Ae.
aegypti, which is the primary vector, and Ae. albopictus, which is considered to be the
secondary vector [3].

Dengue is more common in tropical and subtropical regions. However, due to en-
vironmental changes and increased global travel and transportation, mosquito vectors
have established themselves in newer locations, and thus has the dengue virus [4]. Most
DENV infections may be subclinical or asymptomatic and thus remain undiagnosed. In
the majority of dengue cases, the illness first causes a moderate fever, but after three to
fifteen days, the infected person may experience various symptoms, including a very high
temperature [5,6]. However, a small percentage of dengue infections may turn into severe,
life-threatening conditions. The progression of dengue disease from non-severe to severe
forms, such as Dengue Hemorrhagic Fever (DHF) or Dengue Shock Syndrome (DSS), is
influenced by multiple factors. Understanding these factors is crucial for predicting and
managing severe dengue cases [7–9]. Key factors include the infecting viral serotype,
host immune history and status, environmental conditions, and the timing of medical
intervention or access to healthcare.

Dengue virus infections elicit serotype-specific host immune responses [10,11]. There
are four distinct serotypes of the dengue virus, known as DENV-1, DENV-2, DENV-3, and
DENV-4, and they are detected quite frequently [12]. However, a rare fifth serotype has also
been reported [13]. The distinct dengue virus serotypes share over 65% of their genomic
identity and are genetically related [14–16], meaning they differ in their antigenic properties
but are closely related enough to cause similar clinical symptoms. While infection with any
one serotype typically provides long-lasting immunity against that specific serotype, it may
not help elicit a protective immune response against the other serotypes. In fact, subsequent
infection with a different serotype can lead to more severe forms of the disease [17]. DENV-
2 is frequently linked to more serious outcomes, especially in secondary infections. Several
factors contribute to the severity of DENV-2, including antibody-dependent enhancement
of the infection, making DENV-2 one of the most virulent serotypes from a public health
perspective [17–19].

In addition, DENV-5, a new serotype of the dengue virus, was reported in 2013 [20,21].
However, this new serotype has not yet been approved by the International Committee
on Taxonomy of Viruses (ICTV). The discovery of DENV-5 highlights the complexity
of dengue virus transmission and evolution. While this serotype has not yet caused
widespread human outbreaks, its presence underscores the need for continued surveillance
and research to better understand its potential impact on public health [21].

Dengue is considered an endemic disease in certain regions of Saudi Arabia, such as
the western and southwestern coastal areas, including the cities of Jeddah, Makkah, and
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Medina. These regions have favorable climates for the mosquito Aedes aegypti, which is the
primary vector for the dengue virus in the area [22–25]. The Saudi Arabian government,
through the Ministry of Health (MOH), has implemented control measures to combat
dengue, including mosquito control programs, public health campaigns, and surveillance
systems [26]. Despite these efforts, dengue outbreaks still occur in rainy seasons as well as
sporadically [27]. In addition, the city of Makkah receives millions of visitors from different
parts of the world, including areas that are dengue endemic zones, to perform prayers and
undertake Umrah and Hajj. It is important to monitor the dengue serotypes circulating in
this city to help dengue control efforts in Makkah as well as in Saudi Arabia in general [28].

The purpose of this study is to examine reported cases of dengue in Makkah; determine
the age, gender, and nationality distribution of these dengue cases; and identify the dengue
serotypes present in the city.

2. Materials and Methods

2.1. Study Site and Population

Makkah is a city of religious importance in Islam located in Saudi Arabia. Al-Masjid
Al-Haram, the most important Masjid in Islam, is situated in Makkah. Millions of Muslims
travel to Makkah from different parts of the world every year. It is Saudi Arabia’s third
most populous metropolis. In 2023, Makkah’s population was 2 million. The population
fluctuates significantly during the Hijri months of Ramadan and the annual Hajj pilgrimage
as millions of Muslims from around the world travel to Makkah. During the month of
Ramadan and the Hajj pilgrimage, the population of this city can swell, increasing by a few
million additional people, reflecting the massive influx of pilgrims [29]. Makkah’s climate
is hot in the summer, often being more than 40 ◦C during the day and dipping to 30 ◦C at
night. Nonetheless, it is mild during the winter, with daytime highs of 30 ◦C and nighttime
lows of 18 ◦C. Makkah often receives a few inches of rain between November and January
which may cause fluctuations in the dengue-vector population [28,30,31].

2.2. Study Design

This is a cross-sectional data analysis study. We enrolled laboratory-confirmed dengue
patients from Makkah hospitals between April 2023 and May 2024. Patients with negative
dengue diagnoses in the laboratory were excluded. The dengue case definition used in this
study was in accordance with the Ministry of Health, Saudi Arabia [32,33]. This study’s
participants were Makkah city residents, citizens, and travelers/visitors who had been
diagnosed with dengue at Makkah hospitals. Demographic details, including age, gender,
and nationality, were collected from the healthcare-providing hospitals.

2.3. Criteria for Suspected and Confirmed Dengue Cases

A suspected dengue case was defined as a person with acute febrile illness or a
history of acute febrile illness for the past 2–7 days, plus two or more of the additional
dengue symptoms as determined by a physician. These additional symptoms include
headache, arthralgia, retro-orbital pain, myalgia, rash, leucopenia, and hemorrhagic man-
ifestations [34]. A confirmed dengue case was defined as a person whose sample was
identified as positive via quantitative reverse transcription polymerase chain reaction
(RT-qPCR) during dengue diagnosis.

2.4. Collecting Samples

Samples from all suspected dengue cases were collected from Makkah hospitals and
were forwarded to the regional laboratory in Makkah to test for anti-dengue immunoglob-
ulins (IgMs) using an enzyme-linked immunoassay (ELISA) and the dengue virus RNA
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via polymerase chain reaction (RT-PCR), as described in the protocol [34]. The results
were recorded on the HESN plus webpage. The Saudi Arabian Ministry of Health (MOH)
requires all its laboratories to record laboratory results on this webpage. The HESN is part
of MOH’s Epidemiological Surveillance Program [35]. For further molecular studies, the
materials were maintained at −80 ◦C in constant freezing conditions.

2.5. Extraction of Ribonucleic Acid (RNA)

RNA was extracted from 300 μL of a serum specimen utilizing a MagNA Pure 96 Instru-
ment (Roche Molecular Systems, Inc., Mannheim, Germany) according to the instructions
provided by the manufacturer.

2.6. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) and Reverse
Transcription Polymerase Chain Reaction (RT-PCR)

The RT-qPCR tests were performed using a LightMix Modular Dengue Virus kit
(Roche Diagnostics (Schweiz) AG), as per the instructions given by the manufacturer.
Precisely 10 μL of the reaction mixture was added to 10 μL of the purified RNA. The
PCR reaction per well included 4.0 μL of Roche master; 0.1 μL of the RT enzyme; 0.5 μL
of the reagent mix, including primers and probes; and 5.4 μL of PCR-grade water. The
reverse transcription phase was completed using the following parameters: a 55 ◦C RT
step for 5 min, and then 95 ◦C denaturation for 5 min, followed by 45 cycles of 5 s at 95 ◦C,
15 s at 60 ◦C, and 15 s at 72 ◦C in quantification mode. Finally, the reaction was cooled
at 40 ◦C for 30 s. All procedures were performed in a LightCycler 480 instrument, and
results were analyzed using the LightCycler software 480 (Roche Molecular Systems, Inc.,
Germany). RT-PCR was used for serotyping. The procedure was similar to RT-qPCR except
that a Realstar® Dengue Type RT-PCR Kit 1.0 from Altona Diagnostics was used, as per
the instructions supplied with the kit. The kit does not use any housekeeping gene probe
for internal control; instead, it uses a heterologous amplification system as an internal
control to identify possible RT-PCR inhibition and confirm the integrity of the reagents
of the kit. Since it uses a “heterologous amplification system” instead of a housekeeping
gene as an internal control, this kit cannot determine the integrity of RNA obtained from a
patient. It can only determine the integrity of the reagents of the kit and the inhibition of
the RT-PCR reaction.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA method was utilized to qualitatively detect the NS1 antigen (PlateliaTM

Dengue NS1 Ag, Bio-RAD, Marnes-la-Coquette, France) and IgG and IgM human antibod-
ies against DENV (SERION ELISA classic, Dengue Virus IgG/IgM). All the internal controls
and samples given in each kit were treated according to the manufacturer’s instructions,
using a completely automated ELISA system. (Human Diagnostics, Wiesbaden, Germany).

2.8. Statistical Analysis

Data were input into Microsoft Excel spreadsheets. The data inputs were double-
checked to eliminate any data entry errors. All data analysis and curve plotting for data
display were performed using Microsoft Excel.

3. Results

A total of 238 positive dengue samples were studied from April 2023 to May 2024. Of
these samples, 77.73% (n = 185) and 22.27% (n = 53) were from male and female patients,
respectively. The average age of the patients was 37.65 years (standard deviation = 15.05).
The average Ct value for RT-qPCR was 27.33 (standard deviation = 4.35). Serological tests
revealed that 81.51% of the analyzed samples were positive for the NS1 antigen ELISA
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(n = 194), 78.57% were positive for the IgM antibody ELISA (n = 187), and 44.53% were
positive for the IgG antibody ELISA (n = 106) (Table 1). There were differences in the
serological findings and RT-qPCR Ct values between male and female patients (Table 1).
Male patients were greater in number than female patients in all but three hospitals
(Table A1). SUHAIL hospital, which caters to patients coming for Hajj and Umrah near
Al-Masjid Al-Haram, reported the highest number of male and female patients (Table A1).

Table 1. The general and laboratory characteristics of the study samples.

All Samples
(n = 238)

Non 1,2,3,4 Serotype
(n = 11)

Samples from Male
Patients (n = 185)

Samples from
Female Patients

(n = 53)

Average age (St Dev) 37.65 (15.05) 33.9 (14.63) 36.83 (13.89) 40.49 (18.12)
Gender (male patients) 77.73% 72.72% 100% 0%

NS1 reactive 81.51% 81.81% 83.78% 73.58%
IgM reactive 78.57% 72.72% 80.54% 71.69%
IgG reactive 44.53% 54.54% 43.78% 47.16%

Average Ct (St Dev) 27.33 (4.35) 26.21 (8.00) 26.85 (3.99) 28.99 (5.16)

The study period comprised sixty weeks (fourteen months). However, dengue cases
were observed only for a total of seventeen weeks. The DENV2 serotype was detected
throughout these seventeen weeks, while DENV1 was found in weeks 14, 18, 25, 26, 27,
and 28 of 2023 and weeks 18 and 21 of 2024. Most of the non 1,2,3,4 serotype samples were
diagnosed in weeks 14 and 18 of 2023 (Figure 1).
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Figure 1. Dengue serotypes detected in different weeks in 2023 and 2024. The different colored bars
show the number of various dengue serotypes detected according to international weeks in 2023
and 2024. The weeks pertaining to the month of Ramadan in 2023 (22 March–20 April), the month
of Ramadan in 2024 (10 March–09 April), the start date of Hajj rituals (26 June 2023), and the rainy
season in Makkah (November–January) are marked with different colored arrows.

Patients of several nationalities were found to be dengue-positive (Table 2). Saudi
patients accounted for 40.34% of the total (n = 96) followed by 18.07% (n = 43) patients
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from Egypt, 9.24% (n = 22) from Pakistan, and 5.88% (n = 14) of unknown nationalities.
Bangladesh and India each accounted for 5.04% (n = 12) of confirmed cases. Yemen
accounted for 4.62% (n = 11) of the total dengue cases. Myanmar and Sudan accounted for
2.94% (n = 7) of the patients. Afghanistan, Algeria, and Iraq contributed to 1.26% (n = 3) of
cases. Syria accounted for 0.84% of cases (n = 2) while Mali, Nepal, and Tunisia accounted
for 0.42% of the cases (n = 1).

Table 2. Dengue serotypes and nationalities of the patients. Dengue serotype 2 was the most common,
followed by type 1. There were 11 samples that did not react to the detection kits for types 1, 2, 3, or 4
(non 1, 2, 3, and 4 type). Two cases of mixed serotype infections were also detected.

Nationality
Dengue Type

Total % of Total

Type 1 Type 2 Type 3 Type 4 Non 1,2,3,4
Type 1 +

2
Type 1 +

4

Saudi
Arabia

13 75 2 1 4 1 - 96 40.34

Egypt 2 38 1 2 - - 43 18.07
Pakistan - 18 1 3 - - 22 9.24

Unknown 1 12 - - - - 1 14 5.88
Bangladesh - 12 - - - - - 12 5.04

India 4 8 - - - - - 12 5.04
Yemen 2 8 - - 1 - 11 4.62

Myanmar - 7 - - - - - 7 2.94
Sudan 2 4 - - 1 - - 7 2.94

Afghanistan 1 2 - - - - - 3 1.26
Algeria 2 1 - - - - - 3 1.26

Iraq 2 1 - - - - - 3 1.26
Syria - 2 - - - - - 2 0.84
Mali - 1 - - - - - 1 0.42

Nepal - 1 - - - - - 1 0.42
Tunisia - 1 - - - - - 1 0.42

Total 29 191 4 1 11 1 1 238 100.00

An age distribution analysis was conducted to determine the distribution of dengue in-
fection by age (Table 3). The 21–30-year-old and 31–40-year-old age groups each accounted
for 26.89% of the total dengue cases (n = 64, each). The 41–50 age group accounted for
15.97% of cases (n = 38), followed by the 51–60 age group, which accounted for 12.18%
(n = 29).

Table 3. Dengue cases arranged by age group. Mixed infections were only observed in the 41–50 age
group. The non 1, 2, 3, 4 serotype had a broad distribution in all age groups, except for those
11–20 years of age and 70+ years old.

Age Groups
Dengue Type

Total % of Total

Type 1 Type 2 Type 3 Type 4 Non 1,2,3,4
Type 1 +

2
Type 1 +

4

0–10 years - 4 - - 1 - - 5 2.10
11–20 years 4 12 1 - - - - 17 7.14
21–30 years 6 52 2 - 4 - - 64 26.89
31–40 years 3 59 - 1 1 - - 64 26.89
41–50 years 6 27 - 3 1 1 38 15.97
51–60 years 6 21 1 - 1 - - 29 12.18
61–70 years 1 12 - - 1 - - 14 5.88
70+ years 2 5 - - - - - 7 2.94

Total 28 192 4 1 11 1 1 238 100.00
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All four main dengue serotypes reported in Saudi Arabia were also detected in our
patients. Dengue type 2 was detected in 80.25% of patients (n = 191), followed by serotype
1 in 12.18% (n = 29), serotype 3 in 1.68% (n = 4), and serotype 4 in 0.42% (n = 1) of our
study patients. However, about 4.62% (n = 11) of the patients were infected with a dengue
serotype that could not be identified in our assays. In these 11 samples, 81.81% were
reactive to NS1 antigen, 72.72% were reactive to IgM, and 54.54% were reactive to IgG
antibodies in serological dengue diagnostic tests. The reactivity in serological tests for NS1
and IgM, the gender distribution, the average ages, and the average Ct values for these
11 samples were similar to those of the total study samples. However, reactivity to IgG was
higher in these 11 samples compared to the total samples (54.54% vs. 44.53%) (Table 1).

4. Discussion

The city of Makkah in the Kingdom of Saudi Arabia receives millions of local and
international travelers every year. Makkah has a population of 2 million. It received almost
1.8 million Hajj pilgrims in 2024. More than 10 million Umrah performers visited Al-Masjid
Al-Haram in the Hijri month of Ramadan in 2022 [29]. In addition, millions of foreigners
live in the Kingdom as residents. Infectious diseases come with the local and international
travelers to Makkah. These travelers come from almost every part of the world. The city of
Makkah has been receiving international travelers since ancient times, impacting almost all
aspects of human life including public health. In the past, the influx of foreign religious
travelers was limited, as international travel was not as fast and convenient as it is these
days. In modern times, the number of Umrah and Hajj travelers has considerably increased.

The bulk of travelers to Makkah come in the Hijri months of Ramadan and Dhul-Hijjah
(the month of Hajj). These visitors may come to Makkah a few weeks before these months,
and some stay a few weeks after the end of this period. It is quite interesting to note that
the non-1, -2, -3, or -4 serotypes and DENV1 were diagnosed in and around the months of
Ramadan and Dhul Hijjah. No dengue cases were diagnosed during the annual rainy season
from November to January. However, the highest number of dengue-positive samples in
Makkah were diagnosed two weeks after the end of the rainy season, implicating rain in the
transmission of this mosquito-borne disease. Vector-born disease transmission patterns are
influenced by several environmental factors, including rain, changes in land use, human
movements, and so on [36,37].

Our study suggests that most of the dengue patients were Saudi nationals who could
have been Makkah residents or had come to Makkah from different parts of the country.
Dengue is endemic in Saudi Arabia [24]. The infections were more common in adult males
between 21 and 30 and 31 and 40 years old.

More male than female patients were diagnosed with dengue in Makkah during the
study period. This phenomenon has been reported in several previous studies [36,37].
Moreover, dengue was less prevalent in children and the elderly. Females, children, and
the elderly may not be exposed to mosquito bites in the same proportion as adult males
who are regularly engaged in fieldwork. In Makkah, foreign men come more frequently
than women for Umrah, Hajj, and work. Cleaners, construction workers, security personnel,
and vehicle drivers that transport visitors and goods from other cities to Makkah are also
mostly male. Studies characterizing the professions and socio-economic statuses of dengue
patients may provide interesting insights into dengue transmission patterns.

A comparison between the two gender groups in our study shows that women had
higher Ct values, higher proportions of IgG-reactive samples, and lower proportions of
NS1- and IgM-reactive samples than men. This suggests that women might have been
diagnosed with dengue infection later as compared to men in our study. There might
be differences in the health-seeking behaviors of the two genders. Such gender-based
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differences in the number of reported dengue cases are consistently observed in multiple
culturally and economically different countries [38,39]. It should be noted that only an
estimated 1–6% of dengue infections develop into clinical cases [2]. It would be interesting
to determine if there are gender-associated determinants of dengue disease manifestation
or severity. The gender differences observed in this study warrant further investigation
into potential behavioral or biological factors.

Interestingly, 11 of our dengue-positive samples did not react to type-1-, -2-, -3-, or -4-
specific RT-PCR assays. The general and laboratory characteristics of these 11 samples were
comparable to those of the total study samples, suggesting there are no other anomalies in
the laboratory findings for these samples. The average Ct value of the RT-qPCR was also
comparable with that of the total samples. However, the possibility of template degradation
or the presence of PCR inhibitors in the samples during serotyping RT-PCR remains. Since
Makkah receives millions of global visitors, the presence of novel or rare dengue serotypes
cannot be ruled out either. Further studies with molecular and viral genome-sequencing
approaches are needed to determine the presence of novel dengue serotypes.

The study had several limitations; therefore, the results should be interpreted with
caution. Firstly, we recruited only suspected dengue patients presenting at various hospitals
in Makkah. Therefore, this study does not reflect on the total number of dengue infections
in Makkah. Secondly, not all dengue cases diagnosed among foreigners are traveler’s
infections. Several foreigners live in Saudi Arabia for work and business as residents.
Finally, people may have altered health-seeking behavior when they travel as compared
to when they are at the comfort of their homes. Similarly, there may be differences in
health-seeking behavior among people of different genders, age groups, social as well as
economic groups.

5. Conclusions

Dengue is endemic in Saudi Arabia. We observed 238 dengue cases during the study
period. Most of the dengue patients in our study were Saudi nationals. In addition to
the prompt diagnosis and treatment of dengue cases, continuous case surveillance and
vector control efforts are important to contain the disease in Makkah. Dengue serotype 2
was the most prevalent serotype in Makkah during the study period. Dengue was more
frequently diagnosed in males than females. It would be quite interesting to determine the
underlying causes for this observed gender-based difference. We could not determine the
dengue serotypes in the samples collected from 11 patients. Further research is needed to
confirm the presence of uncommon or rare dengue serotypes in Makkah.
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Appendix A

Table A1. Dengue cases arranged according to the referring hospital. The number of male and female
cases is listed by the name of the referring hospital in Makkah.

Hospital Name Number of Males Number of Females

ALAHLI 11 2
ALABEER 1 1
ALBADR 1 -

ALBEYAT MEDICAL 11 -
ALHUDA 3 -
ALRAFIE 1 -
ALSHEFA 1 1

BASHARAHEEL 4 1
HERA 8 8

KING ABDULAZIZ 8 2
KING FISAL 17 8

KHULAIS 2 2
MAKKAH MEDICAL 21 4

MATERNITY&CHILDREN 1 2
ALNOOR 26 3

SAUDI HOSPITAL 5 -
SECURITY FORCES 8 5

SUHAIL 56 10
KING ABDULAZIZ
MEDICAL CENTRE - 3

SAUDI GERMAN - 1

Total 185 53
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Abstract: The order Bunyavirales belongs to the class of Ellioviricetes and is classified into fourteen
families. Some species of the order Bunyavirales pose potential threats to human health. The
continuously increasing research reveals that various viruses within this order achieve immune
evasion in the host through suppressing interferon (IFN) response. As the types and nodes of the
interferon response pathway are continually updated or enriched, the IFN suppression mechanisms
and target points of different virus species within this order are also constantly enriched and exhibit
variations. For instance, Puumala virus (PUUV) and Tula virus (TULV) can inhibit IFN response
through their functional NSs inhibiting downstream factor IRF3 activity. Nevertheless, the IFN
suppression mechanisms of Dabie bandavirus (DBV) and Guertu virus (GTV) are mostly mediated
by viral inclusion bodies (IBs) or filamentous structures (FSs). Currently, there are no effective
drugs against several viruses belonging to this order that pose significant threats to society and
human health. While the discovery, development, and application of antiviral drugs constitute
a lengthy process, our focus on key targets in the IFN response suppression process of the virus
leads to potential antiviral strategies, which provide references for both basic research and practical
applications.

Keywords: bunyavirus; interferon; NSs; TBK1; STAT; targeted therapy

1. Introduction

The order Bunyavirales belongs to the class of Ellioviricetes. Over 500 different
species of bunyaviruses were described and are widely distributed around the world. They
circulate in nature through blood-feeding arthropods and susceptible vertebrates with the
capability to infect a variety of animals and plants [1], which leads to significant biosecurity
concerns and causes severe economic damage. Among them, some important bunyaviruses,
such as Crimean–Congo hemorrhagic fever virus (CCHFV) and Dabie bandavirus (DBV),
are primarily transmitted through tick biting, while La Crosse virus (LACV) is mainly
transmitted by the Aedes triseriatus mosquito, etc.

According to the International Committee on Taxonomy of Viruses (ICTV), the order
Bunyaviridaes currently is divided into fourteen families: Arenaviridae, Cruliviridae, Dis-
coviridae, Fimoviridae, Hantaviridae, Leishbuviridae, Mypoviridae, Nairoviridae, Peribun-
yaviridae, Phasmaviridae, Phenuiviridae, Tospoviridae, Tulasviridae, and Wupedeviridae.
Some viruses belonging to the order Bunyaviridaes can infect humans and lead to various
disease syndromes, including febrile illness, encephalitis, hemorrhagic fever, and acute
respiratory disease [2]. The family Tospoviridae is made up of viruses that only infect
plants. Some bunyaviruses have a large impact on human health. For example, Crimean–
Congo hemorrhagic fever (CCHF) occurs sporadically in many regions of Africa, Asia, and
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Europe with a mortality rate of approximately 30% [3]. The main clinical manifestations
of severe fever with thrombocytopenia syndrome (SFTS) caused by novel bunyavirus are
high fever, thrombocytopenia, leukopenia, gastrointestinal symptoms, liver and kidney
dysfunction, and even multiple organ dysfunction syndrome (MODS). Although LACV in-
fection is rarely fatal (<1%), it may lead to long-term neurological sequelae such as seizures,
hemiparesis, or cognitive/neurobehavioral abnormalities [4]. Due to the lack of specific
antiviral treatments or vaccines, bunyavirus infections continue to pose a global threat to
human health, affecting various populations in both developing and developed countries
and potentially leading to outbreaks, which is a significant public health concern [5].

Interferon (IFN) is an important cytokine produced by the body when infected with
viruses and can trigger antiviral immune responses. However, numerous studies show that
a variety of bunyaviruses can inhibit IFN response, especially the type I IFN pathway [2].
Bunyaviruses evade the recognition and attack of the host by inhibiting IFN production
and signal transduction to complete the initial replication and spread after successfully
invading the host, which is closely related to the severity and death of the disease [6,7]. In
recent years, researchers not only explored the mechanism of how bunyaviruses inhibit the
signaling pathway of IFN production, but also revealed many key targets related to the
regulation of IFN response that have potential prospects for antiviral drug development. In
this paper, we review the current studies on the suppression of IFN response in bunyavirus
infections. Furthermore, we summarize and predict the potential therapeutic approaches
aiming at the key targets of IFN response that may be used for bunyavirus infections by
countering the viral suppression of IFN responses.

2. Antiviral Effects of the IFN Response

IFN belongs to a family of cytokines that was first described in 1957 as the inhibitor
of viral replication [8]. They not only play a role in various cancers and infections but
also are capable of immunomodulation and have a major impact on the development and
maintenance of innate and adaptive immunity [9–12]. IFN plays an essential role in the
fight against various infections, especially as an anti-virus [13–18]. As a broad-spectrum
antiviral agent, it inhibits both RNA and DNA viruses by inducing the expression of IFN-
stimulated genes (ISGs). It mediates antiviral effects through viral RNA degradation, viral
translation inhibition, or both. IFN can also directly activate immune cells and indirectly
inhibit the replication process of viruses during early viral infections in the organism.

Based on the amino acid sequences of IFNs, they are categorized into three types,
type I (IFNα, IFNβ, IFNδ, IFNε, IFNκ, IFNτ, IFNω, and IFNζ), type II (IFNγ), and type III
(IFNλ) [19]. Among them, type I and type III IFNs are classic antiviral IFNs with highly
similar reaction pathways. Type I IFNs have a protective effect in virus systemic infection,
whereas the antiviral effect of type III IFNs is particularly pronounced at epithelial barriers
such as the gastrointestinal, respiratory, and reproductive tracts [20,21]. Moreover, type I
IFN response is rapid and strongly induced ISG production, while type III IFN induces a
relatively slow and stable ISG response [22]. Unlike other IFNs, the main function of type
II IFN is immunomodulatory and its antiviral effect is weak. However, it plays a special
role in the long-term control of viral infection [13].

Type I IFNs have the largest number of family members, and the main subtypes
studied are IFNα and IFNβ, which are also the most reported to play a role in antiviral
responses. Type I IFNs are synthesized very rapidly because of the absence of introns in
their gene structure and the few transcription factors they require [23]. Type I IFNs are
produced mainly when PRRs on the cell surface or in the cytoplasm of most cell types are
stimulated by PAMPs [24–26]. Among the PRRs are Toll-like receptors (TLRs), NOD-like
receptors (NLRs), and RIG-like receptors (RLRs). In the TLR pathway, Toll/IL-1R domain-
containing adaptor-inducing IFN-beta (TRIF) or myeloid differentiation factor-88 (MyD88)
components are recruited to the activated receptor after the receptors receive a stimulus
from viral ds/ss DNA/RNA [27]. Then, receptor-associated kinases such as TAK1 and
tank-binding kinase 1 (TBK1) induce phosphorylation of key transcription factors such as
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IFN regulatory factor 3 (IRF3), IFN regulatory factor 7 (IRF7), and nuclear factor kappa B
(NF-κB), which are recruited to the promoter region of type I IFN genes to induce their
transcriptions. In the RLR pathway, the retinoic acid-inducible gene (RIG-I), melanoma
differentiation-associated protein 5 (MDA5), and laboratory of genetics and physiology 2
(LGP2) are activated after detecting viral RNA. LSm14A, a member of the LSm family, is a
sensor of viral RNA and DNA that regulates the IFN response through RIG-I, which plays
an important role in initiating IFN-β induction during the early stages of viral infection [28].
TRIM25 acts as an E3-ubiquitin ligase, whose RING structural domain interacts with RIG-I
to mediate the caspase activation of RIG-I and interaction between its recruitment domain
(CARD) and mitochondrial antiviral signaling protein (MAVS) [29]. RLR activates MAVS
through aggregation, thereby activating IRF3, IRF7, and NF-κB, finally initiating type I IFN
expression [30].

IFN then acts on specific cellular receptors to enhance the expression of hundreds
of different genes collectively known as ISGs, including PKR, ISG15, ISG20, etc., thereby
inducing an antiviral state [31–34]. Type I IFNs will bind to their specific receptors (a het-
erodimeric cell surface transmembrane receptor composed of IFNAR1 and IFNAR2 sub-
units) [35]. Then, the receptors rely on related Janus kinases (JAKs), such as TYK2 and
JAK1 for signaling [35,36]. Activated JAKs phosphorylate specific tyrosine residues on
the receptors, which dock with STAT1 and STAT2 [37], thereby phosphorylating them.
Phosphorylated STAT1 and STAT2 bind to each other to form a stable heterodimer: the
STAT1-STAT2 heterodimer. This dimer interacts with IRF9 to form the IRF9-STAT1-STAT2
heterodimer (ISGF3), which is translocated to the nucleus. ISGF3 induces the transcriptions
of ISGs by activating the ISRE-containing promoter [38]. Additionally, type I IFNs and type
II IFNs promote the formation of STAT1 dimer, termed the IFN-γ-activated factor (GAF),
which is translocated to the nucleus and binds to the gamma-activated site (GAS) to induce
ISGs expression [22,23,39].

Similar to type I IFNs, type III IFNs are induced by viral-derived PAMPs, but the
molecular mechanism is not yet clear [39]. Induction of type III IFNs by the RLRs pathway
is similar to that of type I IFNs. Different from type I IFNs, MAVS can be recruited to
peroxisome and mitochondria, which is recruited to peroxisome and induces type III IFNs
preferentially [40]. Type III IFNs have a similar signaling pattern to type I IFNs [41], which
is achieved by binding to their receptor complexes, and signaling also occurs through
the JAK-STAT signaling pathway. The receptor complexes consist of cell surface-specific
IFNLR1 and IL-10R2 (Figure 1) [42].

IFN-γ is the sole member of type II IFN, which is produced primarily by antigen-
activated T cells and NK cells. Additionally, macrophages secrete it under certain circum-
stances [43,44]. The antiviral effect of IFN-γ mostly relies on PKR, adenosine deaminase
RNA specific-1 (ADAR-1), interferon-induced transmembrane proteins (IFITMs), and tri-
partite motif-containing proteins (TRIMs) that are induced by IFN-γ [45]. IFN-γ is induced
by mitogens and cytokines such as IL-12, IL-15, IL-18, IL-27, and type I IFNs [46,47]. JAKs
are activated when these cytokines bind to corresponding cell surface receptors, which in
turn phosphorylates and activates STATs. Subsequently, the production and secretion of
IFN-γ are promoted [47,48]. These STATs may be STAT1, STAT3, STAT4, or STAT5 [47].
The signaling pattern of type II IFNs is similar to type I IFNs and type III IFNs. The
IFNGR complex is the type II IFN receptor. The difference is that IFN-γ signaling mainly
activates GAF that targets GAS DNA sequences. Furthermore, IFN-γ also can activate
ISGF3 [22,23,39] (Figure 1).
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Figure 1. Anti-viral IFN response pathways and known suppression mechanisms of it in the order
Bunyavirales.

A. After virus invasion, the IFN pathway is activated to play an antiviral role. IFNs are
categorized into three types, type I, type II, and type III. The PRRs include Toll-like
receptors (TLRs), NOD-like receptors (NLRs), and RIG-like receptors (RLRs). In
the TLR pathway, viral ds/ss DNA/RNA is recognized by TLRs on the endosome
after the virus is broken down in the endosome. Then Toll/IL-1R domain-containing
adaptor-inducing IFN-beta (TRIF) or myeloid differentiation factor-88 (MyD88) are
recruited to the TLRs. TAK1 and TBK1 are activated to induce phosphorylation of IFN
regulatory factor 3 (IRF3), IFN regulatory factor 7 (IRF7), and nuclear factor kappa
B (NF-κB), which are recruited to the promoter region of type I IFN genes to induce
their transcriptions. In the RLR pathway, the retinoic acid-inducible gene (RIG-I),
melanoma differentiation-associated protein 5 (MDA5), and laboratory of genetics
and physiology 2 (LGP2) are activated after detecting viral RNA. RLR activates mito-
chondrial antiviral signaling protein (MAVS) through aggregation, thereby activating
IRF3, IRF7, and NF-κB, finally initiating type I IFN expression. LSm14A, a sensor of
viral RNA and DNA, regulates the IFN response through RIG-I. TRIM25 interacts with
RIG-I to mediate the activation of RIG-I and the interaction between RIG-I and MAVS.
The generated type I IFNs will bind to their specific receptors. Then the receptors rely
on related Janus kinases (JAKs), such as TYK2 and JAK1 for signaling, activated JAKs
phosphorylate specific tyrosine residues on the receptors, which dock with STAT1
and STAT2, make them phosphorylated, and form a stable STAT1-STAT2 heterodimer.
This dimer interacts with IRF9 to form the IRF9-STAT1-STAT2 heterodimer (ISGF3),
which is translocated to the nucleus to induce the transcriptions of IFN-stimulated
genes (ISGs) by activating the IFN-stimulated response element (ISRE)-containing
promoter. Additionally, type I IFNs and type II IFNs promote the formation of STAT1
dimer, termed IFN-γ-activated factor (GAF), which is translocated to the nucleus and
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binds to the gamma-activated site (GAS) to induce ISGs expression. Cytokines can
bind to corresponding cell surface receptors, make JAKs phosphorylation and activate
STATs, then promote the production and secretion of type II IFN. The signaling pattern
of type II IFNs is similar to type I IFNs. The differences are that the IFNGR is the type
II IFN receptor and IFN-γ signaling mainly activates GAF that targets GAS. Induction
of type III IFNs by the RLRs pathway is similar to that of type I IFNs. The difference
is that MAVS can be recruited to peroxisome and mitochondria, which is recruited
to peroxisome and induces type III IFNs preferentially. Type III IFNs have a similar
signaling pattern to type I IFNs, achieved by binding to their receptor complexes
(FNLR1 and IL-10R2).

B. In the interferon-producing pathway, viruses can act at different nodes to inhibit
the antiviral effect of interferon. NSs of Dabie bandavirus (DBV) can interact and
co-localize with LSm14A to inhibit the activation of RIG-I to reduce IRF3 phosphory-
lation and dimerization. Rift Valley fever virus (RVFV) can induce alternative splicing
of RIOK3 transcript and then attenuate IFN response. Gn protein of hantaan virus
(HTNV) can translocate to mitochondria and interact with mitochondrial Tu transla-
tion elongation factor (TUFM) to recruit LC3B and degrade MAVS. NSs of heartland
virus (HRTV) can interact with TBK1 to block the binding of TBK1 to IRF3, thus
inhibiting type I IFN induction. NSs of Puumala virus (PUUV)/Tula virus (TULV)
can inhibit downstream factor IRF3 activity and IFN-β promoter. High-dose NP,
Gc, and Gn of HTNV can inhibit NF-κB activation and interferon-stimulated gene
expression and NP can sequester NF-κB in the cytoplasm and inhibit the activity of
NF-κB. Bunyamwera orthobunyavirus (BUNV) NSs interact with MED8 to prevent
the phosphorylation of RNA polymerase II (RNAP II). La Crosse virus (LACV) NSs
degrade the IIo-borne RBP1 subunits by exploiting the cellular DNA damage. GPC or
Gn/Gc of PUUV can inhibit the activation of IFN-β promoter. Sandfly fever Sicilian
virus (SFSV) NSs can inhibit the induction of IFN by shielding the DNA-binding
domain of IRF3. RVFV NSs can interfere with the formation of the transcription
factor IIH complex. SFSV NSs can directly interact with JAK1 to inhibit STAT1 phos-
phorylation. GPC of Sin Nombre virus (SNV) can strongly inhibit the induction
of IFN-β and the downstream amplification of the JAK-STAT pathway. The L pro-
tein of the Nairobi sheep disease virus (NSDV) can inhibit the phosphorylation of
STAT1 and STAT2. HRTV can directly inhibit STAT1 without the help of viral protein
and its NSs can interact and colocalize with STAT2 to specifically block the nuclear
translocation of STAT2. RVFV NSs can trigger degradation of PKR and SFSV NSs can
bind to eIF2B and maintain eIF2B activity against translational inhibition caused by
PKR. Phleboviruses can largely escape the antiviral effect of ISG20. The L protein
of Crimean–Congo hemorrhagic fever virus (CCHFV) can reduce ISG15-encoded
ubiquitin and the conjugation of ubiquitin-like proteins with cellular proteins. GPC
of PUUV can antagonize the promoter of ISRE on ISGs.

3. Suppressing IFN Response Mechanisms of Bunyavirales

The order Bunyavirales consists of RNA viruses, including more than 500 different
viruses and strains, which are classified into fourteen families. These viruses utilize host
cell proteins to facilitate their replication and transcription. The viral invasion of host cells
enhances the transcriptional level of IFN, NF-κB, and inflammasome signaling pathways,
inducing the expression of a large number of pro-inflammatory cytokines, and finally
initiating the host antiviral innate immune response, the IFN response. The virulence of
pathogenic bunyaviruses is directly related to the actions of viral virulence factors and their
ability to counteract host immunity. Arthropod-borne viruses are distributed worldwide.
Although some remain unnoticed or are associated with mild flu-like symptoms, many are
significant human and veterinary pathogens that cause severe diseases such as arthritis,
gastroenteritis, encephalitis, hemorrhagic fever, etc. Moreover, they lead to devastating
economic losses due to reduced livestock productivity and high mortality rates. RNA gene

92



Trop. Med. Infect. Dis. 2024, 9, 205

segments of different bunyaviruses are heterogeneous, but most of them share similar
characteristic molecular structures; that is, the presence of viral nonstructural proteins
as interferon antagonists. In this context, we mainly discuss the strategies employed by
bunyaviruses to evade the antiviral state induced by IFN in infected cells.

DBV is a novel kind of bunyavirus. The IFN inhibitory response of DBV is primarily
mediated by NSs and cytoplasmic structures called viral inclusion bodies (IBs) that they
induce. NSs can directly interact with signaling molecules such as TRIM25, TBK1, Ikk,
IRF7, and STAT2, and sequester them into the viral IBs, thereby inhibiting the IFN response.
NS protein interacts with TRIM25 and tethers it to the viral IBs in order to inhibit TRIM25-
mediated RIG-I-Ly-63-linked ubiquitination or activation, thus suppressing RLR-mediated
antiviral signaling and IFN gene expression [49,50]. DBV NSs can effectively capture
TBK1 and IKKε to IBs, interfering with TBK1/IKKε-IRF3/IRF7 signaling, which is closely
associated with the amino acids serine 21 and leucine 23 in NSs [51,52]. DBV NSs can also
sequester IRF7 and STAT2, but not STAT1 to IBs, thereby preventing STAT2 phosphorylation
and nuclear translocation, eventually blocking type I IFN-stimulated JAK-STAT signaling
and inhibiting the expression of ISGs [53,54]. However, there is a study showing that NSs
can isolate both into viral IBs to impair STAT2 phosphorylation induced by IFN and the
nuclear translocation of both STATs, leading to inhibition of the IFN-JAK-STAT signaling
pathway and ISGs expression [55] (Figure 2). Additionally, LSm14A plays an important
role in the early induction of IFN-beta during virus infection. Nevertheless, DBV NSs
effectively inhibit IRF3 phosphorylation and dimerization by interacting and co-localizing
with LSm14A. The second arginine in the conserved leucine-rich repeat domain (LRRD) at
the N-terminus of NSs is crucial for its interaction with LSm14A [56].

Guertu virus (GTV) is a newly isolated potential highly pathogenic bunyavirus in
China, with genetic relation to DBV and HRTV. In terms of GTV, its cytoplasmic structures
antagonizing IFN response differ from DBV. GTV NSs (G-NSs) induce the formation of
dense IBs and filamentous structures (FSs) in the cytoplasm. G-NSs interact with TBK1 and
STAT2, thereby irreversibly isolating them into the viral IBs and FSs, finally inhibiting the
phosphorylation, activation, and nuclear translocation of IRF3 [57] (Figure 2).

HRTV is a recently reclassified member of the genus Bandavirus, family Phenuiviridae
of order Bunyavirales. Likewise, HRTV can antagonize the host’s innate immune response.
However, it does not encode any viral protein but acts as a direct antagonist against STAT1,
and it can reduce the activation of STAT2 and STAT1 induced by type I and type III IFNs
excluding IFNγ [58]. The similarity in the mechanism of IFN response antagonism between
HRTV and DBV lies in the fact that the NSs of both viruses can interact with TBK1 and then
hinder the binding of TBK1 to its substrate IRF3, thus blocking IRF3 activation and cellular
transcriptional induction, which depends on two conserved amino acids at positions 21
and 23 [52,59]. Additionally, both viral NS proteins can interact with STAT2 to prevent its
nuclear translocation. The difference is that HRTV NSs do not interact with STAT1 and do
not affect the nuclear translocation of STAT1 [58]. Yet now there is no research indicating
that HRTV NSs can induce unique cytoplasmic structures such as viral inclusion bodies
and filamentous structures.

Similar to DBV, GTV, and HRTV, Nairobi sheep disease virus (NSDV) can also inhibit
the production of IFN by interfering with STAT1 and STAT2. NSDV is another member
of the genus Orthonairovirus in the family Nairoviridae, which is a tick-borne zoonotic
pathogen genetically related to the human-pathogenic CCHFV. NSDV can lead to severe
and often fatal hemorrhagic gastroenteritis. There is evidence that the L protein of NSDV
can inhibit the phosphorylation of STAT1 and STAT2 in Vero cells, particularly in response
to I and II type IFN stimulation, with STAT1 being the primary target and this inhibitory
effect is related to the enzymatic activity of the N-terminal OTU domain of the L protein [60].
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Figure 2. Model for DBV and GTV suppressing the IFN antiviral system by NS sequestration of
key signaling molecules into IBs or FSs. After Dabie bandavirus (DBV) invades the host cells,
TRIM25, tank-binding kinase 1 (TBK1), Ikkε, IFN regulatory factor 7 (IRF7), and STAT2, which are
involved in the IFN signaling pathway, interact with DBV NSs and are captured into inclusion bodies
(IBs), thereby inhibiting the IFN signaling pathway. TRIM25 is isolated to the viral IBs to inhibit
TRIM25-mediated retinoic acid-inducible gene (RIG-I)-Ly-63-linked ubiquitination or activation.
Reduction in intracellular free TBK1 and IKKε interferes with TBK1/IKKε- IFN regulatory factor 3
(IRF3)/IRF7 signaling. DBV NSs prevent the nuclear translocation of IRF7 by sequestering it to IBs.
The phosphorylation and nuclear translocation of STAT2 are inhibited by IBs, which block type I
IFN-stimulated JAK-STAT signaling. STAT1 may be tethered to the viral IBs that block its nuclear
translocation, resulting in the inhibition of IFN signaling and IFN-stimulated genes (ISGs) expression.
Likewise, NSs of Guertu virus (GTV) hijack TBK1 and STAT2 into IBs and filamentous structures
(FSs) affecting the corresponding signal transduction.

Rift Valley fever virus (RVFV) is also a member of the order Bunyavirales, belonging
to the Phlebovirus genus, family Phenuiviridae. It caused periodic outbreaks in livestock
and humans in African and Middle Eastern countries. RVFV NS is a major virulence
factor that disrupts the host-innate immune response and antagonizes IFN [61]. The
NSs protein of RVFV can inhibit the transcription of type I IFN-β gene, but strains with
intact NS protein can still activate the dimerization and nuclear translocation of RIG-I,
IRF3, and nuclear translocation of NF-κB, which suggests that NSs protein inhibits the
up-regulation of downstream IFN-β promoters activated by transcription factors to evade
host innate immunity [62]. RVFV NSs can interact with two transcription factors, SAP30
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and YY1, that regulate IFN-β to interfere with the formation of the transcription factor IIH
complex, degrade the p62 subunit, and sequester the p44 subunit, which finally suppresses
the host’s IFN-β gene transcription and can trigger specific degradation of PKR through
proteasomal degradation [63–65]. A significant portion of the antiviral activity of IFN
against RVFV was attributed to PKR. The NSs can induce the degradation of PKR, thereby
preventing the phosphorylation of eIF2α in cells, allowing the virus to efficiently translate
and replicate [66]. RIO kinase 3 (RIOK3) is a protein kinase that facilitates the activation
of MDA5 and IRF3 in the process of IFN-β production [67,68]. Experiments show that
RVFV infection induces selective splicing of the RIOK3 transcript, which weakens the IFN
response [69]. Furthermore, Barski proposed that the filament arrangement of the NS’s
core structural domain in the crystal may reveal the molecular basis of how the virulence
factor NS assembles in the cell nucleus, which is crucial for a fundamental understanding
of RVFV’s interference with the IFN immune response [70].

The NSs of Sandfly fever Sicilian virus (SFSV) play an important role in suppressing
interferon responses. The SFSV can not only inhibit IRF3 and JAK-STAT pathway, but also
inhibit PKR as RVFV. SFSV is one of the most common members of the genus Phlebovirus,
family Phenuiviridae. Its NSs can inhibit IFN induction by blocking the IRF3 DNA-binding
domain, thereby interfering with the RIG-I-TBK1-IRF3 signaling pathway [71]. SFSV
NSs can also directly interact with JAK1 to inhibit STAT1 phosphorylation and nuclear
translocation, thereby suppressing the signal transduction of the type I IFN [72]. Its NSs
tightly bind to eIF2B to block the binding of eIF2-p to eIF2B, thereby maintaining the
activity of eIF2B to prevent translation inhibition caused by PKR, eventually maintaining
the synthesis of viral proteins [73].

Hantaan virus (HTNV) not only acts on NF-κB similar to RVFV but also acts on MAVS
to suppress IFN. Moreover, the glycoprotein N (Gn) and nucleocapsid protein (NP) of
HTNV play an essential role in IFN suppression. HTNV is the pathogen responsible for
Korean hemorrhagic fever, which belongs to the orthohantavirus genus (order Bunyavi-
rales, family Hantaviridae). HTNV can induce hemorrhagic fever with renal syndrome
characterized by endothelial dysfunction, as well as hantavirus pulmonary syndrome, both
of which have high fatality rates. HTNV infection can suppress the antiviral effects of all
IFNs (including type III IFN). NP can sequester NF-κB in the cytoplasm, inhibiting tumor
necrosis factor-alpha (TNF-α) and interfering with host innate immune responses [74].
Additionally, NP can enhance the activity of the miR-146a promoter, promoting miR-146a
expression and its negative regulatory effect on the NF-κB pathway [75]. At high doses,
both NP and envelope proteins (Gn and Gc) can inhibit NF-κB activation and the expression
of IFN-stimulated genes, thus suppressing the IFN response [76]. In the early stages of
infection, HTNV induces complete mitophagy, followed by incomplete mitophagy in later
stages and these responses involve the viral Gn and NP. The viral Gn in infected cells
can translocate to the mitochondria and interact with TUFM, promoting mitophagy by
recruiting LC3B. Then the degradation of MAVS is promoted, finally suppressing the type
I IFN response. The viral NP competes with Gn for binding to LC3B and interacts with
SNAP29 to disturb the autophagic degradation of Gn [77]. Consequently, both Gn and NP
of HTNV can inhibit IFN response by degrading MAVS.

Puumala virus (PUUV), Tula virus (TULV), and Sin Nombre virus (SNV) are the other
three members of the orthohantavirus genus (order Bunyavirales, family Hantaviridae).
The glycoprotein precursor (GPC) is important for the IFN suppression of them. The
GPC or its cleavage product Gn/Gc of PUUV can inhibit the activation of IFN-β promoter
triggered by RIG-I. Furthermore, the GPC of PUUV and TULV can antagonize the promoter
of IFN-stimulated response element (ISRE) on ISGs [78]. Likewise, the GPC of SNV strongly
inhibits IFN-β induction and signaling transduction by suppressing downstream signaling
of the JAK-STAT pathway [79]. The functional NSs of both PUUV and TULV can inhibit
the activity of downstream factor IRF3 and IFN-β promoter [80].

The similarity between Bunyamwera orthobunyavirus (BUNV) and LACV lies in that
the NSs of both can suppress the induction of IFN by affecting RNAP II. BUNV is the
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prototype of the genus orthobunyavirus (Bunyavirales: Peribunyaviridae), which poses a
significant threat to human health and food security. LACV is the major cause of pediatric
arboviral encephalitis in the United States and LACV encephalitis can result in learning and
memory impairments, with over 80% of reported cases of neurological diseases occurring
in children. The N-terminal and C-terminal regions of BUNV NSs play a critical role
in countering the host antiviral response [81–83]. The C-terminal region of BUNV NSs
interacts with cellular mediator protein MED8 to prevent the phosphorylation of serine 2
in the C-terminal domain (CTD) of RNAP II, thereby interfering with IFN synthesis of the
mammalian host [82]. NSs from BUNV and RVFV interact with two host cell factors, MED8
and p44, to inhibit RNAP II. However, LACV NSs employ a distinct mechanism to inhibit
or degrade RNAP II. In LACV-infected cells, NSs degrade the IIo-borne RBP1 subunits by
exploiting the cellular DNA damage response pathway [84]. Research suggested that the
E3 ubiquitin ligase elongin C subunit of LACV acts as an NS co-factor in RBP1 degradation
to block RIG-I-induced IFN production and inhibit the synthesis of IFN-related mRNA [85].
Tacaiuma virus (TCMV), another member of the genus Orthobunyavirus in the family
Peribunyaviridae, causes an acute febrile illness accompanied by muscle and joint pain [86],
whose pathogenic mechanism does not involve NSs.

ISG20 and ISG15 are the other two key points of IFN suppression in some members
of the order Bunyavirales infections. ISG20 is an anti-bunyavirus factor, and its anti-
bunyavirus activity depends on its functional RNase activity. ISG20 has strong antiviral
activity against most viruses from the Peribunyaviridae, Hantavirus, and Nairovirus genera,
but it does not affect Phleboviruses [87]. This suggests that the ability of Phleboviruses to
escape ISG20 may affect their pathogenesis. CCHFV belongs to the genus Orthonairovirus
in the family Nairoviridae of the order Bunyavirales. Earlier research discovered that the L
protein of CCHFV reduces ISG15-encoded ubiquitin and the conjugation of ubiquitin-like
proteins with cellular proteins, and then interferes with IFN induction, which is related to
the N-terminal OTU domain of the L protein [60]. Meanwhile, there is evidence that the
NSDV negatively regulates the IFN induction by encoding an OTU family protease [88].

In summary, host cells can sense viral infections and activate the innate immune system
to inhibit viral replication and propagation. When PAMPs are recognized by PRRs within
cells, numerous signaling cascades are activated, thereby leading to the production of IFNs.
IFNs establish an antiviral state by inducing the expression of hundreds of ISGs in an
autocrine and/or paracrine manner. The IFN response induced after bunyavirus infections
can restrict the infection at various steps of the viral life cycle, including viral entry, genome
transcription and replication, and viral particle exocytosis. The main processes of the
IFN response include TLR-dependent signaling, MDA5 and RIG-I-dependent signaling,
IFN antiviral signaling transduction, and IFN-inducible transcriptions. Bunyaviruses can
counteract this antiviral response by avoiding cellular recognition of PAMPs, inhibiting
IFN production, or interfering with IFN-mediated antiviral responses (Figures 1 and 2).
Furthermore, the key targets involved in this counteraction include RLRs, TBK1, IRF3,
and JAK, among other immune molecules (Table 1). Therefore, it may serve as a potential
measure in the treatment of bunyavirus infections to target directly or indirectly these key
immune molecules.
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Table 1. The current research status of the suppressing interferon response mechanisms in Bunyavi-
rales.

Viral Name
Main Targets/

Pathways
Mechanisms for the Suppression of

IFN Response
Relevant Amino

Acid Sites
References

DBV

TRIM25 NSs → IBs → sequester TRIM25 →
RIG-I activity ↓ \ [49,50]

TBK1, IKKε
NSs → IBs → sequester TBK1 and IKKε

→ TBK1/IKKε-IRF3/IRF7 signaling ↓
Amino acids serine 21
and leucine 23 in NSs. [51,52]

IRF7 NSs → IBs → nuclear translocation of
IRF7 ↓ \ [54]

STAT2
NSs → IBs → sequester STAT2, but not
STAT1 → phosphorylation and nuclear

translocation of STAT2 ↓
\ [53]

STAT1, STAT2

NSs → IBs → sequester STAT2 and
STAT1 → phosphorylation of STAT2 ↓,
nuclear translocations of STAT2 ↓ and

STAT1 ↓
\ [55]

LSm14A NSs → LSm14A → RIG-I activity ↓
The second arginine in

the LRRD at the
N-terminus of NSs.

[56]

GTV TBK1, STAT2 NSs → IBs, FSs → sequester TBK1 and
STAT2 \ [57]

HRTV

TBK1 NSs → TBK1 → IRF3 activity ↓ Amino acids serine 21
and leucine 23 in NSs. [52,59]

STAT1 Without the help of viral protein →
STAT1 ↓ \ [58]

STAT2 NSs → STAT2 → nuclear translocation
of STAT2 ↓ \ [58]

NSDV STAT1, STAT2 L protein → phosphorylation of STAT1
↓ and STAT2 ↓ \ [60]

RVFV
Transcription factor
IIH complex, PKR

NSs → SAP30, YY1 → transcription
factor IIH complex ↓, PKR ↓ \ [63–65]

RIOK3 Viral infection → RIOK3 ↓ \ [69]

SFSV

IRF3 NSs → shield the DNA-binding domain
of IRF3 → TBK1-IRF3 ↓ \ [71]

JAK1
NSs → JAK1 → phosphorylation and

nuclear translocation of STAT1 ↓ in type
I IFN response

\ [72]

PKR NSs → eIF2B activity ↑ → translational
inhibition effect of PKR ↓ \ [73]

HTNV

MAVS Gn → TUFM → degrade MAVS \ [77]

NF-κB NP → sequester NF-κB in the
cytoplasm, NF-κB activity ↓ \ [74]

NF-κB NP → miR-146a ↑ → NF-κB pathway ↓ \ [75]

NF-κB NP, Gn, Gc → NF-κB activity ↓, ISGs
expression ↓ \ [76]

PUUV

\ GPC, Gn/Gc → IFN-β promoter
activity ↓ \ [78]

ISRE GPC → antagonizes ISRE on ISGs \ [78]

IRF3 NSs → IRF3 activity ↓, IFN-β promoter
activity ↓ \ [80]

TULV IRF3 NSs → IRF3 activity ↓, IFN-β promoter
activity ↓ \ [80]

SNV JAK-STAT GPC → JAK-STAT ↓ \ [79]

BUNV RNAP II NSs → MED8, p44 → dysregulate
RNAP II \ [82]
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Table 1. Cont.

Viral Name
Main Targets/

Pathways
Mechanisms for the Suppression of

IFN Response
Relevant Amino

Acid Sites
References

LACV RNAP II

NSs → DNA damage response pathway
→ degrade IIo-borne RBP1 subunits →

RNAP II ↓
NSs and cofactor Elongin C → degrade

RNAP II subunit RPB1 → RNAP II ↓

\ [84,85]

Phleboviruses ISG20 Escape the antiviral effect of ISG20 \ [87]

CCHFV ISG15
L protein → ISG15-encoded ubiquitin ↓,

the conjugation of ubiquitin-like
proteins with cellular proteins ↓

\ [60]

Note: \ No research indicated amino acid sites of viral proteins associated with the corresponding IFN suppression
mechanism; DBV, Dabie bandavirus; GTV, Guertu virus; HRTV, Heartland virus; NSDV, Nairobi sheep disease
virus; BUNV, Bunyamwera orthobunyavirus; LACV, La Crosse encephalitis virus; RVFV, Rift Valley fever virus;
SFSV, Sandfly fever Sicilian virus; HTNV, Hantaan virus; PUUV, Puumala virus; TULV, Tula virus; SNV, Sin
Nombre virus; CCHFV, Crimean–Congo hemorrhagic fever virus; RNAP II, RNA polymerase II; ISRE, IFN-
stimulated response element; NSs, the non-structural proteins; PKR, protein kinase R; RIOK3, RIO kinase 3; MED8,
mediator complex subunit 8; RBP1, retinol-binding protein type 1; TUFM, mitochondrial Tu translation elongation
factor; LC3B, noncanonical light chain 3B; Gn, glycoprotein n; NP, nucleocapsid protein; Gc, glycoprotein C;
GPC, glycoprotein precursor; ISGs, IFN-stimulated genes; IBs, inclusion bodies; FSs, filamentous structures;
SAP30, Sin3A-associated protein 30; YY1, Yin Yang 1, an oncogenic transcription factor; and LRRD, leucine-rich
repeat domain.

4. Potential Treatment Options for IFN Suppression

IFN response plays a crucial role in the development of various diseases, and nu-
merous studies explored the impact of regulating its key targets on diseases. Some of
these studies were already applied clinically in antiviral treatments. However, in terms of
bunyavirus infections, specific therapeutic research is lacking. Nevertheless, certain drugs,
compounds, or methods associated with IFN response regulation might possess potential
antiviral effects against bunyaviruses, which are expected to be used in the treatment of
bunyavirus infections. Based on the key IFN pathway nodes and viral proteins of the sup-
pression of IFN response in bunyavirus infections, this article reviews drugs, compounds,
and methods closely related to their regulation and analyzes their clinical applications,
particularly in the context of virus infections (Table 2). These treatments directly or indi-
rectly influence IFN response and its antiviral signaling, representing potential therapeutic
strategies for bunyavirus infections.

Table 2. Antiviral research and potential strategies based on key targets of IFN response pathways
and viral proteins.

Key Targets
Potential Strategies
against Bunyavirus

Research and Applications of
Antiviral Therapy

Reference

RLR

RIG-I and MDA5
PolyI: C; BO-112 Mengo virus, RSV, SARS-CoV-2 [89–92]

MSCs HIV, HBV, SARS-CoV-2 [93–98]

RIG-I

NTZ Influenza virus, Viral gastroenteritis,
RV, EBOV [99–102]

Acitretin HIV, BKPyV, HPV [103–105]
Salidroside DENV, CVB3, IAV [106–109]

RNA agonists of RIG-I: 3p10LG9,
5′-pppRNA, 5′-ppp siRNA,

3p-siRNA-MDR1, and SLR14
IAV, DENV, HSV-1, SARS-CoV-2 [110–115]

IR; DNA-damaging agents:
doxorubicin, etoposide, teniposide,

and oxaliplatin

ZIKV, Influenza virus, Poliovirus,
SARS-CoV-2, DENV [116–122]
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Table 2. Cont.

Key Targets
Potential Strategies
Against Bunyavirus

Research and Applications of
Antiviral Therapy

Reference

MDA5 DNA demethylation agents: DNMTis
such as AZA and DAC \ [123–125]

TBK1 Lidocaine IAV, SARS-CoV-2 [126]

IRF3

Isoflavone and isoflavone-like
compounds: KIN 101, genistein

HCV, Influenza virus, AdV, HSV,
HIV, RV [127,128]

Hydroxyquinoline family
compounds: KIN1400, KIN1408,

KIN1409

WNV, DENV, HCV, IAV, RSV, NiV,
LASV, EBOV [129]

Others

P97 inhibitors: clotrimazole Poliovirus, HSV, CMV,
Influenza virus [130,131]

ERRα inverse agonist: XCT790; ERRα
inhibitors: compound A, kaempferol,
compound B, LingH2-10, naringenin,
SR16388, five anticancer drugs and

nine pesticides that inhibit
ERRα activity

CMV, VSV, NDV, HSV, HBV [132–141]

7-DHC; DHCR7 inhibitors: tamoxifen,
AY9944, haloperidol, aripiprazole,
cariprazine, trazodone, BM15.766

ZIKV, VSV, HCV, HSV, SARS-CoV-2 [142–150]

SOCS antagonist: pJAK2 (1001–1013) HSV-1, IAV, VV, EMCV, DENV, ZIKV,
WNV, EBOV [151–154]

MEKi: trametinib IAV, RV2, RSVA2 [155–157]

NSs RNAi RVFV, IAV, PRRSV, WNV,
SARS-CoV-2 [158–162]

NP

doxycycline and minocycline CCHFV [163]
curcumin IAV, EBOV, HIV, DENV, HSV-2, etc. [164–166]
naproxen IAV, SARS-CoV-2 [167,168]

compound RK424 IAV [169]
RNAi hMPV, RABV, BoDV-1, IAV [170–173]

NP-specific mAbs IAV [174]
antisense oligonucleotides AIV H5N1 [175]

GPC trametinib LUJV [176]

Gn 2-DG LCMV, SARS-CoV-2, HPV18, RV,
HBV, HSV, etc. [177,178]

Note: \, No research; MSCs, mesenchymal stromal cells; NTZ, nitazoxanide; IR, ionizing radiation; DN-
MTis, DNA methyltransferase inhibitors; AZA, 5-azacytidine; DAC, 5-aza-2′-deoxycytidine; compound A,
N-[(2Z)-3-(4,5-dihydro-1,3-thiazol-2-yl)-1,3-thiazolidin-2-ylidene]-5H dibenzo[a,-d] [7]annulen-5-amine; com-
pound B, cyclohexylmethyl-(1-p-tolyl-1H-indol-3-ylmethyl)-amine; 7-DHC, 7-dehydrocholesterol; DHCR7, 7-
dehydrocholesterol reductase; MEKi, MEK inhibitor; RNAi, RNA interference; 2-DG, 2-deoxy-D-glucose; RSV,
respiratory syncytial virus; HBV, hepatitis B virus; RV, rotavirus; EBOV, Ebola virus; BKPyV, BK polyomavirus;
HPV, human papillomavirus; CVB3, coxsackievirus B3; IAV, influenza A virus; DENV, dengue virus; HSV-1, her-
pes simplex virus 1; ZIKV, zika virus; HCV, hepatitis C virus; HSV, herpes simplex virus; AdV, adenovirus; WNV,
West Nile virus; NiV, Nipah virus; LASV, Lassa virus; PRRSV, porcine reproductive and respiratory syndrome
virus; VSV, vesicular stomatitis virus; RV2, respiratory viruses rhinovirus; RSVA2, respiratory syncytial virus;
CMV, cytomegalovirus; NDV, newcastle disease virus; VV, vaccinia virus; EMCV, encephalomyocarditis virus,
CCHFV, Crimean–Congo hemorrhagic fever virus; hMPV, human metapneumovirus; RABV, rabies virus; BoDV-1,
Borna disease virus; AIV, avian influenza virus; LUJV, Lujo virus; LCMV, lymphocytic choriomeningitis virus;
and RV, rhinoviruses.

4.1. Key Targets of the IFN Pathway
4.1.1. RLR

RLRs are crucial sensors in viral infections and important inducers of type I IFNs and
other antiviral immune mediators. This protein family includes three members: RIG-I,
MDA5, and LGP2. Among these, RIG-I and MDA5 are important inducers of type I
IFN [179]. However, some viruses within the order Bunyavirales, such as DBV and RVFV,
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can suppress the IFN induction by impacting their activity. There are experimental and
clinical studies showing that RLRs can be activated by synthetic RNA, oncolytic viruses,
viral mimicry, and radiochemotherapy, leading to the expression of RLR-mediated IFNs
and ISGs [180], which is essential for antiviral immunity in the host.

RIG-I and MDA5

Polyinosinic-polycytidylic acid (polyI:C) is a synthetic analog of double-stranded RNA
as a viral mimic, which also is an agonist for TLR3 and RLR. It enhances RLR signaling,
thereby strengthening RLR-mediated IFN responses to exhibit antiviral effects. Research
demonstrated that polyI:C-induced IFN responses have a protective effect against mouse
Mengo virus infection [89]. Furthermore, a recombinant trimeric spike protein vaccine con-
taining PIKA, a stabilized derivative of polyI:C, as an adjuvant was proven to be effective
against COVID-19 [91]. Another vaccine formulation containing polyI:C, innate defense
regulator peptide, and polyphosphazine (ΔF/TriAdj) effectively immunizes newborns
against respiratory syncytial virus (RSV) [92]. Thus, polyI:C might be a vital potential
therapeutic compound and vaccine adjuvant for bunyaviruses. BO-112, a nanocomposite
formulation of Poly I:C, and polyethyleneimine, can induce apoptosis in tumor cells dis-
playing immunogenic cell death features [90]. It is capable of stimulating IFN response by
polyI:C, thereby exerting its antiviral effects.

Mesenchymal stromal cells (MSCs) derived from bone marrow (BM), adipose tissue
(AT), Wharton’s jelly (WJ), and foreskin (FSK) have functional RIG-I and MDA-5 receptors.
Upon receptor activation, IFN production is induced through TBK1/IKK-ε and IRF7
phosphorylation. Consequently, IFN’s antiviral immune protective effect is enhanced [94].
Currently, MSCs made significant breakthroughs in addressing hematologic disorders,
cardiovascular diseases, cirrhosis, neurological disorders, partial meniscectomy injury
repair, and autoimmune diseases [93,95]. There are numerous completed or ongoing
clinical trials exploring MSCs’ preventive or therapeutic effects against HIV and hepatitis
B virus (HBV) infections [97]. A series of phase 2 clinical trials showed that MSCs can be
used to treat patients with severe COVID-19 patients [96,98]. Notably, MSCs can enhance
virus-induced IFN responses, and are widely used in clinical antiviral treatment research,
showing potential in bunyavirus infections treatment.

RIG-I

The U.S. Food and Drug Administration (FDA)-approved oral drug nitazoxanide
(NTZ) targeting RIG-I and antiviral phosphatases GADD34 can increase the activities of
RLR, mitochondrial antiviral signaling protein, IRF3, and IFN, which can also induce the
transcription of GADD34 [101]. Currently, nitazoxanide is FDA-approved for the treatment
of diarrhea caused by Cryptosporidium infection and is well-tolerated. Additionally,
clinical trials indicated that NTZ reduces the duration of symptoms for influenza [100],
viral gastroenteritis [102], and rotavirus (RV)-induced diarrhea [99]. It is also a potential
oral therapy for the Ebola virus (EBOV) [101]. Nitazoxanide can enhance IFN antiviral
immune responses, finally exhibiting antiviral effects, which represents a potential drug
for treating bunyavirus infections.

Another drug approved by the FDA is acitretin, which induces RIG-I expression
and enhances RIG-I signaling in vitro, thereby stimulating RIG-I-dependent IFN cascade
reactions and inducing preferential apoptosis of HIV-infected cells. It is a potential drug
to eliminate reactivating cells in latent HIV reservoirs [104]. Research showed that ac-
itretin selectively inhibits BK polyomavirus (BKPyV) replication in primary human cells in
nephropathy and hemorrhagic cystitis [103]. Combined immunotherapy using systemic
acitretin and diphenylcyclopropenone effectively treats recalcitrant viral warts caused by
human papillomavirus (HPV) infections [105]. Acitretin promotes RIG-I-dependent IFN
response and antiviral effects. Therefore, acitretin might be a potential drug for treating
bunyavirus infections in the future.
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Salidroside is a prolyl endopeptidase inhibitor that exerts antiviral activity against
dengue virus (DENV) by increasing the expression of RIG-I, thereby enhancing down-
stream signal cascades such as upregulation of IRF-3 and IRF-7, eventually stimulating
IFN-mediated innate antiviral immunity. Additionally, it inhibits virus protein synthesis by
increasing the expression of PKR and P-eIF2α while suppressing NF-κB expression [107].
Notably, salidroside has highly effective antiviral effects. Salidroside used as an adaptogen
in traditional Chinese medicine and possesses a wide range of pharmacological charac-
teristics, including anti-hypoxia, anti-aging, anti-cancer, anti-inflammatory, antioxidant,
antiviral, immune-stimulating activity, anti-diabetic, etc. [109]. Nowadays, it can not only
be isolated from Rhodiola species, but also be obtained through synthetic pathways [109].
Animal experiments show that salidroside exhibits antiviral activity against coxsackievirus
B3 (CVB3) [106] and Influenza A virus (IAV) [108], suggesting its potential as a promising
therapeutic agent for bunyavirus infections.

RNA agonists of RIG-I can enhance the IFN antiviral immune response. RNA agonists
of RIG-I are widely used in preclinical and clinical studies for cancer and viral therapy.
Some of the identified RNA agonists of RIG-I include 3p10LG9 [113], 5′-ppp RNA [115],
5′-ppp siRNA [111], 3p-siRNA-MDR1 [110], SLR14 [114], etc. RNA agonists of RLR can
be delivered in vivo through nanoparticles, extracellular vesicles, and CAR-T cells [180].
For instance, in vitro studies demonstrated the practicality of biocompatible gold nanorod
GNR-5′PPP-ssRNA, a nano-complexes as an antiviral strategy against IAV [112]. Addi-
tionally, it was indicated that a novel small dsRNA hairpin, 3p10LG9, can control DENV
infection [113]. Another study suggests that 5′-ppp RNA effectively blocks herpes simplex
virus 1 (HSV-1) infection in vitro and in vivo through a STING-dependent mechanism [181].
Furthermore, SLR14, a stem-loop RNA, exhibits antiviral capabilities for SARS-CoV-2 infec-
tion in a mouse model [114]. Therefore, RNA agonists of RIG-I possess broad-spectrum
antiviral activity and hold potential therapeutic value in treating bunyavirus infections.

Ionizing radiation (IR) stimulates cytoplasmic RIG-I to bind with small endogenous
non-coding RNAs (sncRNAs), thereby inducing IFN production. Combined therapy with
RLR agonists and ionizing radiation can have a radiosensitizing effect [117]. Some studies
suggested that ionizing radiation has effects against the zika virus (ZIKV), influenza virus,
and poliovirus. With certain intensities of X-rays, gamma rays, or UVC light, the replication
and proliferation of SARS-CoV-2 in the lungs of COVID-19 patients can be non-invasively
inhibited [122]. Another study showed that the combination of UV-4B and IFN-α enhances
the antiviral activity against Dengue virus [116]. Similar to the DNA-damaging effect
of radiation therapy, treatment with DNA-damaging agents such as doxorubicin [120],
etoposide [119], teniposide [118], and oxaliplatin [121] can induce type I IFN responses
and activate dendritic cells and CD8 T cells. Hence, radiation therapy and the application
of DNA-damaging agents can strengthen type I IFN-mediated antiviral effects, which
potentially serve as the therapeutic strategy for bunyavirus infections.

MDA5

DNA demethylation agents can simulate viral infection by inducing dsRNA that is
used in cancer immunotherapy. This viral mimicry leads to an antiviral response mediated
by the cytoplasmic pattern recognition receptor MDA5, followed by MAVS activation, IRF7
nuclear translocation, and upregulation of type III IFN and ISGs [125]. Finally, it enhances
the IFN response triggered by viruses and represents a potential strategy for treating
bunyavirus infections. DNA methyltransferase inhibitors (DNMTis) are a type of DNA
demethylation agent, including 5-azacytidine (AZA) and 5-aza-2′-deoxycytidine (DAC),
which are widely used in the treatment of hematological diseases [123,124]. The new oral
DNMTi ASTX727, consisting of decitabine and the cytidine deaminase (CDA) inhibitor
cedazuridine, was approved by the FDA in 2020 for the treatment of high-risk MDS and
CMML. CC-486, an oral formulation of Aza, received FDA approval for the treatment of
AML in elderly patients who achieved first remission with intensive chemotherapy [123].
Currently, DNA methyltransferase inhibitors are successfully applied in clinical hemato-
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logic malignancies, but their potential in antiviral therapy requires further exploration
and research.

4.1.2. TBK1

As described above, TBK1 is an important target in the suppression of IFN response
for viruses belonging to the family Phenuiviridae of order Bunyavirales, such as DBV, GTV,
and HRTV. Currently, there are numerous studies on TBK1 inhibitors in tumor therapy, but
there is still a lack of research on its activators and their application in antiviral therapy.
Lidocaine can promote the phosphorylation of TBK1 and IRF7, as well as the activation of
JNK and downstream factors such as c-Jun through the TBK1-IRF7 and JNK-AP1 signaling
pathways, and then it upregulates IFNα4 via SHP2 to have antiviral potential. Moreover,
lidocaine also has potential adjunctive effects in the treatment of IAV and even SARS-CoV-2
infections [126]. Therefore, it is speculated that lidocaine has antiviral efficacy against
bunyavirus through upregulation of the antiviral IFN response. Additionally, research
shows that lidocaine has an anti-inflammatory effect by inhibiting the activation of NF-κB
and p38 MAPK, which is a new therapeutic agent for the treatment of allergic rhinitis
(AR) [182]. As a consequence, we presume that lidocaine has a potential therapeutic effect
on cytokine storms triggered by bunyavirus. Further studies are required to investigate the
potential of lidocaine to treat bunyavirus infections.

4.1.3. IRF3

PUUV, TULV, and SFSV can inhibit the activity of IRF3, thereby reducing the IFN
induction. So, the following compounds targeting IRF3 may be applied to the treatment of
bunyavirus in the future.

Isoflavone and isoflavone-like compounds are potential therapeutic agents for bun-
yavirus infections. Isoflavone compounds belong to the class of flavonoids and serve as
specific activators of the innate immune signaling pathway, leading to the activation and
nuclear translocation of IRF3, eventually demonstrating high antiviral activity against
HCV and influenza virus. KIN 101, an isoflavone compound, exhibits broad-spectrum
antiviral activity against DNA and RNA viruses [127]. Isoflavone and isoflavone-like
compounds showed antiviral properties both in vitro and in vivo. Among them, genistein,
a soy-derived isoflavone, was extensively studied for its antiviral activity and was proven
to inhibit the infectivity of enveloped or non-enveloped viruses, as well as single-stranded
or double-stranded RNA or DNA viruses [128].

Previous research found that the hydroxyquinoline family compounds including
KIN1400 and its derivatives, KIN1408 and KIN1409, possess broad-spectrum antiviral
activity. These compounds selectively activate IRF3 to promote cellular IFN response, which
demonstrates their antiviral efficacy. They can prevent or treat various RNA virus infections
in cell cultures, such as West Nile virus (WNV), DENV, HCV, IAV, RSV, Nipah virus (NiV),
Lassa virus (LASV), and EBOV [129]. Briefly, small molecules of the hydroxyquinoline
family, such as KIN1400 and its derivatives KIN1408 and KIN1409, may exhibit activity
against bunyavirus by strengthening the IFN antiviral effect induced by bunyavirus.

Additionally, vaccinia virus (VACV) and bunyavirus share similarities in their ability
to inhibit IFN antiviral responses. Research designed and indicated that a recombinant
VACV vaccine that expresses IRF-3 in mice induces a robust protective immune response
against lethal VACV in mice [183]. This finding is significant for the development of
bunyavirus vaccines.

4.1.4. Others

Additionally, besides directly targeting key points in the IFN response induction
and antiviral signaling as discussed above, there are several indirectly targeted therapy
strategies with significant clinical value. While some of the directly targeted drugs or
strategies are still in the pre-clinical research stage and require further exploration for their
clinical application, some indirectly targeted drugs are widely used in clinical settings
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and were suggested to be closely associated with various viral infections. These indirect
strategies that target IFN induction and its antiviral signaling pathway hold promise as
effective measures in the treatment of bunyavirus infections. The following will discuss
and summarize these potential therapeutic strategies of indirect targeting one by one.

The p97 complex promotes the proteasomal degradation of RIG-I, thereby reducing the
antiviral innate immune response. Disruption of the p97 complex enhances antiviral signal
transduction of RIG-I. Furthermore, P97 activity was proven to be crucial for the replication
of viruses such as poliovirus, HSV, cytomegalovirus (CMV), influenza virus, etc. [130].
Currently, there are many p97 inhibitors including active sites and allosteric inhibitors.
Although the drug clotrimazole was identified as a p97 inhibitor, its antiviral properties
were not demonstrated [130,131]. In conclusion, it is a potential indirectly targeted ther-
apy approach to target the p97 complex for treating bunyavirus infections. Further, p97
inhibitors along with clotrimazole may be used for the treatment of bunyavirus infections.

Mounting evidence shows that TBK1 plays an important role in the mechanism of
IFN suppression in bunyavirus infections. There is a substantial amount of domestic
and international research on estrogen-related receptor alpha (ERRα), especially its anti-
tumor effects. Meanwhile, some studies indicated that ERRα can inhibit the induction of
type I IFN, primarily through its interaction with TBK1 [133]. Additionally, it was sug-
gested that ERRα is a potential target for treating human cytomegalovirus infection [134].
Therefore, targeting ERRα indirectly to modulate IFN induction by reducing ERRα activ-
ity can enhance the antiviral IFN response, which is expected to be used for controlling
bunyavirus infections. It was discovered that XCT790 is a potent ERRα inverse agonist
with antiviral efficacy, which is demonstrated to be effective against VSV, Newcastle dis-
ease virus (NDV), HSV, and HBV by regulating the IFN response [133,141]. Moreover,
compounds such as N-[(2Z)-3-(4,5-dihydro-1,3-thiazol-2-yl)-1,3-thiazolidin-2-ylidene]-5H
dibenzo[a,-d] [7]annulen-5-amine [132], kaempferol [137], cyclohexylmethyl-(1-p-tolyl-1H-
indol-3-ylmethyl)-amine [135], LingH2-10 [139], naringenin [138], and SR16388 [140] were
all identified to inhibit ERRα activity. Furthermore, research identified five anticancer drugs
and nine pesticides capable of inhibiting ERRα activity [136]. Briefly, numerous drugs and
compounds were identified as potential ERRα inhibitors with promising prospects for the
treatment of bunyavirus infections that hold significant research value.

Just as mentioned above, IRF3 is a critical target for the mechanisms of IFN suppres-
sion in bunyavirus infections. The deficiency of 7-dehydrocholesterol reductase (DHCR7)
or treatment with natural product 7-dehydrocholesterol (7-DHC) can specifically pro-
mote the phosphorylation of IRF3, thereby enhancing the production of type I IFN in
macrophages [149]. Notably, DHCR7 deficiency and DHCR7 inhibitors such as AY9944
and the chemotherapeutic drug Tamoxifen promote the clearance of various viruses both
in vitro and in vivo. It was shown that they can inhibit ZIKV, vesicular stomatitis virus
(VSV), HCV, HSV, and SARS-CoV-2 infections [146–149]. Therefore, DHCR7 inhibitors and
7-DHC can enhance the innate antiviral immune response triggered by viral infections and
may be used in the treatment of bunyavirus infections. There were some DHCR7 inhibitors
identified among existing drugs, including Tamoxifen [142] and antipsychotic drugs such as
haloperidol, aripiprazole, cariprazine, and trazodone [143,144]. Likewise, small molecules
such as AY9944 and BM15.766 were confirmed to effectively inhibit DHCR7 [145,150].
Overall, these DHCR7 inhibitors hold potential as drugs for treating bunyavirus infections
by indirectly targeting IRF3.

The bunyaviruses SNV and SFSV inhibit IFN signaling by interfering with the JAK-
STAT pathway. In the JAK-STAT pathway, there is a suppressor of cytokine signaling called
SOCS. SOCS-1 and SOCS-3 are the main members of the SOCS protein family, but they act
differently. SOCS-1 directly binds to the JAK kinase domain to inhibit phosphorylation,
while SOCS-3 binds directly to JAK kinases and cytokine receptors to inhibit JAK-STAT
signaling [184]. SOCS1 and SOCS3 are intrinsic virulence factors for some virus infections,
such as influenza A virus, encephalomyocarditis virus, HSV-1, vaccinia virus (VV), DENV,
Zika virus, WNV, and EBOV [154]. Taken together, SOCS antagonists can serve as a
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method for treating these viral infections. Furthermore, research developed a small peptide
antagonist of SOCS-1 called pJAK2 (1001–1013), which can prevent HSV-1 [152], IAV,
VV [153], and encephalomyocarditis virus (EMCV) infections and inhibit their replication,
demonstrating broad antiviral activity [151]. Consequently, it is feasible to target SOCS
proteins indirectly to regulate JAK-STAT signaling in diseases. SOCS antagonists can
enhance JAK-STAT signaling and then strengthen the IFN response to achieve antiviral
effects. SOCS proteins represent potential targets for the treatment of bunyavirus infections,
and SOCS antagonists such as pJAK2 (1001–1013) are potential compounds for treating
bunyavirus infections.

MEK regulates the type I IFN response of human primary airway epithelial cells.
There is evidence that MEK inhibitors (MEKi) can strengthen the type I IFN response
after infecting with respiratory viruses rhinovirus (RV2) or respiratory syncytial virus
(RSVA2) mainly by promoting the expression of IFN-β and the translation of ISGs [156]. In
addition, trametinib was approved as a MEKi that inhibits the induction of IFN-β and then
effectively blocks the replication of various subtypes of influenza A viruses in vitro and
in vivo [155,157]. Therefore, trametinib, the MEKi, is expected to be used for bunyavirus
infections by enhancing the type I IFN response.

4.2. Targeting Viral Proteins
4.2.1. NSs

NSs are essential for many bunyaviruses (BUNV, LACV, DBV, RVFV, SFSV, etc.) to in-
hibit IFN response and mediate immune evasion. While there is currently a lack of research
on therapeutic strategies targeting bunyavirus NSs, numerous studies demonstrated the
potential value of using DENV NS1 as a therapeutic target and candidate vaccine. The ap-
proaches and methods of these studies hold significant insights and references for exploring
antiviral treatment strategies targeting bunyavirus NSs. A study investigated the drug-like
properties, binding affinity, interaction of plant compounds and DENV NS1 protein, and
the interaction of NS1 and TLR4 through pharmacokinetics, molecular docking, binding
affinity, interaction, and molecular dynamics. They found that three plant compounds
named rutin, myricetin 3-rhamnoside, and kaempferol 3-(2′′-rhamnosylrutinoside) bind to
the critical amino acid residue ASN130 at the active site of the NS1 protein, thus improving
platelet reduction in DENV-infected patients by disrupting the interaction of NS1 and
TLR4 [185]. Another molecular docking-based study discovered that plant flavonoids
can also bind to the ASN130 glycosylation site of DENV NS1 to potentially inhibit virus
replication. These flavonoids are hopeful to be antiviral drugs for DENV infection [186].
Furthermore, there is evidence that anti-NS1 antibodies can serve as specific therapeutic
drugs for dengue virus infection to block NS1-induced pathogenic effects both in vitro
and in vivo, which reduce virus replication and lower mortality and morbidity in different
mouse models of DENV infection [187,188]. NS1 is a candidate vaccine for DENV infection,
as it can trigger both cellular and humoral immunity. Studies indicated that the mice
inoculated with DENV NS1 by different methods can possess protective immune responses
against DENV infection [189–191].

RNA interference (RNAi) is a method used to silence viral genes, and small inter-
fering RNA (siRNA) was demonstrated as a potential therapeutic strategy against viral
infections [161]. The siRNA that specifically targets the non-structural protein genes for
various viruses such as IAV [158], porcine reproductive and respiratory syndrome virus
(PRRSV) [160], WNV [159], and SARS-CoV-2 [162] can reduce viral titers, thereby inhibiting
viral infections. In terms of bunyaviruses, there is a study indicating that RNAi activators
have potential therapeutic benefits against RVFV infections. In a cell culture model of
RVFV replication, short hairpin RNAs (shRNA) targeting the N gene reduced intracellular
nucleocapsid protein concentration and viral replication, while shRNA targeting the NSs
gene reduced NSs protein concentration, thereby alleviating NS-mediated cytotoxicity [192].
However, there is evidence that LACV, a member of the California serogroup of orthobun-
yaviruses, may have the capability to inhibit RNAi [193,194]. Therefore, RNAi-based viral
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gene silencing may be ineffective against LACV infection. In summary, siRNA targeting the
NS gene of bunyaviruses can reduce NS expression, thereby inhibiting its antagonistic effect
on IFN, which can provide antiviral benefits in bunyaviruses excluding LACV infection.

4.2.2. NP

In the interference mechanism of IFN suppression in HTNV, NP plays a crucial role.
NP can inhibit the NF-κB activity in the IFN antiviral pathway through various pathways.
Therefore, targeting HTNV’s NP can counteract the virus’s immune escape mechanisms,
presenting a potential strategy for treating HTNV infections. Various antiviral treatment
approaches targeting the viral NP were extensively explored.

For instance, Sharifi et al. employed virtual screening through docking followed
by molecular dynamics and discovered that doxycycline and minocycline are potential
inhibitors of CCHFV NP [163]. Additionally, IAV’s NP is a critical target for antiviral ther-
apy. Compounds such as curcumin [166] and naproxen [168] inhibit the NP-RNA binding
required for IAV NP function, serving as novel antiviral drugs against IAV. Curcumin
derivatives, such as tetramethylcurcumin, also exhibit inhibitory effects against IAV [195].
Furthermore, curcumin and its derivatives control EBOV infection by targeting NP [164]
and demonstrate broad-spectrum antiviral activity against HIV, DENV, HSV-2, and other
viruses [165]. Similarly, naproxen was found to target the NP of SARS-CoV-2, exhibiting
antiviral properties [167]. Therefore, curcumin and naproxen, especially curcumin, may
be potential candidates for HTNV treatment, warranting further research for validation.
Compound RK424 [169] demonstrated effective antiviral activity against IAV by inhibiting
NP’s RNA binding, oligomerization, and nuclear export functions, and validated in vitro
and mouse models.

RNAi targeting the NS gene and RNAi targeting the NP gene through siRNA and
shRNA provide a direct and rapid treatment for viral infections, proving to be effective
against various viruses such as human metapneumovirus (hMPV) [171], rabies virus [170],
Borna disease virus (BoDV-1) [173], and IAV [172]], which is a potential measure to treat
HTNV infection. Moreover, NP-specific monoclonal antibodies (mAbs) were extensively
developed for antiviral therapy against IAV [174]. Antisense oligonucleotides designed
for the NP gene’s RNA binding region inhibit the replication of highly pathogenic avian
influenza virus (AIV) H5N1, representing a novel therapeutic candidate [175]. These
approaches offer new avenues for the treatment of HTNV infections.

4.2.3. GPC

GPC participates in IFN suppression in PUUV and SNV and is a potential target for
antiviral therapy. Research indicates that some antiviral treatments act by targeting GPC.
Trametinib, for example, inhibits GPC-mediated membrane fusion by targeting the trans-
membrane (TM) domain of Lujo virus (LUJV) GPC, making it a candidate drug for treating
LUJV infections [176]. Additionally, it was mentioned above that trametinib, as a MEK
inhibitor, is also expected to be used for bunyavirus infections. Therefore, trametinib holds
significant research value for the treatment of PUUV and SNV. Additionally, the proprotein-
processing protease furin inhibitor, decanoyl-Arg-Val-Lys-Arg-chloromethylketone (dec-
RVKR-cmk), exhibits antiviral activity [196] and is a potential drug for treating SARS-CoV-2
and HBV [197]. Furthermore, research indicates that decanoyl-RRLL-chloromethylketone
(dec-RRLL-cmk), the inhibitors of the cellular proprotein convertase site 1 protease (S1P),
targeting GPC, can specifically block the transmission and generation of lymphocytic
choriomeningitis virus (LCMV) [198]. Developing drugs as inhibitors of GPC’s processing
protease holds promise for treating PUUV or SNV infections.

4.2.4. Gn

Gn and Gc play a role in IFN suppression mechanisms in HTNV and PUUV, which
are potential targets for antiviral therapy. However, there is currently a lack of reported
treatment strategies specifically targeting the viral Gn or Gc. Research suggests that 2-
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deoxy-D-glucose (2-DG), the glycolysis inhibitor, inhibits LCMV propagation by targeting
glycoprotein N-glycosylation [177]. Additionally, the Drug Controller General of India gave
emergency approval for 2-DG in COVID-19 patients, and 2-DG exhibits antiviral activity
against HPV18, rhinoviruses (RV), HBV, HSV, etc [178]. Therefore, 2-DG is a promising
drug for treating HTNV or PUUV infections, requiring further exploration and validation.

5. Conclusions

Some species of the order Bunyavirales exert a significant impact on public health. IFN
response suppression is a crucial mechanism for immune evasion following the invasion
of the host by bunyaviruses which is a critical determining factor in the pathogenicity.
Within this viral order, the targets involved in IFN inhibition exhibit similarities while
also presenting certain differences. A large number of potential therapeutic approaches
against the IFN response suppression of bunyavirus are presented in this article, which
provide references for both the following basic research and practical applications. The
research on drugs or compounds targeting the IFN response pathway may potentially
offer novel choices and perspectives for antiviral treatments. According to their drug
development, antiviral research, and clinical application, we conclude that trametinib,
tamoxifen, nitazoxanide, acitretin, salidroside, curcumin, genistein, MSCs, radiotherapy,
and DNA damage agents have great clinical application prospects in the treatment of
bunyavirus infection.
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Abstract: This study aimed to identify the factors associated with all-cause in-hospital mortality in
laboratory-confirmed dengue cases from 2020 to mid-2024. A nationwide retrospective cohort study
was conducted in Mexico and data from 18,436 participants were analyzed. Risk ratios (RRs) and
95% confidence intervals (CIs), estimated using generalized linear regression models, were used to
evaluate the factors associated with all-cause in-hospital mortality risk. The overall case–fatality
rate was 17.5 per 1000. In the multiple model, compared to dengue virus (DENV) 1 infections,
DENV-2 (RR = 1.81, 95% CI 1.15–2.86) and DENV-3 (RR = 1.87, 95% CI 1.19–2.92) were associated with
increased mortality risk. Patient characteristics, such as increasing age (RR = 1.02, 95% CI 1.01–1.03),
type 2 diabetes mellitus (RR = 2.07, 95% CI 1.45–2.96), and chronic kidney disease (RR = 3.35, 95%
CI 2.03–5.51), were also associated with an increased risk of a fatal outcome. We documented the
influence of both the virus and individual susceptibility on mortality risk, underscoring the need for
a comprehensive public health strategy for dengue.

Keywords: dengue; dengue virus; hospital mortality; public health

1. Introduction

Dengue fever represents a public health challenge worldwide. The disease can mani-
fest in a range of severities, from mild symptoms to severe and potentially fatal conditions.
The factors associated with dengue fever severity and mortality risk are numerous and
include host characteristics such as patient age, comorbid conditions, previous dengue
virus (DENV) infections, and biochemical biomarkers [1]. In Mexico, by the end of 2022,
the reemergence of DENV-3 infections was observed and differences in disease outcomes
had been documented according to the identified serotype [2]. Understanding the factors
contributing to mortality in dengue patients is crucial for improving clinical management
and reducing death rates.

The epidemiological surveillance of dengue in Mexico is coordinated by a specialized
sub-system within the National System for Epidemiological Surveillance (SINAVE). Accord-
ing to guidelines, patients with suspected dengue (fever and at least two of the following:
nausea, rash, myalgia or arthralgia, headache or retro-ocular pain, petechiae or leukopenia)
are registered in the web-based SINAVE [3]. All patients provide a venous blood sample;
reverse-transcription polymerase chain reaction (RT-PCR) is performed within the first
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5 days of symptom onset, and serological testing is conducted after 6 days [4]. Patients are
followed until recovery or death.

This study aimed to identify the factors associated with all-cause in-hospital mortality
in laboratory-positive dengue cases. By analyzing data from a national surveillance system
spanning from 2020 to mid-2024, we sought to provide comprehensive insights into the
epidemiological and clinical determinants of dengue-related mortality.

2. Materials and Methods

A nationwide retrospective cohort study was conducted in Mexico, including individ-
uals who were hospitalized due to RT-PCR confirmed dengue. Eligible participants were
those with symptom onset from 1 January 2020 to 3 June 2024 (spanning 1615 days) and
were identified through the records of SINAVE [5]. Patients diagnosed through serological
assays or those with missing DENV serotype data were excluded.

Demographic and clinical data, including the personal histories of non-communicable
diseases, were collected from the audited surveillance system. Medical records and death
certificates, when applicable, served as the primary data sources.

The main binary outcome was all-cause in-hospital mortality. We computed summary
statistics, including case–fatality rate (CFR), and used generalized linear models with a
binomial distribution and a log-link function to estimate risk ratios (RRs) and 95% confidence
intervals (CIs) for the factors associated with an increased mortality risk. A multiple
generalized linear model was constructed with dengue in-hospital fatal outcome (no/yes) as
the dependent variable. The independent variables included were sex, age (years), identified
DENV serotype, and preexisting comorbidities (no/yes), specifically type 2 diabetes mellitus,
hypertensive disease, chronic kidney disease, and immunosuppression from any cause.

Since we analyzed publicly available anonymized data solely for academic purposes,
ethics approval to conduct this research was waived.

3. Results

Data from 18,436 participants were analyzed, with 323 in-hospital deaths recorded,
resulting in an overall in-hospital CFR of 17.5 per 1000. The CFRs by DENV serotype were
9.2, 19.8, 17.7, and 21.5 per 1000 for serotypes 1, 2, 3, and 4, respectively. Figure 1 illustrates
patient enrollment by date of symptom onset and the distribution of DENV serotypes.
DENV-3 peaked from the second trimester of 2023 through to the end of the study period
and was identified in 47.8% of patients.
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Figure 1. Date of symptom onset of the analyzed inpatients by identified dengue virus (DENV)
serotype, Mexico 2020–2024. Note: The total number of patients by serotype was as follows: DENV-1,
2286 (12.4%); DENV-2, 7111 (38.6%); DENV-3, 8806 (47.8%); and DENV-4, 233 (1.3%).

116



Trop. Med. Infect. Dis. 2024, 9, 202

Most participants were female (54.8%), with a mean age of 27.7 ± 17.6 years. Table 1
details the sample characteristics and in-hospital outcomes. Fatal cases were associated
with older age (35.5 ± 25.4 vs. 24.5 ± 17.4 years, p < 0.001) and comorbidities such as type
2 diabetes mellitus, hypertensive disease, chronic kidney disease, and immunosuppression.
The DENV serotype distribution varied significantly between fatal and non-fatal cases,
with DENV-1 more common in non-fatal outcomes.

Table 1. Characteristics of the study sample for selected variables and in-hospital outcomes, Mexico
2020–2024.

Characteristic

Dengue Outcome

pRecovery
(n = 18,113)

Death
(n = 323)

Sex
Female 9923 (54.8) 170 (52.6) 0.441
Male 8190 (45.2) 153 (47.4)

Age (mean ± SD, years) 24.5 ± 17.4 35.5 ± 25.4 <0.001
Age group (years)

0–9 3098 (17.1) 53 (16.4) <0.001
10–19 6098 (33.7) 66 (20.4)
20–29 3407 (18.8) 39 (12.1)
30–39 2154 (11.9) 35 (10.8)
40–49 1407 (7.8) 32 (9.9)
50–59 962 (5.3) 32 (9.9)
60–69 580 (3.2) 24 (7.4)
70 or above 407 (2.3) 42 (13.0)

Isolated serotype
DENV-1 2265 (12.5) 21 (6.5) 0.009
DENV-2 6970 (38.5) 141 (43.7)
DENV-3 8650 (47.8) 156 (48.3)
DENV-4 228 (1.3) 5 (1.6)

Type 2 diabetes mellitus
No 17,488 (96.6) 271 (83.9) <0.001
Yes 625 (3.4) 52 (16.1)

Hypertensive disease
No 17,680 (97.6) 285 (88.2) <0.001
Yes 433 (2.4) 38 (11.8)

Chronic kidney disease
No 18,030 (99.5) 307 (95.1) <0.001
Yes 83 (0.5) 16 (4.9)

Immunosuppression (any cause)
No 18,074 (99.8) 320 (99.1) 0.008
Yes 39 (0.2) 3 (0.9)

Abbreviations: SD, standard deviation; DENV, dengue virus. Notes: The p-value from ji-squared tests is presented,
except if the mean and SD is specified, and there the t-test was used.

In the multiple generalized linear regression model (Table 2), DENV serotype was
associated with in-hospital mortality risk. Compared to DENV-1 infection, DENV-2 was
associated with an 81% increased risk (RR = 1.81, 95% CI 1.15–2.86, p = 0.010) and DENV-3
with an 87% increased risk (RR = 1.87, 95% CI 1.19–2.92, p = 0.007). The risk associated
with DENV-4 was not statistically significant (RR = 1.88, 95% CI 0.73–4.86, p = 0.190).
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Table 2. Factors associated with all-cause in-hospital mortality risk for dengue, Mexico 2020–2024.

RR (95% CI), p

Bivariate Analysis Multiple Analysis

Sex
Female 1.00 1.00
Male 1.09 (0.88–1.35), 0.441 1.12 (0.90–1.39), 0.300

Age (years) 1.03 (1.02–1.04), <0.001 1.02 (1.01–1.03), <0.001
Isolated serotype

DENV-1 1.00 1.00
DENV-2 2.16 (1.37–3.41), 0.001 1.81 (1.15–2.86), 0.010
DENV-3 1.93 (1.23–3.03), 0.005 1.87 (1.19–2.92), 0.007
DENV-4 2.34 (0.89–6.14), 0.085 1.88 (0.73–4.86), 0.190

Type 2 diabetes mellitus
No 1.00 1.00
Yes 5.03 (3.78–6.70), <0.001 2.07 (1.45–2.96), <0.001

Hypertensive disease
No 1.00 1.00
Yes 5.09 (3.67–7.04), <0.001 1.49 (0.99–2.23), 0.054

Chronic kidney disease
No 1.00 1.00
Yes 9.65 (6.08–15.32), <0.001 3.35 (2.03–5.51), <0.001

Immunosuppression (any cause)
No 1.00 1.00
Yes 4.11(1.37–12.28), 0.012 2.86 (0.99–8.29), 0.053

Abbreviations: RR, risk ratio; CI, confidence interval; DENV, dengue virus. Notes: (1) Log-binominal generalized
linear regression models were employed to obtain RRs and 95% CIs; (2) Estimates from the multiple model were
adjusted by all the variables listed in the table.

As shown in Table 2, each additional year in age was associated with a 2% increase in
risk (RR = 1.02, 95% CI 1.01–1.03, p < 0.001). Chronic preexisting comorbidities were also
significantly associated with mortality risk, including type 2 diabetes mellitus (RR = 2.07,
95% CI 1.45–2.96, p < 0.001) and chronic kidney disease (RR = 3.35, 95% CI 2.03–5.51,
p < 0.001).

4. Discussion

Our results offer insights into the epidemiology and clinical determinants of in-hospital
mortality among dengue patients. These findings underscore the need for effective man-
agement strategies to mitigate the mortality rates associated with this mosquito-borne
disease [6].

The association between DENV serotype and mortality risk revealed that DENV-2 and
DENV-3 infections were associated with an increased mortality risk compared to DENV-1.
Some published studies have documented similar findings [7,8], while others have not
observed differences in disease outcomes in terms of infectious serotype [9,10], highlighting
the complexity and potential influence of other factors, such as regional variations, patient
demographics, and coexisting medical conditions.

The temporal distribution of DENV serotypes, particularly the peak in DENV-3 cases
during 2023, underscores the dynamic nature of dengue epidemiology [11]. This tempo-
ral variation may influence disease severity and should be considered in public health
interventions aimed at controlling dengue outbreaks.

We also identified demographic and clinical factors associated with mortality risk. The
presence of chronic comorbidities like type 2 diabetes mellitus and chronic kidney disease
further increased mortality risk, underscoring the importance of managing these underlying
health conditions in dengue patients to reduce adverse outcomes. Both conditions impose
a substantial burden in Mexican adults [12,13].

The potential limitations of our study must be cited. Firstly, our use of data from an
epidemiological surveillance system means that our findings are contingent upon the qual-
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ity of this data, which introduces the potential for inherent biases or inaccuracies. Secondly,
the scope of our study is constrained by the information collected within the epidemiologi-
cal surveillance system under analysis. Clinical and epidemiological data, such as prior
dengue episodes, are absent. A more comprehensive analysis, incorporating data from
previous dengue fever episodes, could have strengthened our manuscript. Future research
addressing this gap would be valuable from both public health and clinical viewpoints.

5. Conclusions

These results underscore the need for a comprehensive public health strategy for
dengue. We documented the influence of both the virus and individual susceptibility on
disease severity. Future research should confirm these findings in diverse populations and
investigate the biological pathways leading to severe dengue.
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