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1. Introduction

Pandemics have claimed millions of lives over millennia. The bubonic plague, small-
pox, cholera, and, more recently, the Spanish flu devastated the world, resulting in more
deaths than wars and enormous economic impacts. With the rapid advancement of medical
knowledge during the 20th century, especially concerning infectious diseases and micro-
biology, it may appear that the importance of pandemics and the damage they cause will
be much less concerning in the future. However, the massive threat of bird flu posed
by Influenza A H5N1 and other highly pathogenic avian influenza viruses beginning in
2006, the subsequent emergence of swine flu in 20092010, the appearance of SARS and
MERS, and, most importantly, the COVID-19 pandemic serve as wake-up calls, indicating
that even with great advances in medicine, some aspects of our modern lifestyle, such
as urbanization, massive sports events and concerts (with tens of thousands of people
concentrating in small areas), indoor malls, and travel habits may actually increase the
likelihood of future pandemics, reducing the effects of the epidemiological advances we
have made.

Newly emerging or mutating variants of previously known microorganisms may
continue to present potential for further pandemics. This Special Issue focuses on such
viruses, including chikungunya, dengue, Zika, and others with pandemic potential.

2. Chikungunya

The Chikungunya virus is classified as an arbovirus, part of the Togaviridae family,
with mosquitoes being its most important vector [1]. The most common symptoms of the
infection are fever, muscle and joint pain, and rashes. Most people recover spontaneously,
but in 30-40% of the affected patients, infection can lead to subacute joint inflammation,
lasting weeks or more.

Thus far, at least 317,000 Chikungunya infections, with 135 Chikungunya-associated
fatalities, have been confirmed across several separate geographic areas. Infections have
been confirmed in all continents except Australia [2]. The ongoing appearance of Chikun-
gunya viral infections has demonstrated that despite all measures taken so far to manage
Chikungunya infections, it remains a significant concern not only in warmer climates but
also in other parts of the world.

There are no specific antiviral treatment options available for chikungunya virus
infection, making managing the threat posed by this virus even more challenging. Vaccines
against the chikungunya virus, including live-attenuated and virus-like particle vaccines,
are under development and being subjected to intense testing [3,4]. Two chikungunya
virus vaccines have been licensed in the United States, namely, a live-attenuated vaccine
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(IXCHIQ) and a virus-like particle vaccine (VIMKUNYA), with the former being currently
suspended due to safety concerns, especially for elderly patients [5]. This context further
highlights the challenges we face with the next potential pandemic.

3. Dengue

Dengue fever is an acute febrile illness caused by one of the four serotypes of Dengue
virus. It has variable clinical manifestations, ranging from asymptomatic to severe dengue
hemorrhagic fever and shock. Extended and unusual presentations involving the heart,
liver, kidneys, muscles, and brain have also been reported [6]. The Dengue virus is a
flavivirus with a single-stranded RNA genome and comprises three structural proteins,
a capsid, an envelope, and a membrane. The global incidence of dengue has recently
increased significantly, with almost half of the world’s population now potentially at risk
of infection [7]. Since there is no antiviral medication specifically for treating dengue
fever, treatment options are severely limited, mainly constituting symptom relief and
support. Infection with one serotype of the virus does not guarantee protection from
the other serotypes, and reinfection with a different serotype may result in more severe
symptoms [7,8]. Thus, the development of a safe tetravalent vaccine that produces a
balanced immune response to all four serotypes has been a longstanding goal, and the most
promising approach involves live attenuated virus vaccines, which represent their own
significant challenges. Besides vaccination, effective dengue control also involves vector
control, educational programs, and epidemiological surveillance [9].

4. Zika

The Zika virus encompasses a positive single-stranded RNA genome and belongs to
the flaviviridae family [10]. The virus was first isolated in Uganda in 1947. It is considered
an arbovirus transmitted primarily by mosquitoes. However, at least in some cases, person-
to-person spread has also been verified [11,12]. Most Zika virus infections are asymptomatic
or cause only mild, general symptoms such as the common cold. Frequent symptoms
include a low-grade fever, malaise, myalgias, skin rashes, headaches, and joint pain, most
commonly in the hands and feet. Importantly, Zika virus infections during pregnancy can
cause serious complications, including microcephaly, along with Guillain-Barré syndrome
in adults [13].

Despite recognition of the threat it poses, decades after its discovery, no vaccines have
been granted approval against Zika virus, making the population globally vulnerable to
potential future outbreaks [14]. Nonetheless, developments in several different pathways
have recently been made to induce immunity against the Zika virus, and, together with the
traditional inactivated and live-attenuated viral vaccines and the more recent DNA vector,
mRNA-based, and recombinant protein vaccines, multiple platforms are moving towards
randomized, controlled human trials.

5. Highly Pathogenic Avian Influenza (HPAI)

Highly pathogenic avian influenza viruses, mostly influenza A H5N1 and H7N9 have
been considered a potential pandemic threat since the early 2000s. These strains cause
severe disease with high fatality rates when transmitted from birds to humans, with a
case/fatality ratio of up to 59% [15]. Human-to-human transmission has occurred, but it
is infrequent [16]. The WHO set level 3/6 pandemic alertness in 2006 and recommended
developing and stockpiling vaccines [17].

HPAI poses some unique challenges. Conventional diagnostic assays for detecting
influenza infection and/or verifying protection, whether natural or vaccine-induced, have
been found to show extreme intra- and interlaboratory variability. The traditionally used
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chicken-red-blood-cell based hemagglutination inhibition assays have been found to be
insensitive and unreliable; therefore, the use of horse erythrocytes has been proposed to
assess response to infection and/or vaccination [18]. Due to the information above, the
World Health Organization (WHO) established H5 reference laboratories as part of the
WHO Global Influenza Surveillance and Response System [19]. An additional challenge
posed by HPALI is that many strains have been found to be oseltamivir-resistant [20].

HPAI strains continue to evolve and represent a threat, as recently highlighted by a
fatal case in the state of Washington, which was the first confirmed global human case of a
rare H5N5 strain [21].

6. Closing Thoughts

Many of the viruses that might lead to a pandemic pose several challenges. For
instance, recent data suggest that Chikungunya is severely underreported and often misdi-
agnosed as dengue fever due to a somewhat-similar symptom profile [22].

Developing vaccines—whether the more conventional forms, such as whole-virion
inactivated or attenuated, subunit, and recombinant protein, or the more novel VLP, DNA
vector, and mRNA-based vaccines—is one of the most important ways of preparing for
potential pandemics. Finding reliable markers of immunity, weather from infection or
vaccination, poses additional challenges. This was very evident during the previous
pandemics—such as those caused by Influenza A(HIN1)pdm09 and, most recently, by
SARS-CoV-2—when reliable correlates of protection were difficult to standardize.

Furthermore, developing novel antivirals and repurposing previously well-known
medications are also essential parts of strategies for addressing potential pandemic viruses.
This was made very clear during the COVID-19 pandemic, where both methods were suc-
cessfully used. Discussing public health, epidemiological, pharmaceutical, immunological,
and other measures that might help us avoid or at least mitigate future pandemics and
thus prevent loss of life and decrease economic burdens is of utmost importance.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Diagnosis of dengue virus infections typically relies on RT-PCR-based methods,
for which reliable positive controls are essential. Viral RNA is an ideal positive control, but
its inherent instability poses a major challenge. Herein, we report a simple and effective
method for stabilizing dengue virus RNA by immobilizing it onto silk fibroin films (RNA-
SFFs). We evaluated various substrate surfaces for RNA-SFFs preparation and found that
the inner surface of sealable bags is optimal for uniform film formation and easy harvesting.
Screening different silk fibroin concentrations revealed that even low concentrations (2.8%)
effectively preserved RNA well and kept Ct constant for up to 16 days at 25 °C, 37 °C,
and even 45 °C (extreme weather for transportations). Due to its rapid film formation and
ease of peeling, 7% silk fibroin was selected. Notably, the RNA-SFFs demonstrated robust
resistance to UV irradiation, with no significant Ct value changes after 4 h of exposure.
Long-term stability testing at —20 °C, 25 °C, and 37 °C showed that dengue serotype 1-4
RNA-SFFs remained stable for the entire duration of the study—up to 56 weeks (approxi-
mately 14 months)—at all tested temperatures. These results demonstrate that RNA-SFFs
are highly stable, portable, and practical as positive controls for dengue diagnostics, with
strong potential for use in on-site and resource-limited settings.

Keywords: positive controls; RNA; dengue virus; silk fibroin film; stability

1. Introduction

Dengue, an arboviral disease caused by dengue viruses and transmitted by Aedes
mosquitoes, can lead to mild or severe sickness. The symptoms include fever, aches (such
as eye pain, typically behind the eyes, muscle, joint, or bone pain), nausea or rashes.
Approximately 5% of individuals who develop dengue will progress to severe dengue,
which may result in shock, internal bleeding, and even death [1,2]. The dengue virus
comprises four distinct serotypes (DENV-1 to DENV-4), contributing to its complex epi-
demiology. In 2024, the World Health Organization’s (WHO) reported a record 14.4 million
dengue cases globally (https://worldhealthorg.shinyapps.io/dengue_global/, accessed on
15 October 2025), which is more than double the 7 million cases recorded in 2023 [3]. The
real situation might be more serious. One modeling estimate indicates that dengue fever
affects more than 400 million people annually worldwide and causes around 22,000 deaths
across over 100 countries. Given the lack of specific antiviral treatment, early diagnosis
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continues to play a critical role in enabling timely treatment and minimizing the risk of
severe dengue [24].

Reverse transcription-polymerase chain reaction (RT-PCR) remains the benchmark
method for the early and accurate detection of dengue virus infection [5,6]. To ensure the
reliability and validity of RT-PCR, the inclusion of positive controls or reference materials
in each run is essential. Genomic RNA has become a widely adopted reference standard in
molecular diagnostics and assay calibration due to its full-length genomic sequence, ease of
production, and suitability for scalable manufacturing [7,8]. However, RNA molecules are
inherently unstable and highly susceptible to enzymatic (e.g., ribonuclease-mediated) and
chemical degradation (e.g., hydrolysis, oxidation), necessitating immediate stabilization via
storage at ultra-low temperatures or under desiccated conditions [7,9-11]. This requirement
presents significant challenges for resource-limited settings.

To circumvent these constraints, various ambient-temperature stabilization strategies
have been investigated. Lyophilization (freeze-drying) [12], encapsulation within metallic
capsules [10,11], or entrapment in silica-based microparticles [13] offer enhanced stability
but are often prohibitively expensive, labor-intensive, or ill-suited for deployment in
resource-limited or field settings.

Silk fibroin is a natural protein polymer derived from the cocoons of the domesticated
silkworm Bombyx mori. In its native state, silk fibroin adopts a semicrystalline architecture
comprising approximately 65% crystalline domains and 35% amorphous regions, which
synergistically contribute to the mechanical resilience and structural robustness of the co-
coons. Silk fibroin exhibits high solubility in water and can be processed into a regenerated
material with a water-stable structure, featuring a predominant 3-sheet crystalline con-
formation. This conformation endows the protein-based matrix with exceptional thermal
stability, mechanical strength under tension and resistance to chemical degradation [14,15].
Owing to these unique physicochemical properties—particularly its biocompatibility and
ability to stabilize labile biomolecules—silk fibroin has emerged as a highly promising ma-
trix for the encapsulation and preservation of thermosensitive biological agents, including
whole blood, DNA, and RNA [14,16-21].

In this study, silk fibroin is employed to form films incorporating dengue viral RNA,
serving as reference materials to support the development and evaluation of RT-PCR-based
dengue virus diagnostic assays. The resulting RNA-silk fibroin films (RNA-SFFs) effectively
stabilize dengue viral RNA, with no significant change in RT-qPCR Ct values observed
after storage for at least 14 months at 37 °C (longer durations have not yet been evaluated).
RNA-SFFs prepared from various concentrations of silk fibroin maintain RNA stability
at 25 °C, 37 °C and 45 °C for 16 days. Additionally, the RNA-SFFs exhibit resistance to
UV radiation, as evidenced by stable Ct values following 4 h of exposure to UV light

at an intensity of over 90 uW/cm?

. These results suggest minimal RNA degradation
under thermal and environmental stress. Therefore, the developed RNA-SFFs represent a
promising cold-chain-free alternative for the long-term storage and transport of reference

materials, with potential utility in resource-limited and field-deployable diagnostic settings.

2. Materials and Methods
2.1. Materials

Dengue virus serotypes 1 through 4 were obtained from clinical specimens derived
from infected individuals and propagated in Aedes albopictus C6/36 cells (IVCAS9.087
in National Virus Resource Center, Wuhan Institute of Virology, CAS, Wuhan, China).
C6/36 cells were cultured in T75 flasks using MEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. When cells reached 70-80% confluence, they
were infected with DENV-1 to DENV-4 at a multiplicity of infection (MOI) ranging from
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0.01 to 0.1. The infected cultures were incubated at 37 °C in a 5% CO, humidified incubator
until pronounced cytopathic effect (CPE) was observed (3—4 days). Viral supernatants
were then collected for RNA extraction. Although the initial infectious virus titer was not
determined by plaque assay or TCIDs, the viral load in the supernatant was assessed by
RT-qPCR, yielding Ct values between 10 and 15, indicating high levels of viral RNA. Viral
nucleic acids were isolated utilizing the QIAamp® Viral RNA Mini Kit (Qiagen, Hilden,
Germany), following the manufacturer’s protocol. The HiScript® I One Step qRT-PCR
Probe Kit (Vazyme Biotech Co., Ltd., Nanjing, China) was used for RT-qPCR. Cocoons
were purchased from Crystalgen Ningbo Biotech Ltd. (Ningbo, China). Lithium bromide
and sodium carbonate were bought from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China) and Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All primers and fluorescently labeled probes were commercially synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China). Nuclease-free water, essential for molecular assays
to prevent degradation of nucleic acids, was sourced from Source Leaf Biotech Co., Ltd.
(Shanghai, China). The primer/probe sets for the four dengue virus serotypes 1 through
4 are listed in Table 1. Ultrapure water with a resistivity of 18.2 M()-cm was employed in
all experiments.

Table 1. Primers and probes targeting the four dengue virus serotypes for RT-qPCR.

Primer or Probe Sequence (5'-3')
DENV-1-F TGTGCATTGAAGCTAAAATATCA
DENV-1-R CGTCTTGTTCTTCCACCA
DENV-1-P FAM-ACCACCACCGACTCAAGATGTCCAA-BHQ1
DENV-2-F CGAGAAATACGCCTTTCAATA
DENV-2-R CAGCATTCCAAGTGAGAATC
DENV-2-P FAM-AACCGCGTGTCAACTGTGCAAC-BHQ1
DENV-3-F CAACCAACGGAAGAAGAC
DENV-3-R CGCCAACTGTGATCCAGT
DENV-3-P FAM-AAACCGTCTATCAATATGCTGAAACGC-BHQ1
DENV-4-F GGTTGGTGAAGAGATTCTCA
DENV-4-R GTGGGATGGAAAGGACTC
DENV-4-P FAM-AGCACCATCCGTAAGGGTCCT-BHQ1

2.2. Preparation and Quantification of Silk Fibroin Solution from Silk Cocoons

Silk fibroin solution was prepared following the established protocol described by
Rockwood D. et al. [16], with minor modifications. Approximately 2.5 g of Bombyx mori silk
cocoons were manually cut into fragments of nail-clipping size using sterilized scissors. To
facilitate degumming, 2.12 g of sodium carbonate was dissolved in 1 L of ultrapure water,
which was heated to boiling to dissolve. The cocoon pieces were introduced into the boiling
sodium carbonate solution and stirred vigorously at 110-200 rpm for 50 min to remove
sericin. Following cooling, the degummed silk fibers were retrieved, transferred to 1 L of
fresh ultrapure water, and subjected to magnetic stirring for 20 min to remove residual salts.
This washing step was repeated three times with complete water replacement. The purified
fibers were then dried overnight in a fume hood. The dried silk fibroin was weighed (about
1.70 g). For dissolution, 8.1 g of lithium bromide (LiBr) was dissolved in 10 mL of ultrapure
water. The dried fibers were solubilized in the LiBr solution at a ratio of 1:4 (for example,
1.7 g silk fibers to 6.8 mL LiBr solution), followed by incubation at 60 °C for 4 h to ensure
complete dissolution of the protein matrix. The resulting solution was dialyzed against
1 L of ultrapure water at 4 °C for 72 h, with the dialysate replaced three times daily to
eliminate residual LiBr. After dialysis, the aqueous silk fibroin solution was centrifuged at
9000 g and 4 °C for 20 min to remove insoluble aggregates. The supernatant was collected
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and subjected to a second centrifugation under identical conditions to ensure maximal
clarity. The purified silk fibroin solution was stored at 4 °C for up to one month and used in
subsequent experiments as required. The concentration of the prepared silk fibroin solution
was determined as follows. A clean Petri dish lid was pre-weighed (mass recorded as m;
in grams). Exactly 500 pL of the silk fibroin solution was pipetted onto the lid and dried at
60 °C for 1 h to constant weight. The lid with dried fibroin was weighed (mass recorded as
my in grams, and the mass difference in mass (m; — mj). The concentration of the prepared
silk fibroin solution is calculated as:

mp —1my
Gsilk fibroin — 05

The unit of the protein concentration is in % w/v. For example, if the mass difference
is 0.035 g, then the concentration is 0.035 divided by 0.5, which is 7.0% w/v.

2.3. Evaluation of Film Formation Efficiency of the Silk Fibroin on Various Substrate Surfaces

The prepared silk fibroin solution in Section 2.2 was quantified and adjusted to a final
concentration of 7.0% w/v. To investigate the influence of substrate properties on film
formation and ease of harvest, 10 uL. of RNase-free water was mixed with 10 uL of the
7.0% w/v silk fibroin solution. The resulting blend was cast onto various surfaces to form
circular films with a diameter of approximately 1 cm, including a Petri dish (plastic), a Petri
dish (glass), aluminum foil, the inner surface of an incised new sealable plastic bag, and
the interior of microcentrifuge tubes. Samples were air-dried under ambient conditions to
form thin solid films. The time required for complete film formation and the ease of film
detachment were assessed for each substrate.

2.4. RT-qPCR System and Protocol

The RT-qPCR assay was carried out in a total reaction volume of 20 uL, comprising
5 uL of template RNA, 10 pL of 2x one-step reaction mix, 1 uL of enzyme mix, 0.4 puL each
of 10 uM forward and reverse primers, 0.4 pL of 10 uM fluorescent probe, and nuclease-
free water to achieve the final volume. The RT-qPCR reactions were run in duplicate.
Amplification and fluorescence detection were performed using the CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) or MA-6000 (Yarui Biotech, Suzhou, China)
under the following thermal cycling conditions: an initial reverse transcription phase at
50 °C for 15 min, followed by initial denaturation at 95 °C for 30 s. This was succeeded
by 45 consecutive cycles of amplification, each consisting of a denaturation step at 95 °C
for 10 s and an annealing/extension step at 60 °C for 30 s, with fluorescence acquisition
occurring during the latter phase of each cycle. The Ct thresholds for all qPCR runs were set
automatically by the instrument’s software (Bio-Rad CFX Manager version 3.1, Hercules,
CA, USA) or MA-6000 (Yarui Biotech, Suzhou, China).

2.5. The Effect of Silk Fibroin Films (SFFs) on Ct Values of DENV-1

Evaluation of the effect of silk fibroin on Ct values of DENV-1 RNA through RT-qPCR:
To assess potential matrix-induced effects of silk fibroin on RT-qPCR quantification, a
dilution series of silk fibroin solutions was prepared from 7.0% w/v using a two-fold serial
dilution method, yielding concentrations of 7.0%, 3.5%, 1.75%, 0.88%, and 0.44% w/v. Here,
a wide range of the silk fibroin concentrations were used to identify the threshold at which
silk fibroin might begin to interfere with RT-qPCR. For each concentration, 10 pL of DENV-1
RNA was mixed with 10 pL of the respective silk fibroin solution, resulting in a 1:1 (v/v)
RNA-silk matrix. The mixtures were then directly subjected to RT-qPCR analysis without
prior processing.
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Assessment of DENV-1 RNA stability in the form of RNA-silk fibroin films (RN A-SFFs)
prepared from silk fibroin solutions of varying concentrations: Silk fibroin solutions at
concentrations of 7.0%, 5.6%, 4.2% and 2.8% w/v were prepared by serial dilution of the
stock solution with nuclease-free water (Source Leaf Biotech Co., Ltd., Shanghai, China),
which are different from the concentrations used above due to that very low concentrations
may compromise film integrity. The mixtures of 10 uL of DENV-1 viral RNA and 10 pL of
each silk fibroin formulation were spread onto the inner surfaces of sealed polyethylene
bags and air-dried under ambient conditions for 30 min to 1 h to yield thin, solid composite
films. The resulting RN A-SFFs were transferred into 1.5 mL microcentrifuge tubes and
stored under controlled thermal conditions at 25 °C, 37 °C and 45 °C. The preparation
process of dengue virus RNA-silk fibroin films (SFFs) is illustrated in Figure 1. At days
1,3, 6,9, 13 and 16, individual samples were retrieved, and each film was rehydrated
by adding 500 uL of RNase-free water. Samples were vortexed vigorously to ensure
complete dissolution and homogeneous resuspension of RNA. The recovered RNA was
then immediately subjected to RT-qPCR, and the cycle threshold (Ct) values were recorded.

Silk cocoons Silk fibroin

\T 3 Dengue viral Store on shelf
i} ‘—J RNA-SFFs

Dengue virus RNA extraction
propagated in cells

Figure 1. Experimental strategy for the preparation of dengue virus RNA-SFFs. Created in BioRender.
Yu, J. (2025) https:/ /app.biorender.com/illustrations/68d0ad9ed6333e7d2837d168?slideld=8df1f916
-9599-42dd-8075-1a73ac3418d5 accessed on 29 October 2025.

2.6. Assessment of DENV-1 RNA Stability in the Form of RNA-SFFs

To evaluate the protective effect of RNA in the form of RNA-SFFs against UV-induced
degradation, samples were exposed to UV radiation at an irradiance intensity exceeding
90 W /cm? for durations of 1 h, 2 h, and 4 h. The irradiance level was chosen to reflect
typical conditions used for surface decontamination in biological safety cabinets and clean
benches. DENV-1 RNA-SFFs were prepared following the protocol outlined in Section 2.5,
and naked DENV-1 RNA in solution served as the control.

2.7. Long-Term Storage of the Prepared DENV-1-4 RNA-SFFs at —20 °C, 25 °C and 37 °C

Dengue virus serotypes 1-4 RNA were individually encapsulated into SFFs using
the protocol described above. The prepared RNA-SFFs were stored at —20 °C, 25 °C, and
37 °C to assess long-term RNA stability under varying thermal conditions. No special
precautions against light exposure were taken during storage, and temperature fluctuations
were kept to a minimum to ensure consistent experimental conditions. At1,2,3,4,6,8,
12, 24, 48 and 56 weeks, individual films were removed from storage and dissolved in
RNase-free water according to the rehydration procedure mentioned above. The dissolved
RNA was then subjected to serotype-specific RI-qPCR using corresponding primer-probe
sets as listed in Table 1. Ct values were recorded at each time point to monitor Dengue
RNA stability.
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2.8. Data Statistics

Data are presented as the mean + standard deviation (SD) derived from three in-
dependent replicates. Statistical significance between experimental groups at different
temperature was assessed by one-way ANOVA (and nonparametric or mixed) with Dunn’s
multiple comparisons test using GraphPad Prism 9.0.0 (GraphPad Software Inc., San Diego,
CA, USA). A probability value of p < 0.05 was designated as statistically significant.

3. Results
3.1. Selection of Appropriate Substrate Surfaces to Form SFFs

Initially, the film formation efficiency of silk fibroin was evaluated across various
substrate surfaces. The results are summarized in Table 2. To optimize the preparation
process of SFFs, an ideal substrate was sought that would enable the formation of intact,
easily detachable films with a short air-drying time. As shown in Table 2, the inner surface
of an incised new sealable plastic bag exhibited favorable characteristics: rapid air-drying,
formation of structurally uniform films, and facile delamination without fragmentation.
Given these advantages, this substrate was adopted for the preparation of RNA-loaded
silk fibroin films (RNA-SFFs), where the RNA is embedded within the film matrix during
casting and dried into a stable, peelable sheet for subsequent rehydration and use in
RT-qPCR.

Table 2. Evaluation of the film formation efficiency of silk fibroin on various substrate surfaces.

Substrate

Air-Drying Time/min

Film Morphology

Peelability

Difficult to peel intact; required

Petri dish (polystyrene) 60 Brittle and prone to cracking multiple attempts with
residual adhesion
Petri dish (glass) 40 Pc?wder—hl.(e morphology, no Not peelable; only removable
continuous film structure formed via scraping
Aluminum foil 40 Adhered s‘tr.ongl.y to th? surface; Unable toibe peeled off w.1thout
no visible intact film damaging or fragmenting
. Uniform, flexible and structurally Easily removable
Sealable plastic bag 40 intact film without fragmentation
Mixture remained liquid after
Centrifuge tube >60 more than one hour, no drying or Not applicable

film formation observed

3.2. Assessment of the Effect of Silk Fibroin at Varying Concentrations on DENV-1 Genomic
RNA Detection

We first evaluated the effect of silk fibroin on Ct values of DENV-1 viral RNA by

RT-qPCR. The results are shown in Figure 2. The figure displayed no significant differences
between DENV-1 viral RNA alone (the control group is DENV-1 RNA with 0% silk fibroin)
and samples containing silk fibroin at various concentrations of the silk fibroin, even at 7%
w/v (the corresponding final concentration of silk fibroin in the RNA samples was 3.5%).
This indicates that silk fibroin had no obvious effect on the Ct value of DENV-1 viral RNA.

3.3. Evaluation of the Stability of DENV-1 RNA in SFFs Prepared with Silk Fibroin at
Varying Concentrations

DENV-1 RNA was mixed with silk fibroin solutions of four silk fibroin concentrations
(7.0%, 5.6%, 4.2%, and 2.8% w/v) and dried to form RNA-silk fibroin films (RNA-SFFs)
to evaluate RNA stability in the SFF format under different storage conditions at 25 °C,
37 °C and 45 °C. The results are presented in Figure 3. The data, along with statistical
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p values and z values, are provided in the Supplementary Materials. A p value > 0.05
indicates no significant difference, while the z value reflects the magnitude of intergroup
differences. The results indicated that at all tested concentrations, RT-qPCR Ct values
remained stable throughout the 16-day storage period, even under the most thermally
stressful condition (45 °C), indicating that silk fibroin effectively preserves RNA well in the
SFF format for at least 16 days at elevated temperatures. Notably, RNA-SFFs prepared with
7.0% w/v silk fibroin exhibited the narrowest confidence intervals and the most consistent
Ct values across all time points and temperatures, as evidenced by the smallest error bars
in Figure 3D (with the smallest fluctuations for all the temperatures with 7.0% w/v silk
fibroin (7.0%: 29.4 4 0.45; 5.6%: 29.7 £ 0.64; 4.2%: 30.0 £ 0.75; 2.8%: 30.2 &+ 0.61). This
enhanced reproducibility is likely attributable to the formation of denser, more cohesive
films at the higher silk fibroin concentration, which facilitated complete and consistent
delamination from the substrate surface, thereby improving sample recovery uniformity
and experimental repeatability. Based on these results, a silk fibroin concentration of
7.0% w/v was selected for subsequent experiments to ensure optimal film quality and
assay consistency.
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Figure 2. Impact of silk fibroin concentration on the RT-qPCR Ct values of DENV-1 RNA. Data are
presented as the mean Ct value from three independent experiments, with error bars indicating the
standard deviation (SD). Each concentration of silk fibroin (7.0%, 3.5%, 1.75%, 0.88%, and 0.44% w/v)
was tested in a 1:1 (v/v) mixture with DENV-1 RNA. The control group is DENV-1 RNA with 0% silk
fibroin. No significant variation in Ct values was observed across the concentration range. Statistical
significance was determined by ANOVA vs. 0% silk fibroin (p values and z values, which reflect the
magnitude of the group difference, are listed in the Supplementary Materials). No significance was
observed for all the tested silk fibroin concentrations (p > 0.05).

3.4. UV Resistance of DENV-1 RNA-SFFs

DENV-1 RNA-SFFs, prepared according to the aforementioned protocol, were exposed
to UV radiation at an irradiance intensity exceeding 90 tW /cm?, which was selected based
on the typical irradiance level used for surface decontamination in biological safety cabinets
and clean benches, for 1 h, 2 h and 4 h to evaluate the protective capacity of DENV-1
RNA-SFFs against UV-induced RNA degradation. In contrast to the RNA-SFFs, naked
DENV-1 RNA in solution exhibited a time-dependent increase in RI-qPCR Ct values with
prolonged UV exposure (Figure 4), indicating progressive RNA fragmentation and reduced
amplifiability. By contrast, RNA within the silk fibroin films maintained stable Ct values
across all time points, with no statistically significant differences observed after 1,2, or 4

11



Viruses 2025, 17, 1452

h of irradiation (p > 0.05). These results demonstrate that the silk fibroin films effectively
shields RNA from UV-induced photodegradation. The RNA molecules are preserved well
within the film, likely due to the physical barrier and radical-scavenging properties of the
silk protein network. Thus, silk fibroin confers robust protection against environmental UV
stress, highlighting its potential as a stabilizing biomaterial for RNA preservation under
challenging conditions.
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Figure 3. Stability of DENV-1 RNA in RNA-SFFs prepared with silk fibroin at varying concentrations.
(A). 2.8% w/v; (B). 4.2% w/v; (C). 5.6% w/v; (D). 7.0% w/v. Each panel shows RT-qPCR Ct values of
RNA in SFFs over time at 25 °C, 37 °C and 45 °C, indicating minimal degradation of RNA across
all concentrations. The highest consistency was observed at 7.0% w/v. All data are presented as
mean + SD of three independent experiments.
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Figure 4. Stability of DENV-1 in RNA-SFFs and free RNA under UV irradiation at increasing exposure
durations (1 h, 2 h and 4 h). Each data point represents the mean Ct value from three independent
experiments, and error bars indicate SD. Statistical significance was determined by ANOVA vs. 0 h of
UV irradiation. p and z values are displayed in the Supplementary Materials. * p < 0.05 for free RNA
(indicating degradation); NS for RNA-SFFs (no significant change), showing effective stabilization.
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3.5. Long-Term Stability of Dengue Serotypes 1-4 RNA in RNA-SFFs Under Different
Temperature Conditions

To evaluate the long-term stability of dengue viral RNA in RNA-SFFs, DENV-1-4
RNA-SFFs were stored under three distinct temperature conditions: —20 °C, 25 °C and
37 °C, for an extended period of 56 weeks (approximately 14 months). All data, including
statistical p and z values, are available in the Supplementary Materials. Plots of Ct values vs.
weeks are presented in Figure 5. The mean Ct values for the first six time points in Figure 5
are from three independent experiments, while the data for the last four time points are
from two independent experiments. As shown, DENV-2 RNA (Figure 5B) exhibited a lower
Ct value at the one-week time point compared to subsequent measurements. This may
reflect an initial measurement variability or a transient shift in Ct values between week one
and week two, after which the values stabilized and remained consistent for the remainder
of the study. No significant differences were observed in Ct values between any testing
time point and the reference time point (week one, or week two for DENV-2); p > 0.05,
see Supplementary Materials (Data for Figure 5). Notably, all four dengue serotypes
demonstrated excellent stability over the 56-week duration, with minimal fluctuation in
Ct values across all storage temperatures. Importantly, statistical analysis revealed no
significant differences in Ct values between samples stored at —20 °C and those maintained
at 25 °C or 37 °C at any tested time points (p > 0.05). The p values are listed in the
Supplementary Materials (Data for Figure 5). This indicates that RNA-SFFs effectively
preserve RNA even under elevated, non-frozen conditions. Collectively, these findings
demonstrate that RN A-SFFs provide robust protection for multivalent dengue viral RNA
over prolonged periods, maintaining molecular stability for up to 56 weeks without the
need for cold-chain storage. These results highlight the potential of SFFs as a versatile and
reliable platform for ambient-temperature biostabilization of RNA-based diagnostics.
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Figure 5. Long-term stability of the DENV-1-4 RNA in RNA-SFFs stored at —20 °C, 25 °C, 37 °C for
56 weeks (approximately 14 months). (A). DENV-1; (B). DENV-2; (C). DENV-3; (D). DENV-4. Data
shown are means + SD.
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4. Discussion

Positive controls play a pivotal role in RI-PCR-based assays for the diagnosis of viral
infections. Dengue viral genomic RNA serves as a critical positive control with advantages
of containing all targets of dengue viruses to validate all RT-PCR-based diagnostic kits.
However, RNA is inherently labile and highly susceptible to degradation by RNases,
chemicals and environmental stressors such as heat and UV radiation. The storage and
transport of RNA-based controls depend on cold-chain infrastructure, which limits the
practical utility in resource-limited or field-deployable diagnostic settings.

In this study, we demonstrate that dengue RNA-SFFs can effectively stabilize dengue
genomic RNA under challenging conditions. Specifically, RNA in SFFs remains stable for
up to 14 months at 37 °C, up to 16 days at 45 °C, and for a minimum of 4 h under intense
UV irradiation (>90 pW/cm?). These results highlight the robust protective capacity of silk
fibroin matrices against both thermal and photodegradation.

Notably, we found that silk fibroin, even at a final concentration of 3.5% w/v (de-
rived from the original 7.0% w/v solution shown in Figure 2), did not significantly affect
RT-qPCR Ct values. This observation contrasts with a previous report [21], in which silk
concentrations exceeding 1% w/v were shown to interfere with Ct values, although this in-
terference was mitigated by RNA purification. The discrepancy may stem from differences
in experimental conditions, including variations in silk fibroin preparation methods, PCR
master mix composition, or RNA type. Importantly, in our system, RNA can be directly
detected from the dissolved films without prior extraction, enabling a simpler and more
user-friendly workflow. Consistent with our findings, RNA in SFFs remained stable at
elevated temperatures, including up to 45 °C, further supporting the potential for using
RNA-SFFs-based reference materials in extreme or resource-limited environments.

To the best of our knowledge, stability for 14 months at 37 °C represents the longest
reported storage duration for viral RNA reference materials under non-refrigerated con-
ditions to date. A recent study [10] demonstrated that RNA encapsulated in dehydrated
form within metallic capsules remained stable for up to 3 years at room temperature, as
assessed by RT-qPCR. However, that method relies on proprietary technology developed by
a commercial entity. Due to intellectual property restrictions and cost considerations, this
approach is not readily adaptable for use in independently developed diagnostic assays or
in-house testing systems. In contrast our method demonstrated consistent RNA protection
across all four dengue virus serotypes, indicating that stability is maintained regardless of
genomic sequence variation. This pan-serotypic efficacy underscores the versatility and
generalizability of the silk fibroin matrix, making it particularly valuable for multivalent
diagnostic kits where balanced detection sensitivity across serotypes is essential.

Several limitations of this study should be acknowledged. First, while this work pro-
vides proof-of-concept, the development of RNA-SFFs-based materials into standardized
reference materials will require precise quantification of dengue viral RNA copy number in
the films, followed by multi-laboratory validation to ensure reproducibility and compa-
rability across testing sites. Second, although the materials exhibited excellent long-term
stability, the upper limits of stability—particularly under higher temperatures and more
extreme environmental conditions—have not yet been fully defined. Further studies using
accelerated aging protocols (e.g., elevated temperatures, variable humidity) are needed to
establish shelf life and define optimal storage boundaries. As well, the cost-effectiveness
and scalability of large-scale production, and the effects of different batches of silk fibroin
preparations, and stability tests by different persons, require further investigation. In addi-
tion, the evaluation of RNA stability across a broad dynamic range, particularly at low-copy
inputs (e.g., Ct > 30) that are representative of weak-positive or near-limit-of-detection diag-
nostic controls should be studies further. Moreover, the molecular mechanisms underlying
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the exceptional thermal stability of silk fibroin-RNA films, especially at temperatures up to
45 °C, remain unclear. A deeper understanding of the interactions between silk fibroin and
nucleic acids, as well as the role of water exclusion dynamics during film formation could
guide the rational design of more robust biomaterials. Such insights may not only improve
RNA preservation but also expand the application of silk fibroin in stabilizing other labile
biologics such as vaccines and biopharmaceuticals, thereby contributing to global health.

5. Conclusions

Genomic RNA-based positive controls are essential for current dengue virus diagnosis
but are inherently labile and require stringent cold-chain storage, limiting their use in
tropical and resource-limited settings. To overcome this limitation, we developed a silk
fibroin film (SFF)-based platform for the stabilization of full-length dengue viral RNA.
Our results show that RNA in RNA-SFFs exhibited no significant increase in RT-qPCR
Ct values across all four serotypes (DENV-1-4) after more than 14 months of storage at
37 °C. Furthermore, the RN A-SFFs exhibit robust resistance to both UV irradiation and
elevated temperature (45 °C for at least 16 days). These findings establish silk fibroin as a
highly effective matrix for ambient-temperature preservation of viral RNA. The RNA-SFFs
platform offers a promising strategy for developing ready-to-use, cold-chain-free positive
controls, thereby enhancing the reliability and accessibility of molecular diagnostics in
dengue-endemic regions.
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values for effect of UV; Data for Figure 5: Ct values and statistical P and z values for long-term effect.
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Abstract: Background: Ecuador presents a unique epidemiological laboratory for studying
arboviral dynamics due to its diverse ecological zones and exposure to climatic variability.
Methods: We conducted a comprehensive 36-year analysis (1988-2024) of dengue (DENYV),
Zika (ZIKV), and chikungunya (CHIKV) using national surveillance data from Ecuador’s
Ministry of Public Health. Statistical analyses included time series decomposition, change-
point detection, correlation analysis, and climate association studies. Results: Ecuador
reported 387,543 arboviral cases, with dengue comprising 91.3% (353,782 cases). Dengue
exhibited endemic—epidemic cycles with major peaks during El Nifio events (1994: 10,247
cases; 2000: 22,937 cases; 2015: 42,483 cases; 2024: 23,156 cases through week 26). CHIKV
emerged explosively in 2015 (29,124 cases, incidence 181.10 per 100,000), followed by ZIKV
in 2016 (2947 cases). Both showed rapid decline post-epidemic. Severe dengue cases para-
doxically decreased from 2-4% of total cases in early 2000s to <0.1% post-2016, suggesting
immunological modulation. Cross-correlation analysis revealed significant associations
between climatic indices and epidemic timing (r = 0.67, p < 0.001), particularly for the
El Nifio-Southern Oscillation. Conclusions: Arboviral diseases in Ecuador function as
an integrated epidemiological system with evidence of viral interactions, cross-protective
immunity, and strong climate forcing. These findings emphasize the need for integrated
surveillance and adaptive control strategies.

Keywords: dengue virus; Zika virus; chikungunya virus; time series analysis; Ecuador;
epidemiological interactions; El Nifio Southern Oscillation; climate variability; vector-borne
diseases; integrated surveillance

1. Introduction

Mosquito-borne arboviruses represent an escalating global health threat that has
fundamentally transformed the epidemiological landscape of tropical and subtropical
regions over the past four decades [1,2]. The emergence and re-emergence of dengue virus
(DENV), Zika virus (ZIKV), and chikungunya virus (CHIKV) have created complex multi-
pathogen transmission systems that challenge traditional single-disease surveillance and
control approaches, providing critical insights for pandemic preparedness strategies [3,4].

The Americas have experienced unprecedented epidemiological transformations since
the 1980s, beginning with the re-emergence of dengue following the discontinuation of
Aedes aegypti eradication programs [5], followed by the explosive introduction of chikun-
gunya in 2013 and Zika in 2015 [6,7]. These sequential introductions created what epi-
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demiologists now recognize as the “triple threat” phenomenon, where three related but
distinct arboviruses circulate simultaneously within the same vector species and human
populations, generating complex interactions that influence transmission dynamics, clinical
outcomes, and public health responses [8,9].

Ecuador occupies a strategically important position for understanding these arboviral
dynamics due to its unique geographical and climatic characteristics [10]. The country
spans three distinct biogeographic regions: the Pacific coastal lowlands (Costa), character-
ized by hot, humid conditions ideal for Aedes aegypti proliferation; the Andean highlands
(Sierra), where altitude creates natural barriers to vector establishment but climate change is
expanding suitable habitats [11]; and the Amazon basin (Oriente), with its complex ecologi-
cal networks and indigenous populations with limited healthcare access. This ecological
diversity, combined with Ecuador’s position along the equatorial Pacific where El Nifio—
Southern Oscillation (ENSO) events originate, creates a natural laboratory for studying
climate—pathogen interactions and their implications for pandemic preparedness [12,13].

The epidemiological evolution of arboviruses in Ecuador can be conceptualized
through three distinct historical phases, each offering unique lessons for pandemic pre-
paredness [14]. The first phase (1988-2014) represents the “dengue-only era,” character-
ized by endemic transmission punctuated by epidemic waves closely associated with El
Nifio events [15,16]. During this period, Ecuador developed its fundamental arboviral
surveillance infrastructure, established diagnostic capacity, and implemented vector control
programs focused on a single pathogen. This phase demonstrates both the achievements
and limitations of vertical disease control approaches [17].

The second phase (2015-2017) marked the “triple epidemic period,” during which
Ecuador experienced unprecedented simultaneous circulation of dengue, chikungunya,
and Zika viruses [10,18]. This period exposed critical vulnerabilities in surveillance systems
designed for single-pathogen scenarios, revealed diagnostic challenges when multiple
clinically similar diseases circulate simultaneously [19,20], and demonstrated the complex
interactions between co-circulating arboviruses. The healthcare system response during
this period provides valuable insights into surge capacity management and multi-pathogen
preparedness strategies [21].

The third phase (2018-2024) encompasses the “post-Zika era,” characterized by dengue
resurgence, minimal chikungunya and Zika detection, and the unprecedented disruption of
the COVID-19 pandemic [22,23]. This period highlighted the fragility of arboviral surveil-
lance systems when healthcare resources are redirected to respond to novel pandemic
threats, while simultaneously demonstrating the resilience of endemic transmission cycles
and the potential for explosive re-emergence when surveillance and control measures are
relaxed [24].

1.1. Regional Context and Public Health Significance

Ecuador’s arboviral experience reflects broader regional patterns observed throughout
Latin America, where similar ecological and social conditions have facilitated the establish-
ment and spread of multiple arboviruses [1,25]. However, several unique characteristics
make Ecuador’s experience particularly relevant for pandemic preparedness planning.
The country’s compact geography allows for rapid viral spread between regions, while its
three distinct ecological zones provide natural experiments in how environmental factors
influence transmission dynamics [26].

The implementation of Ecuador’s national health policies during the study period,
particularly during the COVID-19 pandemic, provides critical insights into how emer-
gency health responses can inadvertently impact surveillance and control of endemic
diseases [27]. During 2020-2021, Ecuador implemented some of the most restrictive lock-
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down measures in Latin America, including complete mobility restrictions, closure of
non-essential healthcare services, and redirection of epidemiological surveillance resources
to COVID-19 response. These policies, while necessary for pandemic control, created a nat-
ural experiment demonstrating the cascading effects of pandemic responses on established
surveillance systems.

1.2. Diagnostic and Surveillance Challenges

A critical aspect of Ecuador’s arboviral experience involves the evolution of diagnostic
capabilities and their impact on case detection and classification [28,29]. The establishment
of laboratory diagnostic capacity for different arboviruses occurred at different time points,
creating systematic biases in historical case data that have important implications for
pandemic preparedness planning. Dengue diagnostics, including both serological and
molecular methods, were established in the early 1990s through collaboration with the Pan
American Health Organization (PAHO) [17]. However, chikungunya diagnostics were not
implemented until 2014, coinciding with the virus’s arrival in the Americas, while Zika
diagnostics became available only in early 2015, several months after the virus’s suspected
introduction [19,20].

These diagnostic delays created a phenomenon of “retrospective case reclassification,”
where cases initially diagnosed as dengue fever were later identified as chikungunya
or Zika based on improved diagnostic capacity and epidemiological investigation [30].
This experience highlights a critical lesson for pandemic preparedness: the importance
of maintaining broad-spectrum diagnostic capacity and the need for rapid diagnostic
development and deployment when novel pathogens emerge.

The challenge of asymptomatic infections represents another critical dimension of
arboviral surveillance with direct relevance to pandemic preparedness [31,32]. Studies
in Ecuador and neighboring countries suggest that asymptomatic infections may repre-
sent 50-80% of total DENV infections, 25-50% of CHIKYV infections, and up to 80% of
ZIKV infections [33,34]. This “epidemiological iceberg” effect means that surveillance
systems based on symptomatic case detection capture only a fraction of true transmission
activity, leading to systematic underestimation of epidemic magnitude and population
immunity levels.

1.3. Innovation and Study Significance

While numerous studies have examined individual arboviruses or focused on short-
term outbreak responses, comprehensive multi-decade analyses that integrate climate
drivers, diagnostic evolution, surveillance system performance, and pandemic impact
remain remarkably scarce in the scientific literature [2,3]. This study addresses these critical
knowledge gaps by providing the most extensive temporal analysis of arboviral dynamics
in Ecuador to date, spanning 36 years of continuous surveillance data.

The analytical approach employed in this study represents a methodological inno-
vation in arboviral epidemiology by explicitly accounting for diagnostic delays, surveil-
lance system changes, and the confounding effects of the COVID-19 pandemic [35,36].
Traditional time series analyses of infectious disease data often assume consistent case
definitions and surveillance sensitivity over time, assumptions that are clearly violated
during periods of rapid diagnostic evolution and healthcare system disruption. Our
methodology provides a framework for analyzing long-term epidemiological trends in the
context of evolving surveillance systems, offering insights directly applicable to pandemic
preparedness planning.

The study’s focus on climate—epidemic associations provides quantitative evidence for
environmental forcing of arboviral transmission, with direct implications for early warning
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systems and proactive pandemic preparedness strategies [37,38]. The identification of 3—6
month lag periods between climate anomalies and epidemic onset offers a critical temporal
window for implementing preventive interventions, stockpiling diagnostic supplies, and
mobilizing healthcare resources before epidemic peaks occur.

Perhaps most importantly, this analysis provides evidence for complex multi-pathogen
interactions that challenge traditional approaches to infectious disease surveillance and
control [39,40]. The observed temporal displacement patterns between co-circulating
arboviruses, the paradoxical decline in severe dengue cases following Zika emergence,
and the apparent immunological cross-protection between related viruses all have pro-
found implications for vaccine development, therapeutic approaches, and public health
preparedness strategies [28,32].

2. Materials and Methods
2.1. Study Design and Setting

We conducted a comprehensive retrospective longitudinal observational study analyz-
ing national arboviral surveillance data from Ecuador spanning 36 years (1988-2024) [41,42].
This study design was specifically chosen to capture long-term epidemiological trends
while accounting for evolving surveillance systems, diagnostic capabilities, and external
factors including the COVID-19 pandemic [43,44]. Ecuador encompasses approximately
283,000 km? with a current population of 17.80 million (2024 estimate), distributed across
three biogeographically distinct regions that create diverse arboviral transmission envi-
ronments and provide natural controls for ecological and climatic influences on disease
transmission [45,46].

The study protocol adhered to the STROBE (Strengthening the Reporting of Observa-
tional Studies in Epidemiology) guidelines for observational studies [47] and was designed
to address the specific challenges of analyzing long-term surveillance data with evolving
diagnostic and reporting systems [48,49].

2.2. Data Sources and Acquisition
2.2.1. Epidemiological Surveillance Data

Primary epidemiological data were obtained through formal agreements with
Ecuador’s Ministry of Public Health (MSP) via the national surveillance system (SIVE—
Sistema de Vigilancia Epidemiolégica) following established protocols for secondary data
use in public health research [17,50]. Critically, we obtained both suspected and laboratory-
confirmed case counts to address the diagnostic challenges identified during the literature
review [19].

The surveillance data included detailed case classifications as follows, based on WHO
and PAHO standardized case definitions [51,52]:

1.  Suspected cases: Clinical cases meeting syndromic surveillance definitions based on
fever >38 °C, headache, myalgia, and other compatible symptoms, reported through
the routine surveillance network.

2. Probable cases: Suspected cases with epidemiological links to confirmed cases or occur-
rence during confirmed outbreaks within the same geographic area and time period.

3.  Confirmed cases: Cases with laboratory confirmation through IgM serology (ELISA),
NS1 antigen detection, RT-PCR, viral isolation, or four-fold increase in IgG titers
between acute and convalescent sera [51,53].

Data extraction yielded the following case counts with temporal coverage
(Supplementary Materials):

e Dengue fever (1988-2024): 353,782 suspected cases, 127,843 confirmed cases.
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*  Severe dengue (2001-2024): 1690 suspected cases, 891 confirmed cases (following
WHO 2009 revised classification criteria [51]).

e Chikungunya fever (2014-2024): 29,124 suspected cases, 8732 confirmed cases.

e  Zika virus disease (2015-2024): 2947 suspected cases, 743 confirmed cases.

2.2.2. Diagnostic Method Evolution and Validation

A critical component of our methodology involved documenting the evolution of
diagnostic methods and their impact on case classification accuracy [54,55]. We obtained
detailed information through structured interviews with laboratory personnel and a review
of national diagnostic protocols on the following:

1.  Laboratory capacity development: Timeline of diagnostic method implementation,
including serological (IgM ELISA), antigen detection (NS1), and molecular methods
(RT-PCR) with validation studies [56,57].

2. Diagnostic algorithms: Changes in case definition and diagnostic protocols over the
study period, particularly during the emergence of new arboviruses [58,59].

3. Quality assurance: External quality control results from WHO/PAHO proficiency
testing programs and inter-laboratory comparison studies [60,61].

4. Cross-reactivity issues: Documentation of serological cross-reactions between dengue,
Zika, and yellow fever, and methods used to address these challenges through
PRNTO0 testing when available [62,63].

2.2.3. Climate and Environmental Data

Climate forcing analysis incorporated multiple data sources to ensure robustness and
reduce measurement error [12,38]:

®  Oceanic Nifio Index (ONI): Monthly values from NOAA Climate Prediction Center
(1988-2024), representing the primary ENSO indicator with established relevance to
regional climate patterns [64,65].

¢ Regional meteorological data: Temperature and precipitation data from Ecuador’s
National Institute of Meteorology and Hydrology (INAMHI), including 15 weather
stations distributed across the three biogeographic regions with >90% data complete-
ness [66,67].

e  Satellite-derived indices: Normalized Difference Vegetation Index (NDVI) from
MODIS satellite data (2000-2024) as a proxy for ecosystem productivity and vector
habitat suitability [68,69].

e Sea surface temperature: Eastern Pacific SST anomalies from NOAA ERSSTv5
dataset, representing local oceanographic conditions affecting regional precipitation
patterns [70,71].

2.2.4. COVID-19 Policy and Healthcare System Data

To quantify the impact of the COVID-19 pandemic on arboviral surveillance using
established frameworks for assessing health system disruption [72], we compiled compre-
hensive data on the following:

¢  Lockdown measures: Timeline and intensity of mobility restrictions using the Oxford
COVID-19 Government Response Tracker methodology, including school closures,
workplace restrictions, and economic shutdowns implemented between March 2020
and December 2021 [73].

e  Healthcare system restructuring: Quantitative data on hospital bed reallocation
(percentage converted to COVID-19 units), healthcare worker reassignment, and
laboratory capacity redirection to COVID-19 response based on MSP administrative
records [74,75].
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®  Surveillance system modifications: Changes in epidemiological surveillance proto-
cols, reporting requirements, and resource allocation during the pandemic period,
documented through policy analysis and key informant interviews [48,76].

e Vector control program disruption: Documentation of interruptions to routine vector
control activities, community engagement programs, and entomological surveillance
using WHO vector control assessment frameworks [77,78].

2.3. Advanced Statistical Analysis Framework
2.3.1. Time Series Analysis with Diagnostic Bias Correction

Our analytical approach explicitly addresses the challenges of analyzing surveillance
data with evolving diagnostic capabilities and systematic reporting biases using established
epidemiological methods [79,80]. We employed multiple complementary methods:

Structural Break Analysis: PELT (Pruned Exact Linear Time) algorithms implemented
in R package changepoint (version 2.2.4, created by Rebecca Killick, maintained by Uni-
versity of Lancaster, UK) were used to identify change points in reporting patterns that
correspond to diagnostic method changes, surveillance system modifications, or external
events like the COVID-19 pandemic [36,81,82].

Bias-Corrected Trend Analysis: We developed correction factors for suspected case
data based on the ratio of confirmed to suspected cases during periods of stable diagnostic
capacity, following established methods for surveillance bias correction [83,84]. These
factors were applied retrospectively to estimate “diagnostic-adjusted” case counts for
periods with limited laboratory capacity using the formula:

)

; Confirmed Cases;
Adjusted Cases, = Suspected Cases,; x (Z’GTWW l)

YieT,,,, Suspected Cases;

where Ty;,p1, represents the set of time points during periods of stable diagnostic capacity.

Multi-Series Decomposition: Classical and STL (Seasonal and Trend decomposition
using Loess) decomposition were applied separately to suspected and confirmed case series
using R packages stats and st1, allowing identification of patterns robust to diagnostic
changes [35,85].

2.3.2. Climate-Epidemic Association Analysis

Climate—epidemic relationships were analyzed using multiple approaches to ensure
robustness and account for non-linear relationships [86,87]:

Cross-Correlation Functions: Lagged associations between climate indices and case
counts were computed using the ccf function in R with 95% confidence intervals de-
rived through bootstrap resampling (n = 1000) [88,89]. Analysis was performed sepa-
rately for suspected and confirmed cases to assess the impact of diagnostic sensitivity on
climate associations.

Distributed Lag Non-Linear Models (DLNMs): Implemented using the R package
dlnm, these models allowed examination of complex, non-linear relationships between
climate variables and epidemic risk while accounting for both immediate and delayed
effects over multiple time lags (0—12 months) [90,91]. Cross-basis functions were defined
using natural cubic splines with knots placed at the 10th, 75th, and 90th percentiles of
climate variable distributions.

Threshold Analysis: Regression tree methods implemented in the rpart package were
used to identify climate thresholds associated with epidemic onset, providing quantitative
criteria for early warning systems [92,93]. Optimal thresholds were validated using 10-fold
cross-validation.
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2.3.3. Multi-Pathogen Interaction Modeling

The complex interactions between co-circulating arboviruses were analyzed using
established econometric and epidemiological methods [94,95]:

Vector Autoregression (VAR): Joint modeling of multiple arboviral time series using
the R package vars to identify predictive relationships and feedback effects between
different pathogens [96,97]. Prior to modeling, all time series were tested for stationarity
using the Augmented Dickey-Fuller (ADF) test and were differenced as necessary to meet
stationarity requirements. Granger causality tests were performed to assess directional
relationships between pathogen time series [98,99].

Principal Component Analysis: Dimensional reduction techniques using the prcomp
function to identify common patterns in multi-pathogen circulation and their relationship
to external drivers [100,101]. Components explaining > 80% of variance were retained for
further analysis.

Cross-Pathogen Displacement Analysis: Statistical tests for temporal displacement
between virus introduction and established pathogen transmission using interrupted
time series analysis (ITSA) [43,102], accounting for diagnostic delays and reporting biases
through sensitivity analyses.

2.4. Quality Assurance and Validation Framework

Data quality was ensured through multiple validation approaches following estab-
lished epidemiological standards [41,103]:

e  External validation: Cross-validation with PAHO regional surveillance reports (PLISA
platform), WHO global surveillance data (GIDEON), and published peer-reviewed
studies from Ecuador using systematic literature review methodology [104,105].

e Internal consistency checks: Logical validation of case counts, age distributions, and
geographic patterns across years using range checks, temporal consistency analysis,
and geographic clustering assessment [106,107].

*  Sensitivity analyses: Multiple imputation methods for missing data using the mice
package in R and assessment of results under different assumptions about under-
reporting rates (50%, 75%, 90% sensitivity scenarios) [108,109].

e Expert review: Validation of findings through structured interviews with Ecuadorian
epidemiologists (n = 5) and international arboviral experts (n = 3) using modified
Delphi methodology [110,111].

2.5. Statistical Software and Computational Environment

All analyses were conducted using R version 4.3.0 (R Foundation for Statistical Com-
puting, Vienna, Austria) with the following key packages and versions:

e tidyverse v2.0.0 for data manipulation [112]

e forecast v8.21 for time series analysis [113]

e  changepoint v2.2.4 for structural break detection [114]
e dlnmv2.4.7 for distributed lag models [115]

e  vars v1.5-6 for vector autoregression [96]

* mice v3.15.0 for multiple imputation [109]

e  rpart v4.1.19 for regression trees [93]

2.6. Limitations and Methodological Considerations
Important limitations of this analysis include the following [41,116]:

1.  Surveillance sensitivity changes: Varying diagnostic capacity and reporting com-
pleteness over the 36-year period, particularly for emerging pathogens, addressed
through bias correction methods and sensitivity analyses.
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2. Asymptomatic infections: Substantial underestimation of true infection rates due to
focus on clinically apparent cases, estimated at 50-80% for dengue and up to 80% for
Zika based on published studies [117].

3. Cross-reactivity: Potential misclassification of cases due to serological cross-reactions
between related flaviviruses, partially addressed through PRNT testing when avail-
able [62].

4.  Reporting delays: Temporal lags between case occurrence and official reporting
(mean delay: 7-14 days during routine periods, up to 30 days during epidemics),
accounted for through retrospective data validation.

5. Geographic heterogeneity: Varying surveillance quality across Ecuador’s diverse ge-
ographic regions and healthcare infrastructure, addressed through stratified analyses
and geographic weighting procedures.

6. Ecological fallacy: Risk of inferring individual-level relationships from population-
level data, mitigated through appropriate interpretation of findings and acknowledg-
ment of analytical level [118,119].

7. Assumptions in Bias Correction: Our retrospective bias correction methodology
assumes consistent confirmed-to-suspected case ratios during stable diagnostic peri-
ods. While this approach provides standardized adjustments, it may inadequately
capture gradual historical changes in clinical case definitions, reporting behaviors, or
healthcare-seeking patterns that could systematically vary over the 36-year period.

2.7. Ethical Considerations and Data Management

This study utilized anonymized, aggregated surveillance data containing no indi-
vidual identifiers, in accordance with Ecuadorian national regulations for secondary use
of public health data [120,121]. The study protocol was reviewed by the Universidad
Tecnologica Indoamérica Institutional Review Board (Protocol #UTI-CEI-2024-003). All
data management procedures followed institutional data security protocols with encrypted
storage and restricted access, with analysis conducted on secure computing infrastructure
meeting ISO 27001 standards [122].

3. Results

3.1. Comprehensive Epidemiological Overview with Diagnostic Bias Assessment

Over the 36-year study period (1988-2024), Ecuador reported 387,543 suspected ar-
boviral cases, establishing arboviruses as a persistent major public health challenge with
an average annual incidence of 65.20 per 100,000 population. When examining laboratory-
confirmed cases, the total decreases to 137,407 (confirmation rate: 35.5%), highlighting sub-
stantial diagnostic challenges consistent with those reported in other tropical settings [55].
This diagnostic gap reflects not only the evolution of laboratory capabilities but also the
inherent challenges of arboviral diagnosis in resource-limited settings where clinical diag-
nosis often predominates [53,54].

Change-point analysis using PELT algorithms identified four significant structural
breaks in the surveillance data (p < 0.001 for all): (1) 1998—introduction of enhanced
dengue surveillance; (2) 2014—chikungunya emergence and diagnostic capacity establish-
ment; (3) 2015-Zika introduction and multi-pathogen circulation; and (4) 2020-COVID-19
pandemic impact on surveillance systems [36,43].

As shown in Table 1, the confirmation rates reveal important patterns in diagnostic
performance and disease severity prioritization. Severe dengue shows the highest confir-
mation rate (52.7%), reflecting both clinical priority for laboratory confirmation in severe
cases and availability of specialized testing in tertiary care facilities [51,56]. The lower
confirmation rates for emerging arboviruses (Zika: 25.2%, chikungunya: 30.0%) reflect
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delayed establishment of diagnostic capacity and cross-reactivity challenges during the
early phases of circulation [19,63].

Table 1. Comprehensive Epidemiological Summary with Statistical Validation.

Pathogen Period Suspected Confirmed Confirmation  Peak Incidence 95% CI

& Cases Cases Rate (%) (Per 100,000)
Dengue 1988-2024 353,782 127,843 36.1 264.3 (2015) (251.2,277.4)
Severe Dengue 2001-2024 1690 891 52.7 * 2.1 (2002) (1.8,2.4)
Chikungunya 2014-2024 29,124 8732 30.0 181.1 (2015) (175.3,186.9)
Zika 2015-2024 2947 743 25.2 17.5 (2016) (15.8,19.2)
Total 1988-2024 387,543 137,407 35.5 445.4 (2015) (431.2, 459.6)

[*] Higher confirmation rate reflects clinical priority for severe cases. 95% CI calculated using Poisson distribution
assumptions.

3.2. Dengue Virus: Long-Term Endemic—Epidemic Dynamics with Climate Forcing
Temporal Patterns and Cyclical Analysis

Dengue has maintained continuous transmission since 1988, exhibiting a characteristic
endemic—epidemic pattern with marked cyclical amplifications. Spectral analysis using Fast
Fourier Transform (FFT) identified dominant periodicities of 6.8 years (95% CI: 5.2-8.4 years)
and 3.2 years (95% CI: 2.8-3.6 years), corresponding to El Nifio-Southern Oscillation cycles
and sub-harmonic patterns, respectively [88,89].

STL decomposition revealed a significant long-term trend component showing a
4.2-fold increase in baseline transmission from the 1990s (mean annual incidence: 15.8 per
100,000) to the 2010s (66.4 per 100,000), representing geographic expansion beyond tradi-
tional coastal endemic foci [10,85].

As presented in Table 2, the ONI-dengue correlation (r = 0.67, p < 0.001) represents
one of the strongest climate—epidemic associations documented in the arboviral litera-
ture [12,13]. Distributed Lag Non-linear Models (DLNM) revealed non-linear threshold
effects, with exponential epidemic risk increases when ONI exceeds +0.8 °C (RR = 2.34;
95% CI: 1.78-3.08) and extreme risk during very strong El Nifio events (ONI > +2.0 °C;
RR = 4.67; 95% CI: 2.89-7.54) [86].

Table 2. Dengue-Climate Associations: Comprehensive Correlation Analysis.

Climate Variable Optimal Lag  Correlation 95% CI p-Value R?
(Months) Coefficient

ONI (ENSO Index) 4 0.67 (0.52,0.79)  <0.001 0.45
Temperature Anomaly 5 0.58 (0.41,0.72)  <0.001 0.34
Precipitation Anomaly 6 0.52 (0.33,0.68)  <0.001 0.27
Pacific SST Anomaly 3 0.61 (0.45,0.74)  <0.001 0.37
NDVI (Vegetation Index) 2 0.43 (0.24,0.59)  0.002 0.18
Multivariate Model - - - <0.001 0.72*

[*] Combined model R? using stepwise regression with all climate variables. Bootstrap confidence intervals
(n = 1000 iterations).

Table 3 demonstrates the strong association between El Nifio events and dengue
epidemics in Ecuador, with prediction accuracy reaching 94% for the 2015 epidemic.
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Table 3. El Nifio Events and Dengue Epidemic Characteristics with Predictive Accuracy.

Epidemic Cases Incidence ONI Peak Lag Attack Rate Prediction
Year (Per 100,000) (°Q) (Months) (%) Accuracy *
1994 10,247 91.3 +1.8 3 0.92 87%
2000 22,937 183.5 +1.5 4 1.84 92%
2010 16,298 112.4 +0.8 5 1.13 76%
2015 42,483 264.3 +2.3 4 2.64 94%
2024 ** 23,156 287.5 +1.2 3 2.88 89%

[*] Retrospective prediction accuracy using climate-based models. [**] Annualized projection based on cases

through week 26, 2024.

3.3. The COVID-19 Pandemic: A Natural Experiment in Surveillance Disruption

The COVID-19 pandemic created an unprecedented natural experiment demonstrating
surveillance system vulnerability to external shocks. Interrupted time series analysis
(ITSA) identified 15 March 2020 as a significant structural break point (p < 0.001, level
change = —73%, slope change = +2.1% per month) coinciding precisely with Ecuador’s
national emergency declaration and lockdown implementation [43,102].

As detailed in Table 4, the pandemic’s impact extended beyond simple case count
reductions, creating cascading effects throughout the surveillance ecosystem. Laboratory
molecular diagnostic capacity was severely compromised (reduced to 25% during peak
lockdown), with RT-PCR equipment and reagents redirected to SARS-CoV-2 testing [27].

Vector control programs experienced unprecedented disruption, with community engage-

ment activities suspended entirely and routine entomological surveillance reduced by

85% [77,78].

Table 4. Quantitative Assessment of COVID-19 Pandemic Impact on Arboviral Surveillance.
Period Dengue Change vs. Lab Vector Healthcare Mobility

Cases Baseline (%)  Capacity (%)  Control (%) Access (%) Index *

Pre-pandemic (2019) 7963 Baseline 100 100 100 100
Lockdown (Mar-Aug 2020) 856 -89 25 15 45 23
Partial opening (Sep—Dec 2020) 1300 —67 45 35 65 58
Transition (2021) 4123 —48 65 45 75 78
Recovery (2022) 6891 -13 85 70 90 95
Post-pandemic (2023) 8234 +3 95 85 95 98
Current surge (2024) ** 23,156 +191 100 90 100 100

[*] Google Community Mobility Index for Ecuador (workplace visits). [**] Annualized projection based on cases
through week 26, 2024.

Cross-correlation analysis between mobility indices and arboviral case reporting

revealed a 6-week lag (r 0.82, p < 0.001), suggesting that surveillance detection was
more sensitive to healthcare system accessibility than actual transmission patterns during

lockdown periods [73].

3.4. The Severe Dengue Paradox: Immunological Modulation Hypothesis

One of the most striking epidemiological findings is the dramatic divergence between
total dengue incidence and severe dengue proportions, challenging conventional under-
standing of dengue immunopathology [32,123]. Despite sustained high transmission levels,
severe dengue cases showed a marked decline both in absolute numbers and proportional
representation, from 2.7% of total cases in 2001-2005 to <0.1% in 2021-2024.

As shown in Table 5, change-point analysis identified 2016 as the critical transition
year (p < 0.001, Bayesian Information Criterion difference = 47.3), coinciding precisely with
peak Zika circulation and establishment of multi-pathogen co-circulation patterns [36,124].
This temporal association suggests potential immunological cross-modulation between
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flaviviruses, consistent with emerging evidence of T-cell cross-reactivity and heterologous
immunity [34,39].

Table 5. Temporal Evolution of Severe Dengue: Statistical Analysis of Proportional Decline.

Period Total Dengue Severe Cases Proportion 95% CI Trend Test RR vs. 2001-05 *
Cases (%) (p-Value)

2001-2005 45,678 1234 2.70 (2.55,2.85) Ref 1.00

20062010 67,890 1876 2.76 (2.64,2.89) 0.342 1.02 (0.95, 1.10)

2011-2015 98,765 987 1.00 (0.94, 1.06) <0.001 0.37 (0.34, 0.40)

2016-2020 54,321 234 0.43 (0.38,0.49) <0.001 0.16 (0.14, 0.18)

2021-2024 87,654 87 0.10 (0.08,0.12) <0.001 0.04 (0.03, 0.05)

[*] Relative Risk calculated using Poisson regression with robust standard errors. Cochran—-Armitage trend test
for linear decline in proportions.

We propose the “multi-pathogen immunological modulation hypothesis,” suggesting
that sequential exposure to related arboviruses generates cross-reactive cellular immune
responses that reduce dengue immunopathology without necessarily preventing infection.
This is supported by (1) temporal correlation between multi-pathogen circulation and severe
disease decline (r = —0.89, p < 0.001); (2) maintenance of overall dengue transmission
despite severity reduction; and (3) emerging immunological studies demonstrating broad
T-cell cross-reactivity between arboviruses [28,40].

3.5. Chikungunya and Zika: Explosive Emergence and Competitive Displacement
3.5.1. Chikungunya Epidemic Dynamics (2014-2024)

CHIKYV emerged with explosive force in late 2014, rapidly escalating to a massive
epidemic in 2015 that overwhelmed Ecuador’s healthcare system. The epidemic followed a
classical susceptible-infected-recovered (SIR) pattern with rapid burnout, achieving peak
weekly incidence of 47.30 per 100,000 in epidemiological week 23, 2015 [125,126].

Spatiotemporal analysis revealed preferential establishment in coastal provinces
(Guayas: 45% of total cases, Manabi: 23%, El Oro: 15%), correlating with higher Aedes
aegypti densities (r = 0.78, p < 0.001) and optimal climatic conditions (temperature
26-30 °C, relative humidity > 70%) [10,26].

The epidemic characteristics were:

e  Peak incidence: 181.10 per 100,000 (2015).

e  Estimated attack rate: 2-5% of national population (seroprevalence studies).
*  Geographic concentration: 83% of cases in coastal provinces.

¢ Rapid decline: >99% reduction by 2017 (burnout pattern).

e  Age distribution: Bimodal peak (15-29 years: 35%, 3049 years: 32%).

3.5.2. Zika Epidemic Dynamics (2015-2024)

ZIKV followed a temporally overlapping but epidemiologically distinct pattern, with
delayed onset (late 2015) and lower transmission intensity. Phylogenetic analysis of avail-
able sequences indicated introduction of Asian lineage virus, consistent with regional
patterns observed throughout Latin America [6,30].

The epidemic was characterized by:

e  Peak incidence: 17.50 per 100,000 (2016).

¢  Estimated attack rate: 0.5-1.2% of exposed population.

e  Geographic focus: Concentrated in coastal Ecuador (72% of cases).

¢  Temporal displacement: Peak occurred 8 months after chikungunya peak.
e Rapid disappearance: Minimal detection post-2017.

27



Viruses 2025, 17,1201

3.6. Multi-Pathogen Interactions: Evidence for Viral Competition and Cross-Immunity
3.6.1. Vector Autoregression Analysis

Vector Autoregression (VAR) modeling of co-circulating arbovirus time series
(2015-2017) revealed significant negative interactions, suggesting competitive displace-
ment and immunological cross-talk [94,96]. The optimal model (selected by AIC = 847.3,
BIC = 891.7) included 3 lags and demonstrated the following:

e CHIKYV emergence negatively predicted dengue incidence 2 months later (coeffi-
cient=—0.31,SE=0.12, p = 0.02).

e  ZIKV circulation negatively predicted CHIKV transmission (coefficient = —0.28,
SE=0.11, p = 0.03).

e  Bidirectional negative feedback between DENV and ZIKV (Granger causality
p = 0.007).

3.6.2. Cross-Pathogen Displacement Analysis
Interrupted time series analysis during the triple epidemic period (2015-2017) identi-

fied significant displacement patterns:

1.  DENV displacement by CHIKYV (2015): Level change = —34% (p = 0.008), recovery
time = 14 months.

2. CHIKYV displacement by ZIKV (2016): Level change = —67% (p = 0.002), no
recovery observed.

3. ZIKV self-limitation (2017): Rapid decline following herd immunity threshold
achievement.

Table 6 summarizes the statistical evidence for viral displacement and competition
among co-circulating arboviruses in Ecuador.

Table 6. Multi-Pathogen Interaction Analysis: Statistical Evidence for Viral Displacement.

Interaction Type Time Period Effect Size 95% CI p-Value
CHIKV — DENV displacement 2015 Q2-Q4 —0.34 (—0.52, —0.16) 0.008
ZIKV — CHIKYV displacement 2016 Q1-Q3 —0.67 (—0.89, —0.45) 0.002
DENV < ZIKV competition 2015-2017 —0.28 (—0.43, —0.13) 0.007
Multi-pathogen — Severe DENV 20162024 —0.89 (—0.94, —0.84) <0.001

Effect sizes represent standardized coefficients from VAR and ITSA models. Bidirectional arrows indicate Granger
causality relationships.

3.7. Climate—Epidemic Associations: Quantifying Environmental Forcing
3.7.1. Comprehensive Climate Analysis

Multiple climate indices demonstrated significant associations with arboviral trans-
mission, with El Nifio-Southern Oscillation emerging as the dominant forcing mecha-
nism [12,65]. Time-lagged correlation analysis revealed optimal associations at 3-6 month
delays, consistent with the ecological lag required for climate anomalies to influence vector
populations and viral transmission efficiency [11,26]. Previous studies in tropical Andean
settings have demonstrated similar hydro-climatic influences on arboviral transmission
patterns [127], supporting our findings of altitude-dependent transmission limits.

As shown in Table 7, climate variables showed strong associations with arboviral
transmission across all pathogens studied.
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Table 7. Climate-Epidemic Associations Across All Arboviruses: Comprehensive Analysis.

Pathogen Optimal Climate Lag Correlation 95% CI Threshold
Predictor (Months) Coefficient Effect

Dengue ONI 4 0.67 (0.52,0.79) ONI > +0.8 °C

Chikungunya Temperature Anomaly 2 0.58 (0.35,0.74) +1.5 °C above normal

Zika Pacific SST 3 0.51 (0.28, 0.69) +1.2 °C above normal

All Arboviruses Multivariate Index * 3-5 0.74 (0.61,0.84) Composite > 75th percentile

[*] Principal component combining ONI, temperature, precipitation, and SST anomalies. Bootstrap confidence
intervals based on 1000 iterations.

3.7.2. Threshold Effects and Early Warning Potential

Distributed Lag Non-linear Models identified clear threshold effects for epidemic
onset, providing quantitative criteria for early warning systems [12,86]. The risk of major
dengue epidemics (>100 cases per 100,000 population) increased exponentially when the
following occurred:

e ONI exceeded +0.8 °C (RR = 2.34; 95% CI: 1.78-3.08).
¢  Temperature anomalies exceeded +1.5 °C (RR = 1.87; 95% CI: 1.34-2.61).
*  Combined climate index exceeded 75th percentile (RR = 3.12; 95% CI: 2.17-4.48).

Retrospective validation of climate-based predictions achieved 89% accuracy for
epidemic forecasting 3-6 months in advance, supporting development of operational
early warning systems [12,38].

3.8. Geographic and Temporal Heterogeneity
3.8.1. Regional Transmission Patterns

Spatiotemporal analysis revealed distinct transmission patterns across Ecuador’s
three biogeographic regions, reflecting ecological and climatic constraints on arboviral
circulation [10,46]:

Coastal Region (Costa): Hyperendemic transmission for all arboviruses, with year-
round circulation and epidemic amplification during El Nifio events. Aedes aegypti house
indices consistently > 20%, optimal climatic conditions, and highest population density.

Highland Region (Sierra): Sporadic transmission limited to elevations < 2200 m, with
expanding endemic zones due to climate change. Temperature constraints limit vector
survival, but urbanization creates favorable microclimates in inter-Andean valleys.

Amazon Region (Oriente): Endemic dengue transmission with limited chikungunya
and Zika circulation. Complex vector ecology includes both Ae. aegypti and Ae. albopictus,
with indigenous populations showing distinct epidemiological patterns.

3.8.2. Altitude-Temperature Gradient Analysis

Linear regression analysis of transmission intensity versus altitude revealed significant
negative associations for all arboviruses (p < 0.001), with transmission thresholds at
the following:

e Dengue: 2200 m elevation (approximate temperature limit: 18 °C mean annual).
e Chikungunya: 1800 m elevation (temperature limit: 20 °C mean annual).
e Zika: 1600 m elevation (temperature limit: 22 °C mean annual).

Climate change projections suggest potential expansion of suitable habitats by
200400 m elevation by 2050, potentially exposing an additional 2.8 million people to
arboviral risk [11,26].
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3.9. Surveillance System Performance Assessment
3.9.1. Reporting Completeness and Timeliness

Analysis of surveillance system performance revealed significant temporal and geo-
graphic variations in reporting quality [48,49]:

Reporting completeness: Improved from 67% (1988-1995) to 94% (2016-2019), with
temporary decline to 78% during COVID-19 pandemic (2020-2021).

Reporting timeliness: Mean delay from symptom onset to national notification de-
creased from 21 days (1990s) to 7 days (2010s), enabling more responsive epidemic detection.

Geographic coverage: Urban areas consistently achieved >95% reporting complete-
ness, while rural areas showed greater variation (range: 45-87%).

3.9.2. Laboratory Diagnostic Evolution
The evolution of laboratory diagnostic capabilities created systematic biases in histori-
cal data that required statistical correction [54,56]:

*  1988-1995: Clinical diagnosis only, no laboratory confirmation available.
e 1996-2005: IgM ELISA introduced, 15-25% of cases confirmed.

®  2006-2014: NS1 antigen testing added, 35-45% confirmation rate.

®  2015-2024: RT-PCR capacity established, 40-60% confirmation rate.

Bias correction models adjusted historical case counts using confirmation rate ratios
from periods with stable diagnostic capacity, revealing that true dengue incidence may
have been underestimated by 40-60% during early surveillance years Figure 1.

Temporal Evolution of Arboviruses and COVID-19 in Ecuador (1988-2024)
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Figure 1. Integrated Time Series Analysis of Arboviral Diseases and COVID-19 in Ecuador

(1988-2024). The top panel displays annual reported cases for Dengue, Chikungunya, and Zika

(left y-axis), overlaid with the time series for severe dengue cases (right y-axis, representing monthly

case counts). Key epidemiological events, such as the major 2015 peak and the emergence of Zika,

are annotated. The bottom panel shows the timeline of reported COVID-19 cases to illustrate its

disruptive impact on arboviral surveillance.
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4. Discussion
4.1. Principal Findings and Global Epidemiological Significance

This comprehensive 36-year analysis reveals Ecuador’s arboviral landscape as a com-
plex adaptive epidemiological system that provides fundamental insights for understand-
ing multi-pathogen dynamics in tropical settings. Our findings demonstrate that arboviral
diseases function not as independent entities but as an interconnected network where
climate forcing, immunological cross-talk, and healthcare system capacity interact to shape
transmission patterns [8,9]. The integration of long-term surveillance data with climate
variables and healthcare system performance metrics offers unprecedented insights into
the drivers of arboviral emergence and persistence.

The study’s most significant contributions include the following: (1) quantification of
climate—epidemic relationships with predictive capability, (2) documentation of paradoxical
severe dengue decline despite sustained transmission, (3) evidence for competitive dis-
placement between co-circulating arboviruses, and (4) quantitative assessment of pandemic
impact on endemic disease surveillance. These findings have immediate relevance for
epidemic preparedness, early warning system development, and integrated disease control
strategies globally [2,3].

4.2. Climate Forcing as a Predictive Framework for Epidemic Preparedness
4.2.1. ENSO-Dengue Relationship: Mechanistic Understanding

The robust correlation between El Nifio-Southern Oscillation events and dengue
epidemics (r = 0.67, 95% CI: 0.52-0.79) represents one of the strongest climate—epidemic
associations documented in the arboviral literature, exceeding correlations reported in
other endemic regions [12,128]. The consistent 3-6 month lag period between climate
anomalies and epidemic onset reflects the complex ecological cascade initiated by ENSO
events, involving sequential effects on temperature, precipitation, vector breeding sites,
viral replication rates, and human-vector contact patterns [26,129].

The mechanistic pathway linking ENSO to dengue transmission involves multiple
interconnected processes [13,16]:

1.  Temperature effects (0-2 months): Elevated temperatures accelerate Aedes aegypti
development, reduce extrinsic incubation period, and increase viral replication rates
within mosquitoes [130,131].

2. Precipitation patterns (2-4 months): Altered rainfall creates optimal breeding condi-
tions, with moderate increases expanding larval habitats while extreme precipitation
may flush breeding sites [16,132].

3. Ecosystem productivity (3-5 months): ENSO-driven changes in vegetation cover
and urban microenvironments affect mosquito survival and human-vector contact
rates [69,133].

4. Socioeconomic disruption (4-6 months): Climate-related economic stress affects
housing quality, water storage practices, and healthcare-seeking behavior [134,135].

The identification of threshold effects (ONI > +0.8 °C associated with RR = 2.34) provides
quantitative criteria for operational early warning systems. Validation studies demonstrate
89% accuracy for epidemic prediction 3-6 months in advance, representing a significant
improvement over traditional reactive surveillance approaches [12,136]. This predictive
capability could transform dengue control from reactive response to proactive prepared-
ness, enabling preemptive resource mobilization, diagnostic stockpiling, and enhanced
surveillance during high-risk periods.
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4.2.2. Multi-Pathogen Climate Sensitivity

While dengue shows the strongest climate associations, our analysis reveals differential
climate sensitivity among arboviruses that may explain temporal displacement patterns
during the 2015-2017 triple epidemic [4,137]. Chikungunya exhibited stronger associations
with temperature anomalies (r = 0.58) and shorter lag periods (2 months), consistent
with its rapid epidemic dynamics and preference for higher temperatures [138,139]. Zika
showed intermediate climate sensitivity (r = 0.51) with associations primarily to sea
surface temperature anomalies, possibly reflecting its more recent adaptation to Aedes
aegypti transmission [11,129].

These differential climate responses have important implications for epidemic fore-
casting and control strategies. During strong El Nifio events, the sequence of arboviral
emergence may be predictable: initial temperature increases favor chikungunya trans-
mission, followed by dengue amplification as precipitation patterns optimize breeding
conditions, with Zika potentially emerging during the latter phases when vector popula-
tions are established but competition from other viruses is reduced [140,141].

4.3. The Severe Dengue Paradox: Immunological Cross-Protection Hypothesis
4.3.1. Evidence for Cross-Reactive Immunity

The 27-fold reduction in severe dengue proportions (from 2.7% to 0.1%) following the
introduction of chikungunya and Zika viruses represents one of the most dramatic epidemi-
ological transitions documented in arboviral literature [32,123]. This pattern contradicts
conventional understanding of dengue immunopathology, where secondary infections
are typically associated with increased severe disease risk through antibody-dependent
enhancement (ADE) mechanisms [142,143].

We propose the “multi-pathogen immunological modulation hypothesis” based on
converging evidence from our temporal analysis and emerging immunological studies.
This hypothesis suggests that exposure to heterologous arboviruses generates cross-reactive
T-cell responses that modulate dengue immunopathology without necessarily preventing
infection [144,145]. Supporting evidence includes the following;:

1.  Temporal correlation: The structural break in severe dengue trends (2016) coincides
precisely with peak multi-pathogen circulation (r = — 0.89, p < 0.001).

2. Maintained transmission: Overall dengue incidence remained stable or increased
during the period of severe disease decline, indicating continued viral circulation.

3. Cross-reactive immunity: Laboratory studies demonstrate broad T-cell cross-
reactivity between dengue, Zika, and chikungunya viruses [146,147].

4. Geographic consistency: The severe dengue decline was observed across all biogeo-
graphic regions, suggesting a population-level immunological phenomenon rather
than local factors.

4.3.2. Immunological Mechanisms and Therapeutic Implications

The proposed mechanism involves CD8+ T-cell cross-reactivity between arboviral epi-
topes that modulates inflammatory responses during secondary dengue infections [148,149].
Recent studies demonstrate that Zika virus-specific T-cells can recognize dengue virus epi-
topes and vice versa, potentially providing heterologous protection against severe disease
manifestations [150,151]. Similarly, chikungunya infection may generate cross-reactive
responses that influence subsequent flavivirus infections, although the mechanisms remain
incompletely understood [152,153].

This immunological cross-protection has profound implications for vaccine develop-
ment and deployment strategies. If confirmed through prospective immunological studies,
it suggests the following:
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1.  Sequential vaccination: Controlled exposure to less pathogenic arboviruses might
provide population-level protection against severe dengue manifestations.

2. Multi-valent approaches: Arboviral vaccines should consider cross-protective effects
rather than focusing on single-pathogen immunity.

3. Population immunity assessment: Surveillance systems must account for multi-
pathogen exposure history when evaluating dengue risk and vaccine effectiveness.

4.  Therapeutic targeting: Understanding cross-reactive T-cell responses could inform
development of broad-spectrum antiviral therapies.

4.4. Multi-Pathogen Dynamics: Competition, Displacement, and Coexistence
4.4.1. Viral Competition and Displacement Mechanisms

Vector Autoregression analysis revealed significant negative interactions between co-
circulating arboviruses, providing statistical evidence for competitive displacement during
the 2015-2017 triple epidemic [9,140]. The mechanisms underlying these interactions likely
involve multiple levels of biological organization [141,154]:

Within-vector competition: Laboratory studies demonstrate that Aedes aegypti
mosquitoes infected with multiple arboviruses show altered transmission efficiency, with
some virus combinations exhibiting interference or enhancement effects [140,141]. While
our field data cannot directly measure within-vector interactions, the temporal displace-
ment patterns suggest that established viral infections may influence mosquito susceptibil-
ity to secondary infections or alter transmission dynamics.

Host immunity dynamics: Cross-reactive immune responses between related ar-
boviruses can influence infection susceptibility and disease severity [34,39]. Our analysis
suggests that chikungunya and Zika circulation may have generated population immunity
that reduced severe dengue manifestations while potentially affecting overall transmis-
sion patterns.

Resource competition: Finite susceptible host populations and vector capacity create
inherent limits on simultaneous multi-pathogen transmission [125,126]. The rapid burnout
of chikungunya and Zika epidemics followed by dengue resurgence suggests sequential
depletion and recovery of susceptible populations.

Behavioral and control interventions: Public health responses targeting one pathogen
may indirectly affect others through vector control measures, diagnostic resource allocation,
and changes in healthcare-seeking behavior [78,155].

4.4.2. Implications for Integrated Disease Control

The evidence for multi-pathogen interactions challenges traditional vertical disease
control approaches and supports integrated arboviral management strategies [156,157].
Our findings suggest the following:

1.  Simultaneous surveillance: Monitoring systems should track all circulating ar-
boviruses simultaneously rather than focusing on individual pathogens, as changes
in one virus may predict changes in others.

2. Coordinated control: Vector control interventions should consider multi-pathogen
dynamics, potentially timing intensive interventions during periods when multiple
viruses circulate to maximize population impact.

3.  Diagnostic integration: Laboratory systems should maintain capacity for differential
diagnosis of multiple arboviruses, as single-pathogen testing may miss important
epidemiological transitions.

4. Vaccine coordination: Future arboviral vaccination programs should consider po-
tential interactions between vaccine-induced and natural immunity across differ-
ent viruses.
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4.5. COVID-19 Pandemic: Lessons for Health System Resilience
4.5.1. Surveillance System Vulnerability and Recovery

The COVID-19 pandemic created an unprecedented natural experiment demonstrat-
ing both the vulnerability and resilience of arboviral surveillance systems [21,23]. The 73%
reduction in dengue case reporting during lockdown periods primarily reflected surveil-
lance system disruption rather than actual transmission reduction, as evidenced by the
explosive 2024 dengue surge following surveillance capacity restoration [22,158].

The differential impact on surveillance components provides insights for strengthening
system resilience [159,160]:

Laboratory diagnostics: Most severely affected (75% capacity reduction), highlighting
the fragility of centralized diagnostic systems and the need for distributed, point-of-care
testing capabilities [54,55].

Clinical reporting: Moderately affected (40% reduction), suggesting that syndromic
surveillance based on clinical case definitions may be more robust during healthcare system
stress [49,161].

Vector control: Severely disrupted (85% reduction), demonstrating the vulnerability
of community-based interventions to social distancing measures and highlighting the need
for adaptable control strategies [78,155].

Community engagement: Nearly eliminated (>95% reduction), emphasizing the critical
importance of maintaining community connections during emergency responses [162,163].

4.5.2. Pandemic Preparedness and Endemic Disease Maintenance

Ecuador’s experience illustrates the critical challenge of maintaining essential health
services during pandemic responses [72,164]. The delayed recognition of arboviral resur-
gence following COVID-19 control measures highlights the need for the following:

1.  Dual-capacity systems: Health infrastructure that can simultaneously respond to
pandemic threats while maintaining surveillance and control of endemic diseases.

2. Rapid deployment capabilities: Pre-positioned diagnostic supplies, trained person-
nel, and response protocols that can be quickly scaled during epidemic periods.

3.  Community-based surveillance: Decentralized monitoring systems that can function
independently of formal healthcare infrastructure during system disruptions.

4.  Digital health integration: Technology-enabled surveillance and reporting systems
that reduce dependence on physical healthcare interactions.

5. Cross-training programs: Healthcare workforce development that enables rapid rede-
ployment between different disease programs while maintaining core competencies.

4.6. Geographic and Temporal Heterogeneity: Ecological Constraints and Climate Change
4.6.1. Biogeographic Patterns and Transmission Limits

Ecuador’s three distinct biogeographic regions provide natural experiments in how
ecological factors influence arboviral transmission [10,46]. The concentration of chikun-
gunya and Zika transmission in coastal regions, despite established Aedes aegypti pop-
ulations throughout the country, suggests that vector presence alone is insufficient for
epidemic establishment [5,25].

Critical ecological thresholds identified in our analysis include the following:

Temperature constraints: Transmission limits at 2200 m elevation for dengue (18 °C
mean annual temperature) align with laboratory studies showing reduced vector survival
and viral replication at lower temperatures [26,129].

Humidity requirements: All arboviruses showed reduced transmission in highland
areas with low relative humidity (<60%), consistent with vector biology studies demon-
strating reduced survival and blood-feeding frequency under dry conditions [165,166].
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Urbanization effects: Vector populations and transmission intensity correlated
strongly with urban development indices (r = 0.78), reflecting the anthropophilic nature
of Aedes aegypti and dependence on human-modified environments [5,167].

4.6.2. Climate Change Implications

Climate change projections suggest significant expansion of arboviral transmission
risk in Ecuador, with potentially 2.8 million additional people exposed by 2050 as suitable
habitat expands 200-400 m higher in elevation [11,168]. This expansion is already evident
in our surveillance data, which shows progressive establishment of endemic dengue
transmission in previously non-endemic highland valleys.

The implications for public health preparedness include the following;:

1.  Expanded surveillance: Monitoring systems must be extended to newly at-risk areas,
particularly inter-Andean valleys and peripheral highland cities.

2. Infrastructure development: Laboratory diagnostic capacity and vector control pro-
grams need expansion to serve previously low-risk populations.

3.  Healthcare system adaptation: Medical training and clinical protocols must be imple-
mented in regions with limited arboviral experience.

4.  Early warning systems: Climate-based prediction models should incorporate eleva-
tion and local topographic factors to identify emerging transmission foci.

5. Vector control innovation: Novel control approaches adapted to highland environ-
ments and indigenous community contexts are needed.

4.7. Diagnostic Challenges and Surveillance System Evolution
4.7.1. Historical Bias Correction and Data Quality

The evolution of diagnostic capabilities created systematic biases in historical surveil-
lance data that required statistical correction to enable valid temporal comparisons [83,84].
Our bias correction models suggest that dengue incidence may have been underestimated
by 40-60% during early surveillance years, with important implications for understanding
baseline transmission levels and epidemic thresholds.

The diagnostic challenges encountered during arboviral emergence provide critical
lessons for pandemic preparedness:

Cross-reactivity management: Serological cross-reactions between dengue, Zika,
and yellow fever created diagnostic confusion during the 2015-2017 period, with an
estimated 15-20% misclassification rate [62,63]. This experience emphasizes the importance
of pathogen-specific diagnostic development and validation.

Capacity scaling: The inability to rapidly scale diagnostic capacity during epidemic
periods led to substantial underdetection and delayed outbreak recognition [19,54]. Pandemic
preparedness requires pre-positioned diagnostic surge capacity and flexible laboratory networks.

Quality assurance: Maintaining diagnostic accuracy during high-volume testing
periods requires robust quality control systems and standardized protocols [56,60].

4.7.2. Innovation Opportunities and Future Directions

Ecuador’s arboviral experience highlights several innovation opportunities that could
transform surveillance and diagnosis [169,170]:

1. Multiplex diagnostics: Point-of-care tests capable of simultaneously detecting multi-
ple arboviruses with high specificity and sensitivity.

2. Digital surveillance: Mobile health platforms enabling real-time case reporting and
syndromic surveillance from remote areas.

3.  Artificial intelligence: Machine learning algorithms for early epidemic detection
using integrated climate, epidemiological, and social media data.
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4.  Community diagnostics: Simplified testing protocols that can be implemented by
trained community health workers in resource-limited settings.

5. Genomic surveillance: Rapid sequencing capabilities for real-time tracking of viral
evolution and transmission chains [171].

4.8. Study Limitations and Methodological Considerations

This study has several important limitations that must be considered when interpreting
findings and their broader applicability [41,116]:

4.8.1. Surveillance System Limitations

Under-reporting bias: Substantial underestimation of true infection rates due to
asymptomatic infections (estimated 50-80% for dengue, up to 80% for Zika) limits our
ability to assess true population immunity levels and transmission dynamics [34].

Diagnostic evolution: Changing diagnostic capabilities over the 36-year period create
systematic biases that may not be fully corrected by our statistical methods, particularly for
the earliest surveillance years when only clinical diagnosis was available.

Geographic heterogeneity: Substantial variation in surveillance quality across
Ecuador’s diverse regions may influence our national-level conclusions, particularly re-
garding rural and indigenous populations with limited healthcare access.

4.8.2. Analytical Limitations

Ecological inference: Risk of inferring individual-level relationships from population-
level data, particularly regarding immunological interactions and climate-health relation-
ships [118,119].

Confounding factors: Inability to fully control for changing healthcare practices,
urbanization patterns, and socioeconomic factors that may influence transmission dynamics
beyond climate and viral interactions.

Temporal resolution: Monthly aggregation of surveillance data may miss important
short-term dynamics and mask within-month variations in transmission patterns.

Bias Correction Assumption: Our retrospective bias correction method assumes a
consistent ratio of confirmed-to-suspected cases prior to the establishment of stable diag-
nostic periods. While this approach provides a standardized adjustment, it may not fully
capture more gradual historical changes in clinical case definitions or reporting behaviors.

4.8.3. Generalizability Considerations

While Ecuador’s experience provides valuable insights, several factors may limit the
generalizability of findings to other settings [42,103]:

1.  Ecological specificity: Ecuador’s unique biogeographic diversity and ENSO exposure
may not be representative of other arboviral-endemic regions.

2. Healthcare system characteristics: The specific structure and capacity of Ecuador’s
health system may influence surveillance performance and outbreak response in ways
that differ from other countries.

3. Vector ecology: Regional variations in Aedes aegypti populations, insecticide re-
sistance patterns, and competing vector species may affect transmission dynamics
differently across geographic regions.

4. Population genetics: Host genetic factors influencing immune responses and disease
susceptibility may vary between populations, potentially affecting the immunological
interactions observed in Ecuador.
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4.9. Policy Implications and Recommendations
4.9.1. Integrated Arboviral Management

Based on our findings, we recommend a fundamental shift from vertical, single-disease
approaches to integrated arboviral management systems that recognize and leverage multi-
pathogen interactions [156,157]:

Unified surveillance: Establish integrated surveillance platforms that simultaneously
monitor all circulating arboviruses using standardized protocols, shared laboratory infras-
tructure, and coordinated response mechanisms.

Climate-informed preparedness: Develop operational early warning systems based
on climate forecasting that trigger enhanced surveillance and preparedness measures when
conditions indicate elevated epidemic risk.

Flexible diagnostic networks: Create laboratory networks with surge capacity and
the ability to rapidly deploy additional resources during epidemic periods, including
point-of-care testing capabilities for remote areas.

Community engagement integration: Develop community-based surveillance and
response systems that can function independently during healthcare system disruptions
while maintaining connections to formal surveillance networks.

4.9.2. Research Priorities

Our analysis identifies several critical research priorities that require urgent attention
to improve arboviral control and pandemic preparedness [2,3]:

1. Immunological validation: Prospective cohort studies with detailed immunological
profiling to validate the multi-pathogen cross-protection hypothesis and identify
biomarkers of protection.

2. Vector competence studies: Laboratory and field studies to characterize within-
mosquito viral interactions and their impact on transmission efficiency and epi-
demic dynamics.

3.  Climate prediction models: Development of operational forecasting systems that inte-
grate multiple climate variables with epidemiological models to provide quantitative
epidemic risk assessments.

4.  Economic impact assessment: Comprehensive cost-effectiveness analyses of inte-
grated versus vertical disease control approaches, including indirect costs and benefits
of multi-pathogen management. The economic implications of these arboviral epi-
demics are substantial. Studies estimate the global economic burden of dengue alone
exceeds $8.9 billion annually, with Ecuador bearing significant costs in healthcare
expenditure and lost productivity [127,172].

5. Vaccine interaction studies: Research on potential interactions between arboviral
vaccines and natural immunity to optimize vaccination strategies and minimize
unintended consequences.

4.9.3. Global Health Security Implications

Ecuador’s arboviral experience has important implications for global health security
and pandemic preparedness beyond the Americas [173,174]:

Surveillance system resilience: The COVID-19 pandemic demonstrated the critical
importance of maintaining essential health services during emergency responses. Countries
should develop dual-capacity surveillance systems that can simultaneously respond to
pandemic threats while monitoring endemic diseases.

Climate-health integration: The strong climate—epidemic associations documented
in this study support integration of meteorological services with public health surveillance
systems to enable climate-informed disease preparedness.
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Multi-pathogen preparedness: Traditional pandemic preparedness focused on sin-
gle emerging threats may be inadequate in settings where multiple pathogens circulate
simultaneously. Preparedness strategies should consider complex pathogen interactions
and their implications for surveillance, diagnosis, and control.

Equity and accessibility: The geographic and socioeconomic disparities in arboviral
burden observed in Ecuador reflect broader patterns of health inequality that must be
addressed through targeted interventions and resource allocation. The expansion of trans-
mission zones poses risks not only through direct morbidity but also through secondary
impacts on health system resilience, such as compromising the safety and availability of
blood supplies in newly endemic regions [175].

5. Conclusions

This comprehensive 36-year analysis represents the most extensive temporal assess-
ment of arboviral dynamics in Ecuador to date, revealing fundamental insights that extend
far beyond national borders to inform global understanding of multi-pathogen transmission
systems [2,3]. Our findings demonstrate that arboviral diseases function as an integrated
epidemiological network rather than independent disease entities, with profound implica-
tions for surveillance, control, and pandemic preparedness strategies worldwide.

5.1. Principal Findings and Their Global Significance

Four key discoveries emerge from this analysis that fundamentally challenge conven-
tional approaches to arboviral disease management:

First, the robust climate-epidemic associations (r = 0.67 for ENSO-dengue rela-
tionships) provide quantitative evidence for environmental forcing of transmission cycles,
offering a 3-6 month predictive window that could transform epidemic preparedness from
reactive to proactive approaches [12,26]. The identification of specific threshold effects
(ONI > +0.8 °C associated with RR = 2.34) enables development of operational early warn-
ing systems with demonstrated 89% prediction accuracy, representing a paradigmatic shift
toward climate-informed public health intervention.

Second, the paradoxical 27-fold reduction in severe dengue proportions (from 2.7%
to 0.1%) following chikungunya and Zika emergence provides compelling evidence for
immunological cross-protection between arboviruses [39,144]. This finding challenges
the traditional antibody-dependent enhancement paradigm and suggests that controlled
exposure to related arboviruses might provide population-level protection against severe
disease manifestations, with profound implications for vaccine development and deploy-
ment strategies.

Third, the statistical evidence for competitive displacement between co-circulating
arboviruses demonstrates complex viral interactions that influence transmission dynamics,
epidemic timing, and disease severity patterns [9,140]. These multi-pathogen dynamics
necessitate integrated surveillance and control approaches that consider viral interactions
rather than treating each pathogen as an independent threat.

Fourth, the COVID-19 pandemic impact revealed both the vulnerability and resilience
of arboviral surveillance systems, with a 73% reduction in case detection during lockdowns
followed by explosive resurgence in 2024 [21,22]. This natural experiment demonstrates the
critical importance of maintaining essential health services during pandemic responses and de-
veloping surveillance systems robust enough to function during healthcare system disruption.

5.2. Methodological Innovations and Analytical Contributions

This study introduces several methodological innovations that advance the field of
infectious disease epidemiology [41,42]:
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Diagnostic bias correction: Our approach to quantifying and correcting for evolving
diagnostic capabilities over multi-decade time series provides a framework for analyzing
long-term surveillance data with changing detection methods, applicable to other infectious
diseases with evolving diagnostic landscapes.

Multi-pathogen interaction modeling: The integration of Vector Autoregression anal-
ysis with interrupted time series methods offers quantitative approaches for detecting and
characterizing viral competition and displacement effects in real-world surveillance data.

Climate—epidemic integration: The combination of multiple climate indices with
distributed lag non-linear models provides robust methods for identifying threshold effects
and developing predictive early warning systems for climate-sensitive diseases.

Pandemic impact assessment: Our framework for quantifying COVID-19 effects
on endemic disease surveillance offers methodological tools for assessing health system
resilience and designing pandemic preparedness strategies that protect essential health ser-
vices.

5.3. Implications for Global Arboviral Control and Pandemic Preparedness
5.3.1. Paradigm Shift Toward Integrated Management

The evidence for multi-pathogen interactions supports a fundamental paradigm
shift from vertical, single-disease control programs to integrated arboviral management
systems [156,157]. This transformation requires the following;:

Unified surveillance platforms that simultaneously monitor all circulating ar-
boviruses using standardized protocols, shared laboratory infrastructure, and coordi-
nated response mechanisms, enabling detection of viral displacement patterns and cross-
protective immunity effects.

Climate-informed preparedness based on quantitative early warning systems that
trigger enhanced surveillance and preemptive intervention measures when environmental
conditions indicate elevated epidemic risk, potentially preventing major outbreaks through
proactive resource mobilization.

Flexible response capacity including diagnostic surge capability, point-of-care testing
networks, and adaptable vector control strategies that can be rapidly scaled during multi-
pathogen circulation periods or pandemic-related disruptions.

Community resilience building through decentralized surveillance systems, com-
munity health worker training, and social mobilization strategies that maintain disease
monitoring and response capacity during healthcare system stress.

5.3.2. Innovation Priorities for the Next Decade

Our findings identify critical innovation priorities that could revolutionize arboviral
disease management [2,169]:

Broad-spectrum diagnostics: Development of multiplex point-of-care tests capable
of simultaneously detecting and differentiating multiple arboviruses with high sensitiv-
ity and specificity, addressing the diagnostic challenges revealed during the 2015-2017
triple epidemic.

Cross-protective vaccines: Investigation of multi-valent vaccination strategies
that leverage immunological cross-protection between arboviruses, potentially provid-
ing broader population protection while minimizing adverse effects from antibody-
dependent enhancement.

Predictive modeling systems: Integration of climate forecasting, epidemiological mod-
eling, and artificial intelligence to develop operational early warning systems that provide
quantitative epidemic risk assessments with sufficient lead time for preventive intervention.
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Adaptive vector control: Development of climate-responsive and resistance-manage-
ment strategies that can be rapidly deployed across diverse ecological settings and maintain
effectiveness during multi-pathogen circulation periods.

5.4. Climate Change and Future Arboviral Risk

The strong climate—epidemic associations documented in this study have urgent impli-
cations for understanding future arboviral risk under accelerating climate change [11,168].
Key projections include the following:

Geographic expansion: Climate change will likely expand suitable arboviral habitat
by 200-400 m elevation in Andean regions, potentially exposing an additional 2.8 mil-
lion people to transmission risk by 2050, requiring preemptive surveillance and control
infrastructure development.

Intensified transmission cycles: Stronger and more frequent El Nifio events may
amplify epidemic magnitude and frequency, necessitating enhanced preparedness capacity
and more robust early warning systems to manage increased epidemic pressure.

Novel pathogen emergence: Changing climate patterns may facilitate the introduction
and establishment of new arboviruses in previously unsuitable regions, highlighting the
need for broad-spectrum surveillance and rapid response capabilities.

Vulnerable population protection: Indigenous communities, highland populations,
and urban poor populations will face disproportionate risks from arboviral expansion,
requiring targeted intervention strategies and equitable resource allocation.

5.5. Global Health Security and Pandemic Preparedness Lessons

Ecuador’s arboviral experience provides critical lessons for global health security that
extend beyond vector-borne diseases [173,174]:

Health system resilience: The COVID-19 pandemic demonstrated that effective
pandemic preparedness requires maintaining essential health services while responding
to novel threats, necessitating dual-capacity systems that can function under multiple
simultaneous pressures.

Surveillance system robustness: Traditional surveillance approaches focused on
single pathogens may be inadequate for managing complex multi-pathogen scenarios,
requiring integrated monitoring systems that can detect and characterize pathogen interac-
tions in real-time.

Early warning integration: Climate-informed early warning systems offer significant
advantages over reactive surveillance approaches, providing actionable intelligence that
enables proactive intervention before epidemic establishment.

Community engagement continuity: The collapse of community-based programs
during COVID-19 lockdowns highlights the critical importance of maintaining social
connections and community health capacity during emergency responses.

Equity and accessibility: Geographic and socioeconomic disparities in arboviral
burden reflect broader patterns of health inequality that must be addressed through targeted
interventions and resource allocation to achieve effective disease control.

5.6. Research Priorities and Future Directions

This analysis identifies several urgent research priorities that require immediate atten-
tion to advance arboviral science and improve control effectiveness [3,8]:

5.6.1. Immunological Mechanisms

Cross-protection validation: Prospective cohort studies with detailed immunological
profiling are urgently needed to validate the multi-pathogen cross-protection hypothesis
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and identify biomarkers of protection that could guide vaccine development and deploy-
ment strategies.

T-cell cross-reactivity: Comprehensive characterization of cross-reactive T-cell re-
sponses between arboviruses could inform development of broad-spectrum therapeutic
approaches and guide understanding of population immunity dynamics.

Severe disease mechanisms: Investigation of how sequential arboviral exposures
influence immunopathology and disease severity could revolutionize clinical management
and vaccine safety assessment.

5.6.2. Vector and Environmental Studies

Multi-pathogen vector competence: Laboratory and field studies examining within-
mosquito viral interactions are essential for understanding displacement mechanisms and
developing predictive models of multi-pathogen transmission.

Climate threshold validation: Experimental validation of climate-transmission thresh-
olds identified in this study could improve predictive accuracy and enable development of
location-specific early warning systems.

Ecosystem modeling: Integration of vector ecology, climate dynamics, and human
behavior into comprehensive transmission models could enable more accurate risk assess-
ment and intervention targeting.

5.6.3. Implementation Science

Integrated program evaluation: Comparative effectiveness research on integrated
versus vertical disease control approaches is needed to optimize resource allocation and
intervention strategies.

Community engagement innovation: Development and evaluation of culturally
appropriate, technology-enabled community engagement strategies that maintain effec-
tiveness during emergency responses.

Health system strengthening: Research on optimal designs for dual-capacity health
systems that can simultaneously respond to pandemic threats while maintaining endemic
disease control.

5.7. Call to Action: Transforming Arboviral Disease Management

The findings of this 36-year analysis demand immediate action to transform global
approaches to arboviral disease management. The evidence for climate forcing, immunolog-
ical cross-protection, and multi-pathogen interactions provides the scientific foundation for
revolutionary changes in how we conceptualize, monitor, and control these diseases [2,176].

For policymakers: We urge policymakers to leverage the strong climate-epidemic
links by investing immediately in integrated early warning systems and climate-informed
health planning. Countries should prioritize development of dual-capacity surveillance
systems that can maintain essential functions during pandemic responses while building
resilience against climate-driven disease emergence.

For researchers: The immunological cross-protection hypothesis requires urgent
validation through prospective studies that could fundamentally alter vaccination strategies
and therapeutic approaches. Multi-pathogen interaction mechanisms demand investigation
through interdisciplinary collaboration between virologists, entomologists, immunologists,
and epidemiologists.

For public health practitioners: The evidence for viral displacement and competitive
interactions necessitates immediate transition to integrated surveillance and control ap-
proaches that consider all circulating arboviruses simultaneously rather than focusing on
individual pathogens.
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For the global community: Climate change will continue to expand arboviral transmis-
sion risk, requiring international cooperation, technology transfer, and equitable resource
allocation to protect vulnerable populations and prevent global disease emergence.

5.8. Final Reflections: Lessons from 36 Years of Arboviral Circulation

Ecuador’s 36-year journey with arboviral diseases offers profound lessons that tran-
scend national boundaries and disease categories. The country’s experience demonstrates
that infectious diseases are not isolated threats but components of complex adaptive sys-
tems shaped by climate, ecology, human behavior, and pathogen interactions over deep
evolutionary time [134,173,177].

The COVID-19 pandemic provided an unprecedented natural experiment that re-
vealed both the fragility and resilience of health systems, the interconnectedness of global
disease threats, and the critical importance of maintaining essential services during emer-
gency responses. The rapid rebound of dengue transmission following pandemic control
measures serves as a stark reminder that endemic diseases remain present even when
attention is focused elsewhere.

Perhaps most importantly, the evidence for immunological cross-protection between
arboviruses suggests that nature may provide unexpected solutions to complex disease
challenges. Understanding and harnessing these natural protective mechanisms could
revolutionize our approach to vaccine development and disease prevention, offering hope
for more effective and equitable control strategies.

As we face an uncertain future marked by accelerating climate change, increasing glob-
alization, and emerging pandemic threats, the lessons learned from Ecuador’s arboviral
experience become increasingly relevant. Only through sustained investment in integrated
surveillance systems, climate-informed preparedness strategies, innovative control ap-
proaches, and international cooperation can we hope to reduce the growing burden of
vector-borne diseases while building resilience against future pandemic threats.

The path forward requires courage to abandon traditional vertical approaches in
favor of innovative integrated strategies, wisdom to learn from nature’s own protective
mechanisms, and commitment to ensuring that the benefits of scientific advancement reach
all populations, regardless of geography or economic status. Ecuador’s arboviral story is
ultimately a story of adaptation, resilience, and hope—qualities that will be essential as
humanity confronts the disease challenges of the 21st century.

Critical Lessons for Pandemic Preparedness

¢  Climate-Epidemic Associations: Predictive early warning capabilities can transform
reactive responses into proactive preparedness strategies.

*  Multi-Pathogen Interactions: Complex epidemiological dynamics require integrated
rather than vertical surveillance and control approaches.

¢ Diagnostic Surge Capacity: Broad-spectrum detection methods essential for emerging
pathogen identification challenges.

*  Resilient Surveillance Systems: Must maintain essential functions during healthcare
system stress and pandemic responses.

¢ Cross-Protective Immunity: Related pathogens may provide unexpected population
benefits for vaccine development and deployment strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v17091201/s1, Figure S1: Temporal Evolution of Arboviruses in
Edcuador (1988-2024); Figure S2: Temporal Evolution of diseases in Edcuador (1988-2024); Figure S3:
Comparospm of Arboviruses in Edcuador by Period (1988-2024); Figure S4: Cumulative Burden of
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Arboviruses in Edcuador (1988-2024); Figure S5: Correlacién entre Dengue, Zika y Chikungunya
(2013-2023).
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Abbreviations

Abbreviation Definition

ACF Autocorrelation Function

ADE Antibody-Dependent Enhancement
AIC Akaike Information Criterion

CHIKV Chikungunya virus

CI Confidence Interval

COVID-19 Coronavirus Disease 2019

CUSUM Cumulative Sum Control Chart

DENV Dengue virus

DHEF/DSS Dengue Hemorrhagic Fever/Dengue Shock Syndrome
DLNM Distributed Lag Non-linear Model
ELISA Enzyme-Linked Immunosorbent Assay
ENSO El Nino-Southern Oscillation

EW Epidemiological Week

FFT Fast Fourier Transform
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GAM Generalized Additive Model

IeG Immunoglobulin G

IgM Immunoglobulin M

INAMHI Instituto Nacional de Meteorologia e Hidrologia
INEC Instituto Nacional de Estadistica y Censos

INSPI Instituto Nacional de Investigacién en Salud Pablica
MEM Moving Epidemic Method

MSP Ministerio de Salud Publica

NDVI Normalized Difference Vegetation Index

NOAA National Oceanic and Atmospheric Administration
NS1 Non-structural protein 1

ONI Oceanic Nifio Index

PAHO Pan American Health Organization

PCA Principal Component Analysis

PELT Pruned Exact Linear Time

RT-PCR Reverse Transcription-Polymerase Chain Reaction
SIVE Sistema de Vigilancia Epidemioldgica

SST Sea Surface Temperature

STL Seasonal and Trend decomposition using Loess
VAR Vector Autoregression

WHO World Health Organization

ZIKV Zika virus
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Abstract: Dengue mortality has traditionally been associated with severe thrombocytopenia
and hemorrhagic complications. However, during 2024, dengue virus serotype 3 (DENV-3)
increased significantly in western Mexico, leading to the emergence of a distinct clinical
pattern. We conducted a retrospective cohort study of hospitalized dengue patients at
the General Hospital of Colima (January—August 2024). Clinical features, laboratory pa-
rameters, and outcomes were compared between survivors and non-survivors. Among
201 hospitalized patients, 6 (3.0%) died. All deceased patients presented with general-
ized seizures, polyserositis (pleural effusion and/or ascites), and required mechanical
ventilation. Contrary to classical patterns, they did not have severe thrombocytopenia.
Instead, they showed significantly higher white blood cell counts and notably increased
levels of serum urea and BUN, suggesting early renal impairment. ROC analysis indicated
that BUN (AUC 0.904) and urea (AUC 0.906) were good to excellent discriminators of
mortality. During 2024, with an increase in DENV-3 circulation, mortality was associated
with neurological and systemic complications, including seizures and polyserositis, as
well as biochemical evidence of renal dysfunction—but not with severe thrombocytopenia.
These findings challenge current paradigms and highlight the need for early recognition of
atypical clinical patterns.

Keywords: dengue virus serotype 3 (DENV-3); neurological complications; renal dysfunction;
polyserositis; epidemiology
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1. Introduction

Dengue virus infection is a major and growing public health concern worldwide, with
an estimated 390 million infections and 25,000 deaths annually, predominantly in tropical
and subtropical regions [1,2]. In the Americas, the burden of dengue reached record levels in
2024, with Mexico experiencing one of the most severe epidemics in its history [3]. Notably,
the state of Colima has emerged as one of the most affected regions in Mexico, reporting
the highest national incidence rate—over 622 cases per 100,000 inhabitants in 2024—amid
a dramatic surge in cases [4]. This epidemiological scenario has placed unprecedented
strain on local healthcare systems and highlighted the urgent need for improved clinical
management and public health strategies.

Historically, severe dengue has been linked to plasma leakage and hemorrhagic
complications, primarily driven by severe thrombocytopenia [5]. Consistently, the WHO
classification highlights warning signs such as persistent vomiting, mucosal bleeding, and a
rapid drop in platelet count as predictors of severe disease [6,7]. However, recent outbreaks
have challenged these classical paradigms. Emerging evidence suggests that the clinical
spectrum of severe dengue is broader and more heterogeneous than previously recognized,
with increasing reports of atypical presentations—including neurological involvement,
acute organ dysfunction, and systemic inflammatory responses—particularly in adults and
patients with comorbidities [8].

The 2024 epidemic in Mexico has been characterized by a predominance of dengue
virus serotype 3 (DENV-3) [9], a strain historically associated with more severe disease
manifestations and increased risk of outbreaks in previously exposed populations [10].
Furthermore, the interplay between host factors (such as comorbidities and immune status),
viral characteristics, and environmental determinants is increasingly recognized as central
to understanding the pathogenesis and outcomes of dengue infection [11]. Recent studies
have highlighted the potential prognostic value of laboratory markers beyond thrombocy-
topenia, including leukocyte indices, markers of renal function, and inflammatory ratios,
in identifying patients at highest risk of adverse outcomes [12-14].

Against this backdrop, there is a pressing need to refine risk stratification tools and
clinical management algorithms for dengue, particularly in high-incidence settings. A
deeper understanding of the constantly evolving clinical and biochemical predictors of
mortality is essential to optimize patient outcomes, efficiently allocate resources, and
inform public health policies during epidemic emergencies. Therefore, this paper reports
the clinical outcomes of hospitalized patients in Colima, Mexico, emphasizing the signs
and parameters of those who died.

2. Materials and Methods
2.1. Study Design

A retrospective observational study was carried out using data from a cohort of
patients hospitalized with confirmed DENV-3 infection during the 2024 epidemic in a
tropical/coastal city in the state of Colima, Mexico. The study was conducted at the General
Hospital of Manzanillo IMSS-Bienestar “Hospital General de Manzanillo IMSS-Bienestar”
as part of a project that analyzes the epidemiology of dengue over time. It was approved by
the Central HRU (Regional University Hospital of Colima “Hospital Regional Universitario
de Colima”) Research Ethics Committee (approval code: CI 2024/2/SR/MI/254). This
study adhered to the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines. As it was a retrospective analysis based on medical records, the
ethics committee waived the requirement for informed consent [15]. Nonetheless, strict
measures were taken to ensure the anonymity and confidentiality of all patient data.
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Inclusion criteria comprised (1) age > 16 years; (2) laboratory-confirmed dengue
infection, defined as positive NS1 antigen and/or IgM/IgG serology and /or PCR, according
to national guidelines; and (3) hospitalization for clinical management. Patients with
incomplete clinical records or who were discharged against medical advice were excluded.

2.2. Data Collection and Outcomes

Data were extracted manually from electronic medical records and archived labora-
tory databases by two independent investigators using a structured case report form. The
primary outcome was in-hospital mortality, defined as death occurring during hospital-
ization due to any cause. Patients were stratified post hoc into survivors and deceased
for comparative analyses. Others variables were collected for analysis: demographic and
comorbidity data, including age, sex, and the presence of diabetes mellitus, hypertension,
obesity, smoking status, autoimmune diseases, HIV infection, ischemic heart or cerebrovas-
cular disease, and chronic kidney disease; pharmacological treatments administered during
hospitalization, including the use of paracetamol, antihypertensive agents, insulin, corticos-
teroids, non-steroidal anti-inflammatory drugs (NSAIDs), and antibiotics; and laboratory
parameters obtained during hospitalization.

Hematological parameters included hemoglobin, hematocrit, red cell distribution
width (RDW), leukocyte count, and differential counts (neutrophils, lymphocytes, mono-
cytes, eosinophils, and basophils). Absolute white blood cell counts (neutrophils, lym-
phocytes, monocytes, eosinophils, and basophils) were reported in number of cells per
microliter (x10%/uL), as determined by an automated hematology analyzer (DxH 690T,
Beckman Coulter, Brea, CA, USA). These values represent the actual cell count, in con-
trast to relative percentages, and allow for a more accurate assessment in the context of
leukopenia, which is common in dengue infection [16,17].

Biochemical analyses were performed using a fully automated dry chemistry analyzer
(VITROS 5600 Integrated System, Ortho Clinical Diagnostics, Rochester, NY, USA), and
included serum glucose, blood urea nitrogen (BUN), urea, creatinine, total, direct, and
indirect bilirubin, and liver enzymes including aspartate aminotransferase (AST), alanine
aminotransferase (ALT), gamma-glutamyl transferase (GGT), alkaline phosphatase (ALP),
lactate dehydrogenase (LDH), and serum albumin. Liver function tests and biochemical
panels were also processed using the VITROS 5600 platform. Coagulation parameters
included prothrombin time (PT), activated partial thromboplastin time (aPTT), and interna-
tional normalized ratio (INR), and were assessed using an automated coagulometer (ACL
TOP 550 CTS, Instrumentation Laboratory, Bedford, MA, USA).

All laboratory analyses were performed at the clinical laboratory of Hospital of Man-
zanillo IMSS-Bienestar, located in Colima, Mexico, and were conducted under standardized
protocols and internal quality controls.

2.3. Statistical Analysis

Continuous variables were tested for normality using the Shapiro-Wilk test. Since
most variables displayed non-normal distribution, they are reported as medians with 25th
and 75th percentiles (Q1 and Q2). Categorical variables are presented as frequencies and
percentages. Comparisons between survivors and non-survivors were made using the
Mann-Whitney U test for continuous variables and with Fisher’s exact test for categorical
variables. Receiver operating characteristic (ROC) curve analysis was used to evaluate
the discriminative ability of selected clinical and biochemical parameters in predicting
in-hospital mortality among patients with dengue. All evaluated variables were included
in this analysis to comprehensively explore their potential prognostic value. Although not
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all parameters reached statistical significance, they are retained in the results to provide a
complete profile and to facilitate future research [18,19].

Given the small sample size, we opted not to report sensitivity, specificity, or optimal
cutoff points, as these values may lack robustness and clinical reliability and lead to over-
fitting and misleading conclusions. Instead, we focused on reporting the area under the
curve (AUC) with corresponding 95% confidence intervals (CIs) to explore the potential
utility of these markers as prognostic indicators. AUC values were interpreted as follows:
>0.90 = excellent, 0.80-0.89 = good, between 0.70 and 0.79 as fair, and between 0.50 and
0.69 as poor [20]. The aim was to preliminarily assess whether these variables show poten-
tial discriminatory value, as reflected by the AUC [21]. A p-value < 0.05 was considered
statistically significant. Analyses were performed using SPSS Statistics version 20 software
program (IBM Corp., Armonk, NY, USA) [22].

2.4. Quality Control

Double data entry and verification were employed to minimize transcription errors.
Inconsistencies were resolved through review by a third investigator. Missing data were
handled by pairwise deletion and not imputed, due to the retrospective design and low
frequency of missingness.

3. Results

A total of 196 patients hospitalized with laboratory-confirmed dengue infection were
included in the analysis, of whom 6 (3.1%) died during hospitalization. The minimum
and maximum ages were 16 and 87 years, respectively. Table 1 summarizes the main
demographic and clinical characteristics of the patients, stratified by vital status at hospital
discharge. Patients who died were significantly older than those who survived (median
age 53 [IQR 28-65] vs. 27 years [18-39]; p = 0.036). Most patients who died were men,
although a significant difference was not reached (83.3% vs. 49.7, p = 0.212). Comorbidities
such as diabetes mellitus (50.0% vs. 10.0%; p = 0.020) and hypertension (50.0% vs. 7.2%; p
= 0.008) were significantly more prevalent among those who died. Obesity, smoking, au-
toimmune diseases, and chronic kidney disease showed no significant differences between
groups. Regarding pharmacological management, paracetamol was administered to 100%
of deceased patients and 65.6% of survivors (p = 0.182). Notably, antihypertensive drugs
were more frequently used in patients who died (33.3% vs. 5.2%; p = 0.045), consistent with
their higher burden of cardiovascular comorbidities.

Table 1. Baseline characteristics and medications administered to hospitalized patients with dengue,
stratified by vital status at discharge.

Variable Survivors (n = 190) Deceased (1 = 6) p-Value
Age (years) 27 (20-41) 53 (28-65) 0.036
Female 50.3% 16.7% 0.212
Obesity 7.2% 0.0% 0.645
Diabetes mellitus (DM) 10.0% 50.0% 0.020
Hypertension (HTN) 7.2% 50.0% 0.008
Smoking 11.0% 16.7% 0.513
Pulmonary disease 1.0% 0.0% 0.945
Autoimmune disease 0.5% 0.0% 0.972
HIV 1.4% 0.0% 0.921
Ischemic disease 0.5% 0.0% 0.972
Chronic kidney disease 1.0% 0.0% 0.945
IgG positive 82.5% 80.0% 0.999
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Table 1. Cont.

Variable Survivors (n = 190) Deceased (1 = 6) p-Value
Medications Administered
Paracetamol 65.6% 100.0% 0.182
Antibiotics 1.4% 0.0% 0.918
NSAIDs 0.0% 0.0%
Steroids 1.0% 0.0% 0.999
Antihypertensives 5.2% 33.3% 0.045
Insulin 1.6% 0.0% 0.911

A comparison between groups was performed using Fisher’s exact test for categorical variables. Age is presented
as the median (25th and 75th percentiles) and was compared using a one-tailed Mann-Whitney U test, under the
hypothesis that “those who died were older than those who survived”.

3.1. Laboratory Findings Prior to Discharge

Table 2 compares hematological and biochemical parameters between survivors and
deceased patients, focusing on values obtained during the final two days of hospitaliza-
tion. Deceased patients had significantly lower hemoglobin levels (median 9.95 g/dL
vs. 13.80 g/dL [12.70-15.10]; p < 0.001) and hematocrit (27.95% [23.63-32.63] vs. 39.30%
[36.50—-42.30]; p < 0.001). Red cell distribution width (RDW) was significantly higher among
deceased patients (p = 0.007), suggesting greater erythrocyte anisocytosis.

Table 2. Comparison of hematological and biochemical parameters between survivors and deceased
patients with dengue during final two days of hospitalization.

Survivors Non-Survivors
p-Value
Parameter Median Q1 Q3 Median Q1 Q3

Hemoglobin (g/dL) 13.80 12.70 15.10 9.95 8.28 11.75 <0.001
Hematocrit (%) 39.30 36.50 42.30 27.95 23.63 32.63 <0.001
RDW-CV (%) 12.70 12.10 13.50 13.20 12.70 14.00 0.007
Platelets (x103/uL) 50.00 35.00 66.00 94.50 48.75 115.50 <0.001

Mean Platelet Volume (MPV, fL) 11.85 11.30 12.60 12.70 11.08 13.20 0.575
White Blood Cells (x103/uL) 5.07 3.81 6.94 9.77 4.55 13.29 <0.001
Absolute Neutrophils (x103/puL) 1.57 1.00 243 6.99 2.61 11.17 <0.001
Absolute Lymphocytes (x103/puL) 2.60 1.90 3.49 1.25 1.11 1.74 <0.001
Absolute Monocytes (x103/uL) 0.46 0.34 0.63 0.54 0.32 0.98 <0.001
Absolute Eosinophils (x103/uL) 0.05 0.02 0.11 0.07 0.01 0.15 0.227
Absolute Basophils (x103/uL) 0.04 0.03 0.06 0.03 0.01 0.04 0.122
Glucose (mg/dL) 91.00 84.50 106.00 96.00 84.00 123.00 0.004

BUN (mg/dL) 7.00 6.00 10.00 16.00 12.75 62.50 <0.001

Urea (mg/dL) 14.98 12.84 21.40 34.24 27.29 133.71 <0.001
Creatinine (mg/dL) 0.70 0.60 0.80 0.80 0.60 1.50 <0.001
Direct Bilirubin (mg/dL) 0.38 0.29 0.50 0.40 0.21 2.96 0.163
Indirect Bilirubin (mg/dL) 0.29 0.18 0.41 0.29 0.13 0.38 0.922
Total Bilirubin (mg/dL) 0.68 0.50 0.86 0.69 0.34 3.32 0.164
AST (U/L) 234.00 135.50 387.50 125.50 74.75 271.75 0.001

ALT (U/L) 156.00 90.75 250.00 75.50 31.00 219.75 <0.001

GGT (U/L) 209.00 98.50 359.00 102.50 42.00 308.75 0.078

Alkaline Phosphatase (U/L) 95.00 65.00 141.00 149.50 38.25 243.50 0.638
LDH (U/L) 529.50 404.75 848.50 551.00 322.00 1180.50 0.072

Albumin (g/dL) 3.30 3.00 3.60 2.00 1.85 2.05 <0.001
Prothrombin Time (PT, s) 11.00 10.50 11.70 12.50 11.30 12.43 0.011
aPTT (s) 36.70 33.00 42.00 30.60 28.00 32.75 <0.001

INR 0.95 0.90 1.01 1.08 097 1.19 0.010

Data are shown as the median (Q1-Q3). All comparisons made using the non-parametric Mann-Whitney U
test. BUN: blood urea nitrogen; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-
glutamyl transferase; PT: prothrombin time; aPTT: activated partial thromboplastin time; INR: international
normalized ratio.
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Unexpectedly, platelet counts were significantly higher in the deceased group (median
94.5 x 103/ uL [48.75-115.50] vs. 50.0 x 10%/uL [35.00-66.00]; p < 0.001).

Markers of renal function, including blood urea nitrogen (BUN), urea, and creati-
nine, were significantly worse in deceased patients (all p < 0.001), suggesting that acute
kidney injury may have contributed to mortality. Serum albumin levels were also signif-
icantly lower in this group (median 2.00 g/dL vs. 3.30 g/dL; p < 0.001), consistent with
hypoalbuminemia, which is associated with systemic inflammation and capillary leakage.

Although transaminase levels (AST and ALT) were elevated in both groups, they
were paradoxically lower in deceased patients (p = 0.001 and p < 0.001, respectively),
possibly reflecting hepatic exhaustion or variability in sampling timing during the terminal
phase of illness.

Coagulation parameters, including prothrombin time (PT), international normal-
ized ratio (INR), and activated partial thromboplastin time (aPTT), showed statistically
significant differences between groups; however, these changes did not appear to be
clinically relevant.

3.2. Blood Markers with Potential Predictive Value for Mortality

A receiver operating characteristic (ROC) curve analysis was conducted to evaluate
the ability of various clinical and biochemical parameters to discriminate mortality among
hospitalized patients with dengue. Several markers showed good to excellent discrim-
inatory capacity, particularly urea (AUC: 0.906; 95% CI: 0.808-1.000; p < 0.001), blood
urea, and nitrogen (BUN; AUC: 0.904; 95% CI: 0.805-1.000; p < 0.001). Other parameters,
such as platelet count and absolute neutrophil count, demonstrated moderate predictive
performance. The full results are summarized in Table 3.

Table 3. Discriminatory capacity (AUC) of clinical and laboratory parameters for mortality prediction
in patients hospitalized with dengue.

CI 95%
p-Value

Parameter AUC Lower Upper
Hemoglobin (HG) 0.141 0.000 0.303 <0.001
Hematocrit (HTO) 0.129 0.000 0.290 <0.001
RDW-CV 0.646 0.519 0.772 0.100
Platelets 0.799 0.623 0.976 0.001
Mean Platelet Volume (MPV) 0.638 0.421 0.855 0.136
Leukocytes 0.757 0.576 0.939 0.006
Absolute Neutrophils 0.835 0.671 0.998 <0.001
Absolute Lymphocytes 0.166 0.060 0.271 <0.001
Absolute Monocytes 0.605 0.379 0.831 0.259
Absolute Eosinophils 0.571 0.374 0.769 0.442
Absolute Basophils 0.353 0.159 0.547 0.113
Glucose 0.519 0.313 0.726 0.835
Blood Urea Nitrogen (BUN) 0.904 0.805 1.000 <0.001
Urea 0.906 0.808 1.000 <0.001
Creatinine 0.624 0.427 0.822 0.180
Direct Bilirubin (DB) 0.547 0.249 0.846 0.691
Indirect Bilirubin (IB) 0.448 0.236 0.661 0.664
Total Bilirubin (TB) 0.528 0.217 0.839 0.815
AST (TGO) 0.266 0.105 0.428 0.002
ALT (TGP) 0.237 0.085 0.389 0.001
GGT 0.418 0.298 0.538 0.279
Alkaline Phosphatase (ALP) 0.571 0.383 0.760 0.346
LDH 0.359 0.228 0.490 0.063
Albumin 0.106 0.000 0.249 <0.001
Prothrombin Time (PT) 0.767 0.663 0.870 0.010
aPTT 0.066 0.014 0.118 <0.001
INR 0.767 0.648 0.882 0.010

The area under the curve (AUC), 95% confidence intervals (Cls), and p-values are presented for each variable.
Due to the limited sample size, optimal cutoff points, sensitivity, and specificity values were not included to avoid
potential overestimation.
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3.3. Key Clinical Differences Between Survivors and Non-Survivors

Notable differences in clinical presentation were observed between patients who
survived and those who died during hospitalization for dengue. All non-survivors (6/6;
100%) required invasive mechanical ventilation (IMV) and experienced seizures, while
none of the survivors (0/190; 0%) had these complications (p < 0.001 for both). Likewise,
polyserositis—assessed in a subset of patients who underwent thoracoabdominal ultra-
sound (n = 135)—was present only among those who died (6/6; 100%) and absent in
survivors (0/129; 0%) (p < 0.001). No significant difference was found in the presence
of hepatomegaly between the two groups (1/129 survivors, 0.8%; 0/6 non-survivors,
0%; p = 0.956). These findings outline clinical severity in fatal cases. Comparisons were
performed using Fisher’s exact test.

4. Discussion

Currently, Mexico, as well as several Latin American countries are facing a signifi-
cant dengue outbreak, with some regions reporting record-breaking numbers of cases. In
the last decade, DENV-2 predominated in Mexico, but in 2023 and especially 2024, the
prevalence of DENV-3 cases increased considerably, leading to the emergence of atypical
clinical presentations, with greater liver involvement, as well as respiratory symptoms that
simulate COVID-19 or other respiratory viruses, with normal or slightly decreased platelet
counts [23]. However, this is an underreported phenomenon. During 2024, the Colima
region had the highest incidence of confirmed dengue cases in Mexico (622 confirmed
cases per 100,000 inhabitants) [4]. The 2024 outbreak in Colima, Mexico, has unveiled an
atypical clinical and biochemical profile associated with in-hospital mortality, prompting
critical reconsideration of existing paradigms for dengue severity assessment. Typically,
severe thrombocytopenia and hemorrhagic manifestations have been considered hallmark
predictors of poor outcomes in dengue fever, particularly in previous studies [24]. How-
ever, the findings of the present study demonstrate that during this outbreak, mortality
was not linked to classical hemorrhagic complications or profound thrombocytopenia.
Instead, neurological events (notably generalized seizures), systemic inflammatory fea-
tures (such as polyserositis), and early renal dysfunction emerged as the most salient
predictors of mortality.

Among the six patients who died, they were mostly men, were significantly older than
the survivors (median age 53 vs. 27 years), and exhibited a higher prevalence of diabetes
mellitus and hypertension. The gender difference in mortality, although not statistically
significant, is consistent with previous reports showing higher mortality in men [25].
Nonetheless, prior studies have highlighted that age and comorbidities modulate the
host immune response, potentially exacerbating dengue pathophysiology. A multicenter
study in Mexico [26] also reported that patients with diabetes and hypertension were
more likely to develop severe dengue and succumb to complications [27], possibly due to
chronic endothelial dysfunction and impaired immune regulation. Similar associations
were observed during DENV-2 and DENV-1 outbreaks in other regions of America [28-30].
Diabetes mellitus has been implicated in amplifying dengue-associated plasma leakage
and cytokine storms [31-33]. Hyperglycemia is known to upregulate pro-inflammatory
mediators and compromise leukocyte function, leading to an exaggerated yet ineffective
immune response [34]. Hypertension, on the other hand, may predispose microvascular
damage and exacerbate capillary leakage, culminating in multiorgan dysfunction [35].

Contrary to long-standing beliefs that low platelet counts are central to dengue mortal-
ity, our data demonstrate that non-survivors exhibited significantly higher platelet counts
(median 94.5 x 103/uL) than survivors (median 50.0 x 103/uL). This unexpected s inver-
sion may reflect distinct immunopathological dynamics associated with DENV-3 circulation
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in this region. Historically, outbreaks caused by DENV-2 and DENV-1 have shown stronger
associations with platelet consumption, disseminated intravascular coagulation (DIC), and
bleeding [36,37]. In contrast, DENV-3, particularly certain genotypes, has demonstrated a
higher neurotropic potential in animal models [38], possibly indicating a different patho-
physiological profile. However, this finding should be interpreted with caution due to the
limited sample size of fatal cases and the single-center design of our study. It is possible
that regional factors, timing of sample collection, or viral genotypic variations influenced
the observed results; for that reason, more studies are needed with broader populations
and different epidemic contexts.

This neurotropism has also been reported in patients, primarily with DENV-2
and DENV-3 infections [39], although cases involving DENV-1 have also been doc-
umented [33]. The relatively preserved platelet counts observed in non-survivors
may indicate a distinct pathophysiological pathway in which mortality is driven
not by hemorrhagic complications but rather by inflammatory and organ-specific
mechanisms—particularly those affecting the brain, lungs, and kidneys. Notably, none
of the deceased exhibited hemorrhagic symptoms.

All patients who died developed generalized seizures, a feature not typically empha-
sized in standard dengue severity classifications [40]. Although neurological manifesta-
tions of dengue are increasingly recognized—including encephalopathy, encephalitis, and
seizures—they remain underreported in most clinical settings [41]. A study from India
has proposed that neuro-dengue can occur due to (1) direct neurotropism (encephalitis,
meningitis, myelitis, and myositis); (2) systemic complications (encephalopathy, stroke, and
hypokalemic paralysis); (3) post-infectious/immune-mediated mechanisms (acute dissem-
inated encephalomyelitis (ADEM), Guillain—-Barré syndrome, and optic neuritis) [42,43].
The universal presence of seizures in all fatal cases in the present report suggests a profound
neurotropic effect or secondary neuroinflammation, possibly exacerbated by renal dys-
function and uremic encephalopathy. The elevated BUN and urea levels in these patients
support this hypothesis. While cerebrospinal fluid (CSF) data were unavailable, the clinical
constellation aligns with previous descriptions of dengue-associated encephalopathy and
post-infectious neuroinflammation. DENV-3 has previously been shown to be one of the
dengue virus types with the highest neurotropism, especially certain variants [44,45]. In
the region where the present study was conducted, DENV-1, -2, and -3 were circulating. It
is plausible that DENV-3 in this area may exhibit greater neurovirulence; however, the pos-
sibility that DENV-1 or DENV-2 may be responsible cannot be ruled out [46], highlighting
the need for further specific investigation.

Polyserositis (presence of pleural effusion and/or ascites) was observed in all pa-
tients who died, consistent with capillary leak syndrome. However, these findings oc-
curred in the absence of classical hemoconcentration, as indicated by lower hematocrit
levels in non-survivors. This discrepancy points to a severe hypoalbuminemic state, as
confirmed by significantly reduced serum albumin levels (median 2.00 g/dL), which
impairs intravascular oncotic pressure and promotes third-spacing. Capillary leakage
without hemoconcentration suggests an atypical presentation, possibly involving a more
aggressive or dysregulated inflammatory response, or it may reflect a secondary effect of
treatment—particularly the administration of intravenous fluids [47,48]. Hypoalbumine-
mia may also reflect malnutrition, systemic capillary leak, or hepatic dysfunction [49,50].
Interestingly, AST and ALT levels were lower in non-survivors than in survivors, which
may suggest that liver involvement was not a determining factor in the fatal outcomes of
these patients, contrary to what has been reported in previous studies [43].

Among all biochemical parameters, BUN (AUC 0.91) and urea (AUC 0.89) demon-
strated the highest discriminative power for mortality. Creatinine levels were also elevated,
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albeit with a smaller magnitude. These findings suggest acute kidney injury (AKI) as a
central contributor to dengue mortality in this cohort, despite the absence of pre-existing
chronic kidney disease. Renal impairment in dengue has often been considered a terminal
event or consequence of severe plasma leakage [44-46]. However, emerging evidence
suggests that AKI may develop early due to direct viral injury, systemic inflammation, or
renal hypoperfusion [44-46]. Moreover, uremia may contribute to encephalopathy and
seizures, as discussed earlier, forming a vicious cycle. Although MPV was not significantly
different between groups in our cohort, we included it due to prior studies suggesting its
relevance in inflammatory and infectious conditions, including dengue. Its inclusion may
guide future analyses of hematologic indicators associated with disease severity [51].

High RDW values in fatal cases (13.2% vs. 12.7%) may indicate ineffective ery-
thropoiesis or oxidative stress-induced hemolysis, both linked to systemic inflammation.
An increased red cell distribution width (RDW) has been linked to higher levels of pro-
inflammatory cytokines, including tumor necrosis factor alpha and interleukin-6. These
inflammatory mediators reduce the effectiveness of erythropoietin and promote the re-
lease of immature red blood cells into the circulation, which contributes to the elevation
of RDW [47,48]. While these markers are non-specific, their consistent elevation in the
fatal group suggests that dengue-related deaths may result from an uncontrolled immune
cascade, as has been reported in other diseases such as COVID-19 [49], rather than iso-
lated organ failure. All deceased patients received paracetamol, and half had comorbid
diabetes and hypertension, with increased use of antihypertensives. While NSAIDs and
steroids were not administered (appropriately, per guidelines), the high burden of systemic
inflammation observed calls into question whether anti-inflammatory adjuncts, such as
corticosteroids or IL-6 inhibitors, might be beneficial in a subset of patients with hyper-
inflammatory profiles. A previous study by Espinoza-Gémez (2017) [50] suggested that
the administration of methylprednisolone may be beneficial in managing patients with
dengue presenting warning signs [50]. However, a systematic review of randomized trials
in dengue has so far shown no clear benefit from the use of corticosteroids [52].

This study has certain limitations that should be acknowledged. First, it was conducted
at a single referral center in Colima, Mexico, which may limit the generalizability of the
findings to other regions with different circulating DENV serotypes or healthcare settings.
Second, although several clinically relevant differences were identified between survivors
and non-survivors, the limited number of fatal outcomes available for analysis constrains
the statistical power for some comparisons. To address this, we applied appropriate
non-parametric statistical methods to ensure the robustness of our results. Nonetheless,
expanding the study population through multicenter collaborations or incorporating data
from other regions could allow for a broader representation of disease severity, improve the
external validity of the findings, or enable the detection of other potential biomarkers. It is
important to acknowledge that the clinical heterogeneity observed may also be influenced
by previous exposures to other dengue virus serotypes which were not assessed in this
study. The phenomenon of immune imprinting or antibody-dependent enhancement
(ADE) could contribute to the severity of disease manifestations, especially in secondary
infections, and may partly explain the atypical laboratory and clinical profiles observed in
our non-survivor group [53]. Incorporating serological or immunological data in future
research will be essential to disentangle these effects.

Third, its retrospective design restricts the ability to infer causality, and certain ad-
vanced diagnostics—such as cerebrospinal fluid analysis, viral genotyping, or imaging
studies—were not uniformly available. These tools, while not essential for the initial
objectives of this study, represent important opportunities for future research aiming
to further elucidate the mechanisms underlying neurological and renal involvement.
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Finally, the absence of cytokine profiling and other inflammatory markers limits im-
munopathological insight yet highlights the need to incorporate these variables in subse-
quent, more comprehensive studies. Despite these limitations, the findings contribute valu-
able clinical observations that can inform early recognition and management strategies in
severe dengue cases.

This study is based on a single-center retrospective study with a small number of fatal
outcomes. Despite this, the consistent clinical and biochemical patterns observed among
non-survivors highlight biologically plausible and clinically relevant phenomena. Prospec-
tive validation in larger, multicenter cohorts is essential. Furthermore, viral genotyping,
cytokine profiling, and imaging studies (e.g., brain MRI, renal ultrasound) could clarify
the mechanisms of neuro-renal involvement. Finally, updated clinical scores incorporating
BUN, seizures, and albumin levels may provide more accurate triage tools during DENV-3
outbreaks, particularly when classical warning signs (like thrombocytopenia) are absent.
The need for mechanical ventilation in all fatal cases also underscores the importance of
early recognition and referral. In resource-limited settings, delays in critical care access
may worsen outcomes, particularly for neurological and respiratory complications.

5. Conclusions

In conclusion, the 2024 DENV outbreak in western Mexico (with increasing presence
of DENV-3) revealed a lethal clinical phenotype characterized by neurological involvement,
polyserositis, systemic inflammation, and early renal dysfunction, in the absence of severe
thrombocytopenia. These findings challenge traditional assumptions about dengue mor-
tality and underscore the heterogeneity of dengue pathophysiology across serotypes and
populations. Timely recognition of atypical patterns, especially in older adults with comor-
bidities, is critical to reducing dengue-related deaths. A paradigm shift is urgently needed,
both in clinical training and in WHO severity classifications, to include non-hemorrhagic
markers of poor prognosis in dengue.
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Abstract: The eastern parts of Ethiopia, including Dire Dawa City, have experienced annual
dengue fever (DF) outbreaks since 2013, leading to significant healthcare and economic
impacts. However, comprehensive evidence on the specific dengue virus (DENV) serotypes
and genotypes involved remains limited. During the 2023 DF outbreak, the National
Arbovirus Laboratory received seventy serum samples from suspected DF patients. Positive
samples underwent sequencing of the CprM region of the DENV genome, and the obtained
sequences were analyzed phylogenetically. Among the patients, 32 (45.7%) displayed
early warning signs of severe dengue, and 13 were hospitalized, most showing symptoms
indicative of severe dengue. Out of 67 adequate samples, 44 (65.6%) tested positive for
DENV RNA by RT-PCR, and 17 successfully underwent CprM sequencing. All sequenced
samples were identified as DENV-3, genotype III, major lineage B (DENV-3III_B), with two
distinct minor lineages (DENV-3III_B.2 and DENV-3III_B.3). Phylogenetic analysis showed
that these lineages were closely related to sequences from the Afar region, suggesting
interconnected outbreaks with multiple co-circulating lineages. This study identifies DENV-
3III_B as the cause of the 2023 DF outbreak in Dire Dawa City and highlights the need for

enhanced viral genomic surveillance in Africa.

Keywords: DENV; DF; serotype; genotype; CprM; DENV-3/GIII; Dire Dawa City; Ethiopia

Population Biology, Ecology and Evolution Graduate Program, Emory University, Atlanta, GA 30322, USA

1. Introduction

Dengue fever (DF), caused by four genetically distinct serotypes of dengue virus
(DENV-1 to DENV-4), has become a significant global health challenge. Over the past two
decades, the incidence of dengue has increased tenfold, rising from 500,000 reported cases
worldwide in 2000 to a staggering 5.2 million cases in 2019. In 2019, dengue outbreaks
spread across 129 countries, marking an unprecedented peak. Although there was a slight
decline in cases between 2020 and 2022 due to the COVID-19 pandemic and reduced

reporting rates, 2023 witnessed a resurgence in dengue cases globally [1-3].

Viruses 2025, 17, 346 https://doi.org/10.3390/v17030346
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In areas where DF cases have been identified as endemic and/or epidemic, especially
in tropical and subtropical countries, nonspecific febrile illnesses are common. Febrile
illnesses can be caused by a variety of infectious agents such as malaria parasites, al-
phaviruses, and flaviviruses, complicating surveillance and response programs for out-
breaks and endemic diseases [4]. In addition, the Aedes mosquito species, particularly Ae.
aegypti and Ae. albopictus that transmit DENV, is also responsible for the transmission of
other arboviruses (e.g., Zika virus, Yellow Fever virus, and Chikungunya virus), and is
common in tropical and subtropical countries [5].

In Ethiopia, the first laboratory-confirmed outbreak of DF occurred in Deri Dawa City
in 2013. Since then, Ethiopia has experienced nearly annual outbreaks of DF in multiple
regions of the country (Figure 1). In the Afar region, DF outbreaks occurred in 2019 in the
Gewane District [6]. In the Ethiopian Somalia region, the first outbreak was reported in
Godey town between 2014 and 2015 followed by outbreaks that occurred in Kabridahar
in 2017 [7] and Warder Woreda in 2021 [8]. These recurrent outbreaks have impacted an
already fragmented health system [9] and the economy of these parts of the country.
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Figure 1. Map showing the Dire Dawa City Administration where the Dengue outbreak occurred,
and the study of DENV strains originated. The shaded areas indicate the epicenters of dengue
outbreaks in Ethiopia since 2013: Dire Dawa (red), Afar (red-violet), and Somalia (light blue).

In April 2023, an outbreak of DF was initially reported in the Afar region, the north-
eastern part of Ethiopia. The first affected districts were Logia and Mille. Since April 4,
2023, however, it has spread to all seven districts and towns in the Afar region (Figure 1).
As of 26 June 2023, a total of 6133 suspected and confirmed cases were reported, resulting
in nine associated deaths (with a case/fatality ratio of 0.5%) [10]. It was documented that
8 of the 10 epidemic samples examined by reverse transcriptase polymerase chain reaction
(RT-PCR) triplex [for Dengue, Zika, and Chikungunya] belonged to serotype DENV-3 [10].

As a suspected expansion of the outbreak in the Afar region, a DF outbreak was
recorded in Dire Dawa City in December 2023 (Figure 1). However, there are no data
regarding the DENV serotypes and genotypes associated with the outbreak. Whether the
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outbreak was caused by DENV-3 as in the Afar region remains unknown. In the present
study, we present data on the serotypes, genotypes, and lineages of the DENV strains
responsible for the outbreak in Dire Dawa City during 2023 and discuss the epidemiological
and clinical consequences.

2. Materials and Methods
2.1. Ethical Considerations

As our study aimed to better understand DENYV strains linked to DF outbreaks, we
obtained an ethical approval waiver (protocol number: PO-036-24) from the All-African
Leprosy Rehabilitation and Training Center / Armauer Hansen Research (ALERT/AHRI)
Ethics Committee. Additionally, we obtained permission from the Dire Dawa City Health
Bureau and health facilities” authorities to investigate these outbreak samples.

2.2. Study Settings and Patient Data

On 14 December 2023, the Ethiopia Public Health Institute (EPH) received 70 serum
samples from an outbreak of DF in Dire Dawa City Administration (Figure 1 and Table 1).
These samples were collected from DF-suspected cases and shipped to the National Ar-
bovirus Laboratory of EPHI for laboratory confirmation of the causative agent as part of an
outbreak response investigation (Figure 2). The reported clinical signs and symptoms for
each suspected case were extracted from medical charts available at the health facilities they
were admitted to, using a case-based surveillance request form. Mild symptoms include
sudden onset of high fever, vomiting, nausea, rash, arthralgia (joint pain), headache, chills,
myalgia (muscle pain), sore throat, dizziness, runny nose, pruritus (itchiness), adenosis,
diarrhea, and shivering. Warning signs indicative of severe dengue include belly pain or
tenderness, persistent vomiting (at least 3 times/24 h), bleeding from the nose or gum,
being restless or irritable, feeling weak, conjunctiva congestion, and convulsions (Table 2).
The categories of mild symptoms and warning signs indicative of severe dengue are based
on the WHO severe dengue classification [11].

Table 1. Status of admission and demographic characteristics of dengue fever suspected cases
(n =70) reported at health facilities in the Dire Dawa City Administration, 2023.

Variable Specific Variable N (%)
Age Median age 30; IQR ! 17
S Male 32 (46) 2
ex Female 38 (54)
Outpatient 57 (80)

Patient admission status Inpatient 13 (20)

T IQR = Interquartile range. 2 Values in parentheses indicate percentiles (%), while values before parentheses
indicate the number (N) of participants.

Table 2. Clinical characteristics of dengue fever suspected cases (n = 70) reported at health facilities
in the Dire Dawa City Administration, 2023.

Clinical Symptoms ! Yes 2 No
Fever: sudden onset of high fever 66 (98.15%) 1 (1.49%)
A. Mild symptoms * Chills 47 (70.17%) 20 (29.85%)
Vomiting or nausea 31 (46.27%) 36 (53.73%)
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Table 2. Cont.

Clinical Symptoms ! Yes 2 No

Aches and pains:. Typically, behin.d the eyes, 31 (46.27%) 36 (53.73%)
muscle, joint, or bone pain

Myalgia 28 (45.9%) 33 (54.1%)
Running nose 21 (31.34%) 46 (68.66%)
Diarrhea 13 (19.4%) 54 (89.60%)
A.  Mild symptoms * Rash 8 (13.11%) 53 (86.89%)
Sore throat 6 (8.89%) 61 (91.04%)
Dizzy 5 (7.46%) 62 (92.54%)
Shivering 4 (5.97%) 63 (94.03%)
Pruritus 2 (2.99%) 65 (97.01%)
Adenoids 1 (1.52%) 65 (98.48%)
Weak (Feeling tired) 26 (38.81%) 41 (61.19%)
Restless or irritable 15 (22.39%) 52 (77.61%)
B.  Warning signs indicative of Arthralgia 9 (13.43%) 58 (86.57%)
severe dengue Persistent vomiting (at least 3 times/24 h) 9 (13.43%) 58 (86.57%)
Bleeding from the nose or gums 6 (8.96%) 61 (91.04%)
Belly pain or tenderness 5 (7.46%) 62 (92.54%)
Conjunctival congestion 3 (4.48%) 64 (95.52%)

! Categorization of mild symptoms and warning signs indicative of severe dengue are based on WHO classification.
2 Clinical data for 4 cases out of the 70 suspected dengue fever cases were missing or incomplete. * Mild symptoms
indicate a lower level of severity that does not pose an immediate threat to health. Conversely, warning signs

indicate a severe dengue that could necessitate emergency intervention.

Febrile illness suspected and confirmed dengue cases visiting
health facilities of Dire Dawa City Administration (n =1638),
December 2023 with nine deaths (a case/fatality ratio of 0.5%)

| Patients enrolled in this study (n=70) ‘

| RNA extraction ‘
1 NoRNA (n=3)

’ Dengue diagnosis by multiplex RT-PCR (n = 67) ‘

l l

Could be other febrile illnesses Dengue confirmed cases

including malaria (n = 26) (n=44)
|

Only n = 27 qualified for
CprM target sequencing

1 Sequencing failed (n = 6)

| Qualified CprM sequences were obtained for only n =21

l Excluded because of poor sequence quality (n=4)

’ n =17 Phylogenetic Data analysis

Figure 2. Flow chart showing enrollment of suspected dengue and/or other febrile illnesses, including

malaria patients, and molecular detection and characterization of strains isolated during the 2023

dengue outbreak in Dire Dawa, Ethiopia.
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2.3. Blood Sample Collection and Processing

Each of the 70 dengue-suspected patients submitted blood samples for laboratory
diagnosis of the causative agent for febrile illness. The blood samples were allowed to clot,
and the sera were separated. The sera were then shipped in a triple package cold chain to
the National Arbovirus Laboratory of the EPHI. At the laboratory, the sera were kept frozen
at —20 °C until they were used for DENV viremia detection using reverse transcriptase
(RT)- PCR (RT-PCR).

2.4. Viral RNA Extraction and PCR Detection of DENV

Total RNA was isolated from each serum sample using the QIAmp viral RNA kit
(QIAGEN, Hilden, Germany). The RNA was eluted in 50 pL of AVE buffer, which was
provided with the kit. DENV viremia detection was conducted using RealStar® Dengue RT-
PCR kit (Altona Diagnostics, Hamburg-Altona, Germany). Briefly, 20 pL of the master mix
(containing primers and probes) was mixed with 10 pL of the RNA sample or control. The
mixture was centrifuged for 30 s at approximately 1000x g (~3000 rpm). The reactions were
incubated for 20 min at 55 °C, followed by 40 cycles of 95 °C for 1 min, 55 °C for 45 s, 72 °C
for 15 s, and final incubation at 68 °C for 10 min. The PCR results were interpreted based
on the manufacturer’s protocol. A threshold cycle (Ct) value of <36 for DENV-specific
RNA and a Ct value of <30 for the Internal Control were considered positive samples
for DENV.

2.5. Semi-Nested RT-PCR Amplification (Amplicon Size 511 bp)

RNA samples with a Ct value of 31 or lower and sufficient volume were se-
lected for CprM RT-PCR amplification following the procedure described elsewhere [12].
Briefly, the DENV CprM region (652) bp was first amplified using forward primer (FP):
5-TCAATATGCTGAAACGCGCGAGAAACCG-3' (132-153), the reverse primer (RP):
5'-GCGCCTTCNGNNGACATCCA-3' (764-783), and the high-capacity cDNA reverse tran-
scription kit (Invitrogen, Waltham, MA, USA). The reactions were incubated first at 98
°C for 10 s followed by 35 cycles of 98 °C for 10 s, 60 °C for 20 s, 72 °C for 30 s, and
final incubation at 72 °C for 5 min. Semi-nested PCR was also used to amplify 511 bp
of the CprM region of the viral genome using the amplified product as a template, and
the same FP: 5'-TCAATATGCTGAAACGCGCGAGAAACCG-3' (132-153) but a different
RP-: 5-TTGCACCAACAGTCAATGTCTTCAGGTTC-3' (614-642) [12]. The semi-nested
amplification was performed in an Applied Biosystems Veriti 96-Well Thermal Cycler
(ThermoFisher Scientific, Waltham, MA, USA) using the following cycling parameters:
94 °C for 2 min; 40 cycles of 94 °C for 30 s, 70 °C for 1 s (ramp rate 20%), 55 °C for 45 s
(ramp rate 20%), and 65 °C for 3 min, 20 s; and final extension for 10 min at 65 °C [13].
Following the amplification, 5 uL of the first amplicon and semi-nested amplicon size of
652 bp and 511 bp, respectively, was visualized on ethidium bromide-stained agarose
gel under UV light. Amplified PCR products (511 bp in size) were then purified using a
QIAquick PCR Purification Kit (QIAgen, Germany) and sequenced in both strands using a
Big Dye Terminator Cycle Sequencing kit (Applied Biosystems, Waltham, MA, USA) with
the same primers that were used for nested PCR. The CprM sequences were confirmed
by BLAST. The forward and reverse sequences were aligned and manually edited using
Bio Edit software (version 7.2) to obtain the consensus sequence for each sample, result-
ing in a 405 bp sequence spanning nucleotides 245-649 compared to reference sequence
NC_001475. The obtained sequences were analyzed using Dengue Virus Typing Tool at
Genome Detective server [13] to identify the serotypes, genotypes, and lineages of DENV
associated with the outbreak.
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2.6. Phylogenetic Analysis

Although CprM sequences were obtained for 21 DENV strains from Dire Dawa City
and were of sufficient quality to determine serotype and genotype, only 16 consensus
sequences were used for lineage and sublineage analysis with the specified tool. This
was because 5 strains were excluded due to incomplete forward or reverse sequences and
poor-quality chromatograms, which made relying on single-strand sequences impractical.
The CprM consensus sequences for these 16 DENV strains from Dire Dawa City have
been deposited in GenBank under accession numbers PP751832, PP751836-PP751845, and
PP7547-PP751852. All DENV-3 CprM sequences available in the NCBI Virus database
(https:/ /www.ncbi.nlm.nih.gov /labs/virus/vssi/#/; accessed on 31 January 2025) were
downloaded and aligned. Duplicates and identical sequences from the same country and
collection date were removed. Representative sequences for DENV-3 genotypes I, II, and V
were also included as references. The final data set includes a total of 942 DENV-3 CprM
gene sequences collected between 2006 and 2023 across the globe.

For phylogenetic reconstruction, sequences were aligned using MAFFT (version 7.520) [14],
and a maximum likelihood tree was constructed with the IQ-TREE software (version 2.2.2.7) [15]
using the GTR+F+I+R3 substitution model (according to AICc) with a bootstrap value of 1000.
Finally, the resulting tree was visualized and annotated using iTOL (Interactive Tree of Life) [16].

3. Results
3.1. Patient Characteristics

Among the 70 suspected dengue fever (DF) patients, 38 (54%) were female, as indicated
in Table 1. The median age was 30 with an interquartile (IQ) range of 17 years. Most (81%)
of the suspected cases visited health facilities as outpatients (Table 1), while the remaining
13 cases required inpatient hospitalization for a duration of 2 to 10 days.

The clinical signs/symptoms observed in these (n = 70) DF-suspected cases, whether
admitted as outpatients or inpatients, covered a wide range of symptoms consistent with
febrile illness. Nearly all of them exhibited three or more clinical symptoms consistent
with mild DF. However, regardless of hospitalization status, 32 (45.7%) of these patients
displayed one or more early warning signs indicative of severe dengue [11]. Among the
13 patients who were hospitalized for 2 to 10 days, all except two had at least one symptom
indicative of severe dengue. The most commonly observed clinical presentations were
acute fever (n = 66; 98.15%), headache (n = 65; 97.01%) and chills (n = 47; 70.17%) followed
by aches and pains (n = 31; 46.27%) and vomiting/nausea (n = 31; 46.27%) (Table 2). In
addition, all of the cases with early warning signs of severe dengue were later confirmed to
harbor DENV viremia using RT-PCR.

3.2. DENV Viremia Detection

Among 70 specimens, 3 samples failed to pass the DENV nucleic acid amplification
quality control. Among the 67 samples that passed quality control, 65.67% (44/67) had
DENV RNA detected (Figure 2).

3.3. DENV Sequence Classifications

Based on rRT-PCR CT < 31, 27 samples out of 44 DENV viremia-positive samples were
selected for CprM sequencing, and 21 were successful (Figure 2) allowing classification
of their serotypes, genotypes, and lineages using a newly developed lineage system tool
(https:/ /dengue-lineages.org) [13].

The sequence quality for five samples was insufficient, and these sequences were
excluded from the DENV minor lineage analysis using the new dengue virus typing tool.
According to this newly proposed DENV nomenclature [13], the dengue virus typing tool
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classified all 942 DENV-3 CprM gene sequences collected between 2006 and 2023, including
those from our study, as DENV-3II. These sequences were further divided into minor
lineages: DENV-3III_B.1, DENV-3III_B.2, and DENV-3III_B.3. All these minor lineages of
DENV-3III_B were also found among sequences from the African continent, although some
sequences were not assigned to specific minor lineages by the tool. Notably, the new tool
assigned all 17 of our sequences to DENV-3, genotype III, major lineage B. Specifically, the
minor lineages were assigned as follows: 1 sequence (DENV-3-1357) belonged to minor
lineage 3 (DENV-3III_B.3), and 15 sequences (DENV-3-1355, -1363, -1395, -1399, -1400, -1401,
-1403, -1404, -1405, -1410, -1411, -1412, -1414, -1415, and -1416) belonged to minor lineage
2 (DENV-3III_B.2). Nonetheless, the new lineage assignment tools did not assign one
sequence (DENV-3-1402) to a minor lineage. This sequence was found to be related to minor
lineage B2, but not part of it. Although minor lineages 1 (B.1), 2 (B.2), and 3 (B.3) have been
documented in DENV 3 lineage III [13], the DENV strains investigated in our study were
not assigned to minor lineage 1 (B.1) based on the classification determined by the recently
developed dengue virus tool (Figure 3 and Supplementary Figure S1). Supplementary Table
S1 presents the 17 DENV strains for which high-quality CprM sequences were obtained and
deposited into the GenBank database repository, along with their corresponding accession
numbers, serotypes, genotypes, linages, and minor lineages—assigned to them by the
newly developed lineage assignment tools [13].

Tree scale: 0.01 ————

Continent
[ Asia
[ oceania
[] America
[T Africa
[ Europe

DENV-3Il Major and minor lineage
["] Related to but not part of B

[ B could not assign

Bl B1

| X

I B Related to but not part of 2

Hes3

I B Related to but not part of 3

Figure 3. Maximum likelihood phylogenetic tree of DENV-3 genotype III (DENV-3III) strains isolated
during the 2023 outbreak in Dire Dawa, Ethiopia. The tree includes CprM sequences newly generated
in this study (red branches, N = 17) and representative reference sequences from DENV-3III (N = 942,
sequences from Ethiopia in blue and other branches in black). The outer circles indicate continent of
origin and the DENV-3III_B major and minor lineages. Nodes with ultrafast bootstrap values of 95
and above are indicated with black circles. The internal tree scale represents the number of nucleotide
substitutions per site. A more detailed tree with branch labels, including accession number, country
of origin, and year of isolation, as well as the percentages of support for the strains’ genotype, major
lineage, and minor lineage assignments using recently developed DENV lineage assignment tools,
can be found in Supplementary Figure S1 and Supplementary Table S1, respectively.
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3.4. Phylogenetic Tree

We investigated the phylogenetic relationships between the 17 new DENV-3III_B
CprM sequences obtained in this study and other DENV-3III_B CprM sequences from
various regions, including Africa (Kenya, Gabon, Burkina Faso, Mozambique, Tanzania,
and Ethiopia), Asia (the Middle East, India, Sri Lanka, Thailand, and China), the Americas
(Jamaica, Martinique, Dominican Republic, and the USA), and Europe (Italy), deposited in
a public sequence repository (DDBJ/ENA /GenBank-INSDC). As expected, the 15 DENV-
3III_B minor lineage 2 (DENV-3III_B.2) sequences, including the one related to B.2, clus-
tered separately from the single DENV-3III_B minor lineage 3 (DENV-3III_B.3) sequence
(Figure 3). Both the DENV-3III_B.2 and DENV-3III_B.3 sequences from this study clustered
closely with reference sequences isolated from the 2023 outbreak in the Afar region of
Ethiopia [17], supporting the hypothesis that the outbreak in Dire Dawa was related to
the outbreak in the Afar region, and indicating that multiple lineages co-circulated in
both outbreaks.

4. Discussion

Knowledge of the genetic diversity of DENV strains responsible for outbreaks is
essential for efficient management, vaccine development, and outbreak prevention. Though
Ethiopia’s eastern region, including Dire Dawa City, has seen many DF outbreaks since
2013, there is scant information regarding the genetic diversity of circulating DENV strains.
In this study, we used genetic analysis of the DENV CprM region to demonstrate that the
2023 outbreak in Dire Dawa City was due to two co-circulating lineages of DENV-3III_B,
each of which was closely related to sequences from a related outbreak in the Afar region
of Ethiopia in 2023. Our results are consistent with a recent study that analyzed 7 full
DENV-3III genome sequences from the Afar outbreak [17], supporting the hypothesis that
the outbreak in Dire Dawa was related to the outbreak in the Afar region, and indicating
that multiple lineages co-circulated in both the Afar and Dire Dawa outbreaks. However,
the paucity of regional DENV sequence data makes it difficult to determine the timing and
origin of these introductions. Recently, other DENV-3III outbreaks have been reported in
East Africa, notably in South Sudan in 2022 [18] and in Kenya in 2019 [19]. We were not
able to assess the genetic relatedness between the current strains and outbreak strains from
these neighboring countries due to the fact that they employed other targets for sequencing,
such as the E gene. These results underscore the need for further genomic surveillance of
DENV in East Africa, ideally using full-length genome sequences.

In contrast to the prior dengue outbreaks in Ethiopia which were mild [7,20-22],
in this study, 46% (n = 32) of the 70 DF-suspected cases displayed early warning signs
indicative of severe dengue, while the remaining cases showed mild symptoms. All of these
cases with early warning signs of severe dengue were confirmed to harbor DENV viremia
using RT-PCR.

We propose three scenarios that might have led to the occurrence of severe cases
of DF during the 2023 outbreak in Dire Dawa City. One possibility is that the observed
severe dengue cases could be secondary DENV-3III infections that happened after primary
infection with a different serotype. In support of this, prior DF outbreaks reported from
Dire Dawa City were associated with DENV-1 and DEV-2 strains [7,20-23], although
previous attempts to determine serotypes were restricted to a small number of DENV
strains. Thus, the recurrent occurrence of dengue outbreaks associated with different
DENYV serotypes highlights the need for close monitoring and management of future DF
outbreaks to effectively control and manage secondary infections.
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The second possibility is that DENV-3III is more pathogenic, as suggested by prior
research that connected outbreaks of DENV-3III to Dengue Hemorrhagic Fever (DHF) and
Dengue Shock Syndrome (DSS) [24].

The third possibility is that the severe cases may be the result of co-infection with
malaria parasites, as both infections are co-endemic in Dire Dawa City, and there is a
chance that co-infection can worsen disease severity and outcomes. This is supported by
the recent surge in malaria [25,26] and dengue cases [27,28] in Dire Dawa City, which posed
significant challenges for healthcare providers. Given the co-endemicity and overlapping
of symptoms (e.g., fever), there is a risk of co-infection with both dengue and malaria
and misdiagnosing dengue as malaria (and vice versa). Thus, an integrated approach
involving surveillance, education, and differential diagnosis is crucial for better patient care
in Dire Dawa City Administration. Healthcare professionals need to be aware of the clinical
features, diagnostic tests, and management protocols for malaria and dengue. In addition,
the Dire Dawa City Administration should ensure that appropriate laboratory tests (such
as rapid diagnostic tests and PCR) are available in all health facilities to enable accurate
diagnosis of dengue and malaria and prompt treatment and management of severe cases.

Among the five distinct genotypes (I-V) of DENV-3, all 21 sequenced DENV strains
from the present study belonged to DENV-3III, which is the most widespread and was
associated with large outbreaks in Asia, Africa, and the Americas [29-31]. The first au-
tochthonous case of DENV-3III in Africa was reported in Mozambique in 1985 [32]. Several
man-made and natural factors, including (i) migration and conflict-related population
displacement, (ii) frequent migration via trade routes that can spread the virus to new
areas, and (iii) recurrent flooding that is made worse by climate change that provides
ideal breeding grounds for Aedes mosquitoes, may have contributed to the rapid geo-
graphic expansion of DENV-3III in Africa, resulting in outbreaks in areas like Dire Dawa
City [3,24,29,33,34].

Even though this work offers important insights into DENV strains responsible for the
2023 DF outbreak in Dire Dawa City where severe cases and deaths were recorded, it suffers
limitations. First, the study’s capacity to detect genetic variation was limited due to the use
of a short genomic target (CprM, 511 base pairs) for the characterization of the outbreak
strains. Expanding the genomic coverage could have enhanced our understanding of
DENV diversity and relationships to other DENV-3III strains across the globe. Second,
DENYV CprM sequencing was performed on a small proportion of DF-suspected cases
reported during the outbreak, and a larger sample size may have identified greater genetic
diversity. Third, the study lacks information on other febrile illness-causing pathogens
like malaria parasite examination with microscopy or rapid diagnostic test results for
the studied DF-suspected cases, so cases of co-infection may have been missed. Future
research addressing these limitations will therefore improve our comprehension of disease
dynamics, provide a thorough understanding of DENV strains and their evolutionary
history, expand our understanding of DENV outbreaks, and provide guidance for more
effective preventative measures.

Historically, DENV infection and its severe manifestations have been underreported
on the African continent [35]. However, this has changed recently. For instance, a study
in Burkina Faso found that 33.5% of dengue cases were severe, with renal failure and
severe bleeding being common complications [36]. Similarly, the present study reported a
comparable proportion of dengue cases with warning signs that were predictors of severe
dengue [37]. The severity and mortality of dengue infection in Africa may be associated
with bacterial or other febrile coinfections (including malaria), comorbidities, or DENV
serotypes [36,38]. However, the current study was hindered by the lack of crucial patient
information, including immunosuppression, coinfections, and comorbidities, due to the
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unavailability of such data during the review of patient medical charts. Future studies
should include comprehensive clinical and laboratory assessments of dengue patients to
determine dengue fever severity.

5. Conclusions

In summary, our results demonstrate that the 2023 DF outbreak in Dire Dawa City,
Ethiopia, was due to multiple co-circulating lineages of DENV-3IIL. The severe cases
recorded during this outbreak may be due to either the genetic makeup of DENV-3III,
secondary DENV infection, or co-infection of DENV and malaria. Additionally, the inter-
continental transmission of DENV-3III underscores the importance of vigilant surveillance
and preparedness to mitigate the impact of such outbreaks. Thus, collaborative efforts
across borders are crucial for effective prevention and control strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v17030346/s1, Supplementary Figure S1. Maximum likelihood
phylogenetic tree of DENV-3 genotype III (DENV-3III) strains isolated during the 2023 outbreak
in Dire Dawa, Ethiopia with branch labels (the accession number, country of origin, and year of
isolation). Supplementary Table S1: The 17 DENV strains for which high-quality CprM sequences
were obtained and deposited into the GenBank database repository, along with their corresponding
accession numbers, serotypes, genotypes, linages, and minor lineages, assigned to them by the newly
developed lineage assignment tools.

Author Contributions: Conceptualization, A.A.N., T.G. and S.A.A.; study design, S.A.A., AM.
(Andargachew Mulu) and T.G.; methodology, A.A.N., AM. (Andargachew Mulu), T.G., S.A.A. and
D.H.A,; software, T.G. and D. D-G.; validation, T.G., D.R.-G. and A.P; formal analysis, T.G., D.R.-G.
and A.A. (Abaysew Ayele); laboratory investigations, D.H.A., TK.W., G.B.T.,, AH.B.,, D.TG.,, EAD,,
EZA., A AN, AKK, KM. and R],; resources, A.M. (Andargachew Mulu), A M. (Adane Mihret),
S.AA., AA. (Alemseged Abdissa), G.T. and M.H.D.; field data and samples acquisition, E.Z.A.,
D.T.G. and A K.K,; data curation, T.G.,, M.M.T. and A.A.N.; writing—original draft preparation,
T.G. and A.A.N.; writing—review and editing, T.G., A.P., A M. (Andargachew Mulu) and A.A.N;
visualization, T.G., D.R.-G., A.A. and A.P; supervision, T.G., A.M. (Andargachew Mulu) and S.A.A.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study from
the ALERT/AHRI Ethics Committee (PO-036-24) due to the fact it was conducted in response to the
dengue fever outbreak.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available in the manuscript and the Supplementary Materials.

Acknowledgments: We would like to thank all study participants in this study. We are also grateful
for the support and cooperation we received from physicians, nurses of Dire Dawa City health
facilities, and administrative authorities of Dire Dawa City Administration Health Hureau and the
health facilities administration. The authors acknowledge EPHI’s support of the field study and
AHRI and EPHI’s reagent support of the molecular analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

74



Viruses 2025, 17, 346

References

1. Dengue-Global Situation. Available online: https:/ /www.who.int/emergencies/disease-outbreak-news/item /2023-DON498
(accessed on 7 April 2024).

2. Yang, X.,; Quam, M.B.M.; Zhang, T.; Sang, S. Global burden for dengue and the evolving pattern in the past 30 years. J. Travel Med.
2021, 28, taab146. [CrossRef] [PubMed]

3. Geographical Expansion of Cases of Dengue and Chikungunya Beyond the Historical Areas of Transmission in the Region of the
Americas. Available online: https:/ /www.who.int/emergencies/disease-outbreak-news/item/2023-DON448 (accessed on 7
April 2024).

4. Roy, S.K.; Bhattacharjee, S. Dengue virus: Epidemiology, biology, and disease aetiology. Can. J. Microbiol. 2021, 67, 687-702.
[CrossRef] [PubMed]

5. Dengue and Severe Dengue. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /dengue-and-severe-dengue
(accessed on 25 February 2024).

6.  Mekuriaw, W.; Kinde, S.; Kindu, B.; Mulualem, Y.; Hailu, G.; Gebresilassie, A.; Sisay, C.; Bekele, F.; Amare, H.; Wossen, M.; et al.
Epidemiological, Entomological, and Climatological Investigation of the 2019 Dengue Fever Outbreak in Gewane District, Afar
Region, North-East Ethiopia. Insects 2022, 13, 1066. [CrossRef] [PubMed]

7. Gutu, M.A,; Bekele, A.; Seid, Y.; Mohammed, Y.; Gemechu, E; Woyessa, A.B.; Tayachew, A.; Dugasa, Y.; Gizachew, L.; Idosa, M.;
et al. Another dengue fever outbreak in Eastern Ethiopia—An emerging public health threat. PLoS Neglected Trop. Dis. 2021,
15, €0008992. [CrossRef]

8. Mesfin, Z.; Ali, A.; Abagero, A.; Asefa, Z. Dengue Fever Outbreak Investigation in Werder Town, Dollo Zone, Somali Region,
Ethiopia. Infect. Drug Resist. 2022, 15, 7207-7217. [CrossRef]

9. Mohan, A,; Fakhor, H.; Nimavat, N.; Wara, U.U.; Lal, PM.; Costa, A.C.d.S.; Ahmad, S.; Essar, M.Y. Dengue and COVID-19: A risk
of coepidemic in Ethiopia. J. Med. Virol. 2021, 93, 5680-5681. [CrossRef]

10. Sisay, C.; Tadesse, A.; Workie, F,; Yizengaw, A.; Ali, A.; Yusuf, J.; Abose, E.; Tsega, D.; Kinde, S.; Tadesse, H. Description of
Serotype 3 Dengue Fever Virus: Clinical, Surveillance and Geographical Expansion in the Northeastern Ethiopia. Sci. J. Public
Health 2023, 11, 123-131. [CrossRef]

11.  Htun, T.P; Xiong, Z.; Pang, ]. Clinical signs and symptoms associated with WHO severe dengue classification: A systematic
review and meta-analysis. Emerg. Microbes Infect. 2021, 10, 1116-1128. [CrossRef]

12.  Lanciotti, R.S.; Calisher, C.H.; Gubler, D.J.; Chang, G.J.; Vorndam, A.V. Rapid detection and typing of dengue viruses from clinical
samples by using reverse transcriptase-polymerase chain reaction. J. Clin. Microbiol. 1992, 30, 545-551. [CrossRef]

13. Hill, V,; Cleemput, S.; Pereira, ].S.; Gifford, R.J.; Fonseca, V.; Tegally, H.; Brito, A.F,; Ribeiro, G.; de Souza, V.C.; Brcko, I.C.; et al. A
New Lineage Nomenclature to Aid Genomic Surveillance of Dengue Virus. PLoS Biol. 2024, 22, e3002834. [CrossRef]

14. Katoh, K; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.
Mol. Biol. Evol. 2013, 30, 772-780. [CrossRef] [PubMed]

15. Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating
Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268-274. [CrossRef] [PubMed]

16. Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 2021, 49, W293-W296. [CrossRef] [PubMed]

17.  Mekonnen, F; Khan, B.A.; Nibret, E.; Munshea, A.; Tsega, D.; Endalamaw, D.; Tadesse, S.; Yismaw, G.; Lankir, D.; Ali, J.; et al.
Introduction of Dengue Virus Serotype 3 in the Afar Region, Ethiopia. Emerg. Microbes Infect. 2024, 13, 2429653. [CrossRef]
[PubMed]

18. Eldigail, M.H.; Abubaker, H.A.; Khalid, F.A.; Abdallah, TM.; Musa, H.H.; Ahmed, M.E.; Adam, G.K.; Elbashir, M.I.; Aradaib,
LE. Association of genotype III of dengue virus serotype 3 with disease outbreak in Eastern Sudan, 2019. Virol. J. 2020, 17, 118.
[CrossRef]

19. Muthanje, E.M.; Kimita, G.; Nyataya, J.; Njue, W.; Mulili, C.; Mugweru, J.; Mutai, B.; Kituyi, S.N.; Waitumbi, J. March 2019 dengue
fever outbreak at the Kenyan south coast involving dengue virus serotype 3, genotypes IIl and V. PLoS Glob. Public Health 2022,
2,e0000122. [CrossRef]

20. Biru, M,; Geleta, D.; Tesfaye, N.; Aleyu, M.; Tayachew, A. Dengue Fever Outbreak Investigation and Response in Dire Dawa City
Administration, Ethiopia, 2017. ]. Med. 2020, 63, 23-27. [CrossRef]

21. Zerfu, B,; Kassa, T.; Legesse, M. Epidemiology, biology, pathogenesis, clinical manifestations, and diagnosis of dengue virus
infection, and its trend in Ethiopia: A comprehensive literature review. Trop. Med. Health 2023, 51, 11. [CrossRef]

22. Sisay, C.; Waldetensai, A.; Seyoum, M.; Asrat, Y.; Tayachew, A.; Wossen, M.; Keneni, D.; Daniel, T.; Esmael, N.; Abdulhamid, I.

Detection of serotype 1-Dengue fever outbreak in Dire Dawa city, Eastern Ethiopia. Ethiop. |. Public Health Nutr. (E[PHN) 2022, 5,
49-54.

75



Viruses 2025, 17, 346

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tsegaye, M.M.; Mekonnen, A.T.; Gebretsion, D.T.; Gelanew, T.; Alemayehu, D.H.; Tefera, D.A.; Woldemichael, T.S.; Getaneh, B.A.;
Abera, EK,; Jebessa, G.G.; et al. Predominance of Dengue Virus Serotype-1/Genotype-I in Eastern and Southeastern Ethiopia.
Viruses 2024, 16, 1334. [CrossRef]

Messer, W.B.; Gubler, D.J.; Harris, E.; Sivananthan, K.; Silva AM, de. Emergence and Global Spread of a Dengue Serotype 3,
Subtype III Virus. Emerg. Infect. Dis. 2003, 9, 800-809. [CrossRef] [PubMed]

A Malaria Outbreak in Ethiopia Came from an Invasive Asian Mosquito. 2022. Available online: https://www.sciencenews.org/
article/malaria-outbreak-ethiopia-invasive-mosquito-asia (accessed on 11 March 2024).

Emiru, T.; Getachew, D.; Murphy, M.; Sedda, L.; Ejigu, L.A.; Bulto, M.G.; Byrne, I.; Demisse, M.; Abdo, M.; Chali, W.; et al.
Evidence for a role of Anopheles stephensi in the spread of drug- and diagnosis-resistant malaria in Africa. Nat. Med. 2023, 29,
3203-3211. [CrossRef]

Degife, L.H.; Worku, Y.; Belay, D.; Bekele, A.; Hailemariam, Z. Factors associated with dengue fever outbreak in Dire Dawa
administration city, October, 2015, Ethiopia—Case control study. BMC Public Health 2019, 19, 650. [CrossRef] [PubMed]
Nigussie, E.; Atlaw, D.; Negash, G.; Gezahegn, H.; Baressa, G.; Tasew, A.; Zembaba, D. A dengue virus infection in Ethiopia: A
systematic review and meta-analysis. BMC Infect. Dis. 2024, 24, 297. [CrossRef]

Magquart, M. Circulation of Dengue Virus Type 3 Genotype III in Africa Since 2008. J. Hum. Virol. Retrovirol. 2016, 4, 1-11.
[CrossRef]

Waman, V.P.; Kale, M.M.; Kulkarni-Kale, U. Genetic diversity and evolution of dengue virus serotype 3: A comparative genomics
study. Infect. Genet. Evol. 2017, 49, 234-240. [CrossRef]

Titir, S.R.; Paul, S.K.; Ahmed, S.; Haque, N.; Nasreen, S.A.; Hossain, K.S.; Ahmad, FU.; Nila, S.S.; Khanam, ].; Nowsher, N.; et al.
Nationwide Distribution of Dengue Virus Type 3 (DENV-3) Genotype I and Emergence of DENV-3 Genotype III During the 2019
Outbreak in Bangladesh. Trop. Med. Infect. Dis. 2021, 6, 58. [CrossRef]

Gubler, D.J.; Sather, G.E.; Kuno, G.; Cabral, ].R. Dengue 3 Virus Transmission in Africa. Am. J. Trop. Med. Hyg. 1986, 35, 1280-1284.
[CrossRef]

Amarasinghe, A.; Kuritsky, ].N.; Letson, G.W.; Margolis, H.S. Dengue Virus Infection in Africa. Emerg. Infect. Dis. 2011, 17,
1349-1354. [CrossRef]

Eltom, K.; Enan, K.; El Hussein, A.R.M.; Elkhidir, LM. Dengue Virus Infection in Sub-Saharan Africa Between 2010 and 2020: A
Systematic Review and Meta-Analysis. Front. Cell Infect. Microbiol. 2021, 11, 678945. [CrossRef]

Gainor, E.M.; Harris, E.; LaBeaud, A.D. Uncovering the Burden of Dengue in Africa: Considerations on Magnitude, Misdiagnosis,
and Ancestry. Viruses 2022, 14, 233. [CrossRef] [PubMed]

Sondo, A K.; Diendéré, E.A.; Meda, B.I.; Diallo, I.; Zoungrana, J.; Poda, A.; Manga, N.M.; Bicaba, B.; Gnamou, A.; Kagoné, C.J.;
et al. Severe Dengue in Adults and Children, Ouagadougou (Burkina Faso), West Africa, October 2015-January 2017. IJID Reg.
2021, 1, 53-59. [CrossRef] [PubMed]

Tsheten, T.; Clements, A.C.A.; Gray, D.J.; Adhikary, R K.; Furuya-Kanamori, L.; Wangdi, K. Clinical Predictors of Severe Dengue:
A Systematic Review and Meta-Analysis. Infect. Dis. Poverty 2021, 10, 123. [CrossRef]

Gebremariam, T.T.; Schallig, H.D.F.H.; Kurmane, Z.M.; Danquabh, J.B. Increasing Prevalence of Malaria and Acute Dengue Virus
Coinfection in Africa: A Meta-Analysis and Meta-Regression of Cross-Sectional Studies. Malar. ]. 2023, 22, 300. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

76



° 7
viruses MoPY

Communication
Factors Associated with Chronic Chikungunya in Vitoria,
Espirito Santo State, Brazil, Between 2016 and 2020

Creuza Rachel Vicente 1**, Luana Santos Louro 3, Nicolli Ribeiro de Jesus 2, Danielle Torres dos Santos Lopes 2,
Aline Souza Areias Cabidelle #, Crispim Cerutti Junior -2, Angelica Espinosa Barbosa Miranda 1/,
TIuri Drumond Louro >, Debora Dummer Meira >¢ and Kuan Rong Chan 7*

Department of Social Medicine, Federal University of Espirito Santo,

Vitéria 29047-105, Espirito Santo State, Brazil; fil.cris@terra.com.br (C.C.J.);

angelica.miranda@ufes.br (A.E.B.M.)

Post-Graduate Program in Infectious Diseases, Federal University of Espirito Santo,

Vitoria 29047-105, Espirito Santo State, Brazil; nicollirj@gmail.com (N.R.d.]J.);

danitsl@yahoo.com.br (D.T.d.S.L.)

3 Medical School, Federal University of Espirito Santo, Vitéria 29047-105, Espirito Santo State, Brazil;
luana.louro@edu.ufes.br

4 Health Surveillance Service, Department of Health, Vitoria 29017-010, Espirito Santo State, Brazil;

areiasaline927@gmail.com

Department of Animal Biology, Federal University of Espirito Santo,

Vitéria 29075-910, Espirito Santo State, Brazil; iuri.louro@ufes.br (I.D.L.);

debora.dummer.meira@gmail.com (D.D.M.)

Post-Graduate Program in Biotechnology, Federal University of Espirito Santo,

Vitéria 29047-105, Espirito Santo State, Brazil

Program in Emerging Infectious Diseases, Duke-NUS Medical School, Singapore 169857, Singapore

*  Correspondence: vicentecrachel@gmail.com (C.R.V.); kuanrong.chan@duke-nus.edu.sg (K.R.C.)

Abstract: Chikungunya patients may develop chronic joint pain that can persist for months to
years. This study aimed to determine the factors associated with Chikungunya chronicity. This
case—control study involved data from patients with laboratory-confirmed Chikungunya reported
from March 2016 to December 2020 in Vitéria, Espirito Santo state, Brazil. The data were accessed
from compulsory notification databases (SINAN and eSUS VS) and electronic medical reports (Rede
Bem-Estar). For each patient who developed chronic symptoms, we included a control patient who
did not develop chronic symptoms by random sampling. A total of 183 chronic and 183 non-chronic
patients were included in the study. Most of them were female (73.2%), with a median age of
49.5 years (interquartile range = 37-61), and presented fever (89.6%), myalgia (89.6%), arthralgia
(89.3%), and headache (82.0%). Chronic patients were older (median = 53; interquartile range = 41-61)
than non-chronic cases (median = 46; interquartile age = 31-61) (OR = 0.979, 95% CI = 0.968-0.991)
and more frequently presented nausea (58.5% vs. 40.4%; OR = 2.109, 95% CI = 1.374-3.238), and
leukopenia (20.2% vs. 10.9%; OR = 2.060, 95% CI = 1.122-3.779). Therefore, these characteristics
should be monitored for the better clinical management of cases prone to chronicity.

Keywords: chikungunya fever; chronic pain; arthralgia; clinical epidemiology

1. Introduction

Chikungunya is endemic in about 114 African, Asian, and American countries and
territories, with sporadic outbreaks in other locations and an estimated number of annual
symptomatic cases ranging between 52,774 and 328,943 [1]. In the Americas, the disease
emerged in 2013, and in 10 years, the region had the highest global burden, with more
than 3.7 million suspected cases reported [1]. Since 2016, Brazil has been the epicenter of
Chikungunya epidemics in the Americas, with the highest number of reports, accounting
for more than 1.5 million cases from 2016 to 2023 [2].
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Chikungunya is a systemic infection caused by the Chikungunya virus (CHIKV)
(Alphavirus genus, Togaviridae family), which is transmitted by mosquitoes of the Aedes
genus, especially the species Aedes aegypti. There are four genotypes of CHIKV, namely
West African, East/Central /South African (ECSA), Asian, and Indian Ocean [3].

The most typical manifestation of Chikungunya is intense and debilitating joint pain,
usually affecting different sites, impacting daily activities, and resulting in mental dis-
tress [4]. In the acute phase of the disease, the patient can present with pain in the back,
muscles, and joints; headache; joint swelling; rash; and fatigue. The chronic phase occurs
when joint manifestations persist for three or more months, having periods of remission
and recurrence, with 42.5% of Chikungunya cases developing arthritis or arthralgia, 25%
inflammatory rheumatism, and some reporting musculoskeletal stiffness, with frequencies
varying in different populations [1,4-8]. The frequencies of chronic symptoms may differ
according to CHIKYV lineages, with higher prevalence reported in the ECSA genotype [9].

The pathogenesis of chronic Chikungunya has not yet been fully clarified. Host char-
acteristics could contribute to chronicity, such as female sex, aging, diabetes, hypertension,
and severe pain in the acute stage [10]. The absence of specific drugs for treatment and
licensed vaccines poses additional challenges for the disease’s clinical management and
prevention [11].

In Brazil, the high prevalence of chronic arthralgia in Chikungunya infections demands
long-term multidisciplinary medical care, burdening health systems and leading to social
impacts [12]. Therefore, this study aims to identify the potential factors associated with
chronic Chikungunya to improve the identification and clinical management of cases prone
to chronicity.

2. Materials and Methods
2.1. Study Design

This case—control study involves data on Chikungunya reports in residents of Vitoria
municipality, Espirito Santo state, Brazil, with clinical manifestations beginning between
1 March 2016 and 31 December 2020. The outcome assessed was the progression to the
chronic phase of Chikungunya. A total of 183 chronic cases included in the study were
matched with 183 controls who did not develop chronic symptoms. The controls were
selected by simple random sampling.

2.2. Study Area and Population

Vitéria is Espirito Santo’s capital on southeast Brazil’s coast. It has 97.123 km? of
insular and continental areas and a tropical humid climate. The population in Vitdria in
2022 was 322,869 people, with a population density of 3324.33 inhabitants per km? [13].

2.3. Data Source

Data on Chikungunya compulsory reports from 1 March 2016 to 31 March 2020 were
collected from the Notifiable Diseases Information System (SINAN) and, from 1 April
2020 to 31 December 2020, from the eSUS Health Surveillance (eSUS-VS). Data extraction
occurred on 17 September 2021. In addition, the medical records from Rede Bem-Estar
were accessed to follow patients’ clinical outcomes.

2.4. Inclusion and Exclusion Criteria

The study included laboratory-confirmed cases of Chikungunya in viral isolation,
RT-PCR or ELISA IgM, who resided in Vitoria. Reports without data on the Chikungunya
outcome and duplicates were excluded.

2.5. Variables

The independent variables comprised age, sex, Chikungunya clinical manifestations,
pre-existing diseases, and hospitalization. The outcome was chronic Chikungunya, char-
acterized by the persistence of clinical manifestations for over three months. Clinical
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manifestations in the acute phase included fever, intense polyarthralgia, back and head
pain, rash, and fatigue [14].

2.6. Sample Size

Considering a 95% confidence interval, a test power of 80%, an exposure in 75%
of the controls, a proportion of one control for each case, and a three-fold difference in
exposure between the groups, the minimum sample size was 113 cases and 113 controls.
The calculation was performed using Statcalc (EpilnfoTM software version 7.2.2.6, Centers
for Disease Control and Prevention, Atlanta, GA, USA).

2.7. Statistical Analysis

Categorical variables were described by absolute and relative frequencies and com-
pared between the groups using Pearson’s chi-square test or Fisher’s exact test. Continuous
variables were described as means and interquartile ranges and compared between the
groups using the Mann-Whitney test. The variables with statistically significant differences
were analyzed by binary logistic regression using the Forward Stepwise method. The
results were presented as Odds Ratios (ORs) with a 95% confidence interval (95% CI), and
a p-value < 0.05 was considered significant. The analyses were performed using SPSS
version 20.

2.8. Ethical Considerations

The Research Ethics Committee of the Federal University of Espirito Santo approved
the study protocol under opinion number 4,393,656.

3. Results

Between March 2016 and December 2020, 3216 cases of Chikungunya with laboratory
confirmation were identified in Vitéria. Of these, 19 were excluded from the study—15
due to a lack of outcome data and 4 because they were duplicates. Thus, 3197 patients
were eligible, of which, 3176 were confirmed by IgM serology in the first sample, 15 by
IgM serology in the second sample, 15 by RT-PCR, and 1 by viral isolation. Some patients
underwent more than one laboratory confirmation test. The data completeness of the
variables in the included cases varied from 99.7% to 100%.

Of the eligible cases, 183 (5.7%) were classified as chronic; therefore, 183 non-chronic
patients were randomly selected from the 3,014 who presented this classification. Most
of the study population was female (73.2%), with ages ranging from 0 to 89 years and
a median of 49.5 years (interquartile range = 37-61). The most frequent pre-existing
diseases were arterial hypertension (31.1%) and diabetes (15.6%). Fever (89.6%), myalgia
(89.6%), arthralgia (89.3%), and headache (82.0%) were the main Chikungunya clinical
manifestations, and 2.6% of patients required hospitalization (Table 1).

Patients with chronic Chikungunya were significantly older than those who had non-
chronic Chikungunya (p-value = 0.001); reported more hypertension (p-value = 0.042);
and presented more nausea (p-value = 0.001), vomiting (p-value = 0.014), leukopenia
(p-value = 0.014), and back pain (p-value = 0.057). Hospitalization (p-value = 0.095) was
not associated with chronicity (Table 1).

In the multivariate analysis, nausea and leukopenia were associated with chronic
presentation. On the other hand, there was a small protective effect for chronicity for age,
which was lower among non-chronic patients (Table 2).

Binary logistic regression was carried out using the Forward Stepwise method. Vari-
ables not included in the model were vomiting, arterial hypertension, and back pain.
X2 (3) = 28.588, p-value = 0.000, R?2 Nagelkerke = 0.100, * Odds Ratio adjusted with 95% con-
fidence interval. Sensitivity = 60.1%, specificity = 61.2%, accuracy = 60.7%, precision = 60.8%.
Fl-score = 60.4%, AUC = 0.6865.
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Table 1. Characteristics of Chikungunya cases according to chronicity outcome.

Chronic Non-Chronic Total

Characteristic n =183 n =183 n =366 p-Value
n (%) n (%) n (%)

Sex
Female 140 (76.5%) 128 (69.9%) 268 (73.2%) 0.157'1
Male 43 (23.5%) 55 (30.1%) 98 (26.8%)
Age
Median (interquartile range) 53 (41-61) 46 (31-61) 49.5 (37-61) 0.006 *
Pre-existing diseases
Diabetes 33/182 (18.1%) 24 (13.1%) 57 (15.6%) 0.1871
Liver disease 5/182 (2.7%) 1 (0.5%) 6 (1.6%) 01211
Arterial hypertension 66 (36.1%) 48 (26.2%) 114 (31.1%) 0.0421
Acid-peptic disease 6 (3.3%) 3 (1.6%) 9 (2.5%) 0.502 T
Clinical manifestation
Fever 163 (89.1%) 165 (90.2%) 328 (89.6%) 0.7321
Myalgia 162 (88.5%) 166 (90.7%) 328 (89.6%) 0.4931
Headache 154 (84.2%) 146 (79.8%) 300 (82.0%) 0.2771
Rash 66 (36.1%) 68 (37.2%) 134 (36.6%) 0.8281
Vomiting 42 (23.0%) 24 (13.1%) 66 (18.0%) 0.0141
Nausea 107 (58.5%) 74 (40.4%) 181 (49.5%) 0.0011
Back pain 133 (72.7%) 116 (63.4%) 249 (68.0%) 0.0571
Conjunctivitis 19 (10.4%) 22 (12.0%) 41 (11.2%) 0.6191
Arthritis 90 (49.2%) 86 (47.0%) 176 (48.1%) 0.6761
Arthralgia 166 (90.7%) 161 (88.0%) 327 (89.3%) 0.3971
Petechiae 26 (14.2%) 30 (16.4%) 56 (15.3%) 0.5611
Leukopenia 37 (20.2%) 20 (10.9%) 57 (15.6%) 0.0141
Positive tourniquet test 26 (14.2%) 28 (15.3%) 54 (14.8%) 0.768 1
Retroorbital pain 82 (44.8%) 72 (39.3%) 154 (42.1%) 0.290 1
Hospitalization 7 (4.2%) 2 (1.1%) 9 (2.6%) 0.095 T

1 Pearson’s Chi-square test, 1 Fisher’s exact test, * Mann-Whitney test.

Table 2. Characteristics associated with the chronic Chikungunya.

Characteristic OR * 95% Confidence Interval
a

Lower Limit Upper Limit
Age 0.979 0.968 0.991
Nausea 2.109 1.374 3.238
Leukopenia 2.060 1.122 3.779

4. Discussion

This study described the profile of those affected by Chikungunya, particularly regard-
ing the evolution to chronicity and its associated factors. The demographic characteristics
of those affected were like those in other settings in Brazil, with more reports of the disease
in adults and women, representing the medical care-seeking behavior, not only the inci-
dence [15]. Nevertheless, the influence of sex on immune response could have contributed
to a higher proportion of Chikungunya-symptomatic females, with hormones affecting the
production of proinflammatory cytokines and antibodies [16]. Aging was associated with
chronicity, as previously reported, especially in patients over 40 years old [6,16]. Thus, age
is a relevant factor for disease progression.

Arterial hypertension and diabetes were the most common pre-existing chronic dis-
eases in Chikungunya cases since they are also the most frequent noncommunicable
diseases in the Brazilian population. Both comorbidities were previously reported to affect
20% to 30% of patients with CHIKYV infection [17]. In addition, hypertension was signif-
icantly more frequent in chronic Chikungunya, although not considerably significantly
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associated in the final model. Age may also confound this finding since hypertension is
related to aging [18].

The main acute clinical manifestations of Chikungunya were fever, myalgia, arthralgia,
and headache, comparable in frequency to those found in a systematic review that showed
92% of cases presenting swelling and joint pain, 85% fever, 52% myalgia, and 30% to 40%
neurological symptoms, such as headache [19]. The CHIKV tropism to joints, muscles,
bones, and nerves, accompanied by the release of inflammatory and pyrogenic cytokines,
such as IL-6, IL1b, and TNFq, likely contributed to the emergence of these signs and
symptoms [20]. Notably, we detected that chronic patients presented significantly more
symptoms, including vomiting and back pain, and especially nausea and leukopenia,
which were the most significantly associated factors for chronicity in the final model. These
findings are consistent with previous studies demonstrating that severe pain in the acute
phase of the disease predicts its chronicity [6,16]. Moreover, vomiting was associated with
an increased risk of severity and death by CHIKV infection [21]. Leukopenia was also
previously identified as a risk factor for hospitalization, severity, and deaths in patients
with Chikungunya, although no previous studies linked it with chronic cases [21,22]. While
it remains unknown how increased nausea and leukopenia during the acute phase are
linked to the increased occurrence of chronic symptoms, one possible explanation may be
related to the increased use of opioids to manage exacerbated pain that increases the side
effects and promotes CHIKV disease pathogenesis.

Hospitalization was infrequent and not associated with chronic Chikungunya. In
Vitodria, hospitalization was previously related to specific age groups, such as those lower
than two and over 65 years, and in patients with complications such as thrombocytopenia,
diarrhea, and syncope [23]. Concerning the epidemiology of CHIKV in our municipality,
the ECSA genotype was identified in 2016 and 2017. In other areas of Brazil, the Asian
genotype was also identified [3,24]. Although we did not evaluate the viral genotypes that
were circulating in Vitdria in this study, the prevalence of chronic cases in ECSA is expected
to vary from 40% to 60%, indicating a possibility of under-reporting of the condition in
the municipality population and the necessity of improved follow-up of the patients and
updating the report forms [9].

The study limitations are mainly related to secondary data from the compulsory re-
ports and the possibility of information bias. Nevertheless, medical records were consulted
to improve data quality and confirm the outcome. However, the health services did not
conduct follow-up, and only patients who spontaneously returned to healthcare were re-
ported as chronic. Therefore, we cannot discard the misclassification of patients considered
non-chronic. The strict inclusion of laboratory-confirmed cases prevented the inclusion of
other conditions with similar clinical manifestations, such as dengue [25,26]. In addition,
we did not access other possible determinants of chronicity, such as viral and immunologi-
cal factors. Cohort studies are suggested to confirm the presented findings, considering
the follow-up of leukocytes and therapeutic approaches, such as the use of opioids. In
addition, future prospective studies should also evaluate viral and immunological factors
in Chikungunya chronicity, including how sex contributes to clinical manifestations.

This study reinforces the necessity of monitoring Chikungunya patients, especially
those older, in need of opioid use due to severe pain or with laboratory alterations, such as
leukopenia, for the better identification and clinical management of cases prone to chronicity.

5. Conclusions

Chronic Chikungunya was associated with older age, the presence of nausea, and
leukopenia, suggesting the need for the longer-term monitoring of patients with these
characteristics to improve diagnosis and treatment.
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Abstract: Chikungunya virus (CHIKV) is a mosquito-borne alphavirus causing a debilitating febrile
illness with rheumatic disease symptoms of arthralgia and arthritis. Since its spread outside of Africa
in 2005, it continues to cause outbreaks and disseminates into new territories. Intervention strategies
are urgently required, including vaccination and antiviral approaches. To test efficacy, the use of small
animal models is required. Two mouse strains, A129, with a deficiency in their type-I interferon (IFN)
receptor, and C57BL/6 are widely used. A direct comparison of these strains alongside the wild-type
parental strain of the A129 mice, 129Sv/Ev, was undertaken to assess clinical disease progression,
viral loads in key tissues, histological changes and levels of sera biomarkers. Our results confirm the
severe disease course in A129 mice which was not observed in the parental 129Sv/Ev strain. Of the
two wild-type strains, viral loads were higher in 129Sv/Ev mice compared to C57BL/6 counterparts.
Our results have established these models and parameters for the future testing of vaccines and
antiviral approaches.

Keywords: Chikungunya; mouse; model; preclinical; pathogenesis

1. Introduction

Chikungunya virus (CHIKV) is an alphavirus within the Togaviridae family [1]. CHIKV
was first isolated in 1952 from a human patient in Tanzania [2] with the virus being named
after the Makonde word for “that which bends you up”, in recognition of the severe joint
pains associated with the disease [3].

For decades only local and occasional outbreaks were documented, until 2004 when
CHIKYV emerged at the coast of Kenya [4]. CHIKYV is primarily transmitted by Aedes aegypti
and Aedes albopictus mosquitoes, with a key mutation in the E1 gene (A226V) providing
the virus with a gain-of-fitness adaptation enabling more efficient transmission by the
latter species [5]. This likely contributed to the spread and magnitude of the outbreaks
outside of mainland Africa in the Indian Ocean islands in 2005-2006, and subsequently
across several countries in Southeast Asia [6,7]. In 2013, a CHIKV outbreak occurred on
the Caribbean island of St. Martin [8] and thereafter, in 2014, spread to Brazil and across
the American continent, resulting in more than 1.2 million cases in a single year [9]. Aedes
albopictus are present in several areas of Europe [10], thus expanding the potential for the
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emergence of CHIKV into new geographical regions. This has been exemplified by the first
autochthonous cases reported in Italy during 2007 [11] and France in 2010 [12].

CHIKYV is listed as a priority pathogen by the UK Vaccine Network (UKVN) [13]
and the Coalition for Epidemic Preparedness Innovations (CEPI) [14]; therefore, a healthy
pipeline of vaccine candidates exist. One vaccine produced by Valneva has demonstrated
seroprotective titres in a Phase 3 clinical trial [15], and has subsequently been approved by
the US Food & Drug Administration (FDA) and European Medicines Agency (EMA). In
addition, several antiviral compounds have been identified, but few have been assessed
in animal models which is required to confirm their mode of action and effect [16]. The
C57BL/6 mouse is wildly used in research due to substantial genetic homology with hu-
mans [17]. This strain has been used across multiple studies with CHIKV infection [18-25].
Similarly, A129 mice with a deficiency in their type-I interferon receptor (and similar knock-
out strains) are widely susceptible to viral disease, including CHIKV [20,22,23,26]. The
wild-type parental strain, 129Sv/Ev, has been less used. This study therefore compared
these three mouse strains after challenge with CHIKYV, delivered subcutaneously near the
foot to resemble natural infection via mosquito biting and feeding.

2. Materials and Methods
2.1. Virus

Chikungunya virus (strain LR 2006-OPY1) was kindly gifted from the Commissariat
a I'Energie Atomique et aux Energies Alternatives (CEA) for use in this study. The virus
originated from a French patient returning from La Reunion Island and passaged 3 times
in Vero cells before a stock was produced on BHK-21 cells. Virus stock was titred on Vero
cells to be 1.8 x 10® plaque-forming units/mL.

2.2. Animals

All experimental protocols with animals were undertaken according to the United
Kingdom (UK) Animals (Scientific Procedures) Act 1986, with studies conducted under
the authority of a UK Home Office approved project licence. The experimental protocols
were approved by ethical review at UKHSA by the Animal Welfare and Ethical Review
Body (AWERB; Approval Code: PPL P82D9CB4B). Female mice aged 5-8 weeks were
obtained from UK Home Office approval suppliers: Marshall BioResources (strain A129 and
129Sv/Ev) and Envigo (C57BL/6). Mice were randomly allocated and housed in groups of
5-6 with food and water available ad libitum alongside regular environmental enrichment
provided within cages. During and after challenge with CHIKY, all procedures, housing
and husbandry took place inside a flexible film isolator housed within a Containment Level
3 facility. Prior to the start of the study, humane clinical endpoints were set which consisted
of 20% weight loss compared to baseline; inactivity /immobility; neurological signs; or
based on the advice of severe disease from the Named Animal Care and Welfare Officer
(NACWO,.

2.3. Study Design

To assess differences between the different mouse strains, according to the study
groups, 5 mice were scheduled to be sampled at each timepoint based on power calculations
(Wilcoxon and Mann-Whitney test, effect size 2.5, 95% significance and equal group
allocation; G*Power 3.1.9.4). For survival analysis, 6 mice were assigned to each group
based on a one-tailed Fisher’s exact test (significance threshold of 0.05, 6 animals would
give >80% power of demonstrating the difference to the control; G*Power 3.1.9.4). At day
3 and 7 post-challenge, groups were scheduled for cull to assess local responses between
groups. The scheduled end of the study was day 7 for A129 mice and their 129Sv/Ev
parental strain, and 14 days for the C57BL/6 strain. An overview of the study design is
shown in Figure 1.
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Figure 1. Schematic overview of study design assessing CHIKYV infection in three mouse strains.

2.4. Challenge, Monitoring and Sampling

Mice were anaesthetised with isoflurane before being inoculated via the subcutaneous
route with 40 pL of CHIKV or PBS control into the cranio-dorsal aspect of each distal
hindlimb, just proximal to the tarsal joint. CHIKV was diluted with PBS to a ensure
a concentration of either 10* or 10° pfu in the 80 pL inoculum distributed across the
two limbs.

Body weight and temperature were monitored daily at the same time of day, the latter
via an indwelling temperature chip (identiCHIP). Clinical and behavioural parameters were
assessed and scored at least twice a day, with the frequency increasing to four times a day
when observations considered to be moderate in severity were observed. Each observation
was assigned a numerical value [1, eyes shut; 2, ruffled fur; 3, abnormal posture (hunched
or arched), lethargy; 5, laboured breathing]; these were subsequently summed to derive a
total cumulative score at each monitoring timepoint.

At necropsy, the right distal hindlimb below the stifle and samples of spleen and brain
were placed into a PreCellys tube containing ceramic beads and stored at —80 °C for viral
RNA assessment. The left distal hindlimb below the stifle and remainder of the spleen and
brain were placed into 10% neutral-buffered formalin (NBF) for pathological examination.
Blood was collected via cardiac puncture, with 100 uL added to animal RNAprotect blood
tubes (Qiagen, Manchester, UK) and stored at —80 °C for viral RNA measurement. The re-
mainder was placed into serum separation tubes (SST; Becton Dickinson, Wokingham, UK)
with sera processed and stored at —80 °C for measurement of analytes by Luminex assay.

2.5. Viral RNA Measurement

Tissue samples for viral RNA analysis were weighed, resuspended in 1.5 mL PBS
and homogenised using a PreCellys 24 homogeniser (Stretton Scientific, Alfreton, UK).
Two hundred pL of tissue homogenate or blood was transferred to 600 pL RLT buffer
(Qiagen, Manchester, UK) plus beta-mercaptoethanol and after at least 10 min, mixed with
an equal volume of 70% ethanol. Tissues were further homogenised through a QIAshredder
(Qiagen, Manchester, UK) at 16,000 g for 2 min and RNA extracted by KingFisher Flex
automatic extraction using the BioSprint 96 one-for-all veterinary kit (Indical, Leipzig,
Germany) as per manufacturer’s instructions. RNA was eluted in 100 pL. AVE buffer
(Qiagen, Manchester, UK).

Samples were analysed by gqRT-PCR using an assay that detects and quantifies CHIKV-
specific amplicons via the one-step RT-PCR method [27]. The sensitivity of this method
was determined using a series of 10-fold dilutions of in vitro transcribed RNA, generated
from a cloned cDNA copy of the amplicon (pCH127), allowing readouts to be standardised
to genome copies.
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2.6. Histopathological Studies

The tissue samples fixed in 10% NBF were processed as follows: the hindlimb tarsal
joint was transected sagittally and decalcified in ‘Osteosoft” (Sigma Aldrich, Gillingham,
UK) for 14 days. Together with sections of the spleen and brain, these were processed
routinely into paraffin wax. Sections were cut to 4 pm and stained with haematoxylin
and eosin (H&E). In addition, an in situ hybridisation technique ('RNAscope®’) was used
to detect the presence of CHIKV RNA. Briefly, tissues were pre-treated with hydrogen
peroxide for 10 min (room temperature), followed by target retrieval for 15 min (98-101 °C)
and protease plus for 30 min (40 °C) (Advanced Cell Diagnostics, Abingdon, UK). Tissues
were then incubated with a CHIKV-specific probe (Catalogue no. 479508, Advanced
Cell Diagnostics) for 2 h at 40 °C. Amplification of the signal was carried out following
the RN Ascope protocol using the RNAscope 2.5 HD Detection kit—Red (Advanced Cell
Diagnostics).

Stained slides were scanned digitally using a ‘Hamamatsu S360” digital slide scanner
and examined using ‘ndp.view2’ software (v2.8.24) on a 4K digital monitor by a qualified
pathologist who was blinded to the animal group details to minimise bias. Microscopic
changes noted within the skeletal muscle, skin and subcutis were evaluated using a subjec-
tive scoring system that graded them as minimal, mild, moderate, or marked (for details of
scoring methodology for skeletal muscle, skin and subcutis of the hindlimb samples, see
Appendix A). Due to challenges encountered during microtomy, the joint tissues, including
bone, were not present consistently in the sections and were therefore not scored. For the
evaluation of the degree of staining for viral RNA, the following scoring system was used:
0 = no positive staining; 1 = minimal; 2 = mild; 3 = moderate; and 4 = abundant staining.

2.7. Luminex Analysis

A 32-plex mouse cytokine/chemokine panel was used consisting of granulocyte
colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor
(GM-CSF), eotaxin, interferon-gamma (IFNYy), interleukin(IL)-1a, IL-13, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-7, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IFNy-inducible
protein 10 (IP-10), keratinocyte chemoattractant (KC), leukaemia inhibitory factor (LIF),
lipopolysaccharide-induced CXC (LIX), macrophage colony-stimulating factor (M-CSF),
macrophage inhibitory protein (MIP)-1c, MIP-1(3, MIP-2, monocyte chemotactic protein
1 (MCP-1), monocyte induced by IFNy (MIG), regulated upon activation, normal T cell
expressed and presumably secreted (RANTES), tumor necrosis factor alpha (TNF«) and
vascular endothelial growth factor (VEG-F) (Millipore, Watford, UK). The assay was per-
formed according to the manufacturer’s instructions. A standard preparation was diluted
with assay buffer to produce a range covering concentrations of 10,000, 2000, 400, 80, 16
and 3.2 pg/mL. Within the Containment Level 3 (CL3) laboratory—required for handling
samples from CHIKV-infected animals—25 pL of standard and quality control preparations
or 25 uL sera were added to the relevant wells followed by 25 uL of serum matrix and
25 uL of premixed beads supplied with the kit. Plates were incubated at 4 °C overnight
before being washed twice with 200 puL/well washing buffer using a handheld magnet.
Following the wash steps, 25 pL of detector antibodies were added to all wells and the
plate incubated for 1 h at room temperature. Next, 25 uL of streptavidin-phycoerythrin
solution was added to each well and the plate was incubated for a further 30 min without
any washing steps. After completion of staining, the microbeads were washed twice with
wash buffer. To remove plates from the CL3 laboratory for analysis, beads were treated
with formalin, previously shown to be amendable to this assay [28,29]. Beads were resus-
pended with 100 uL/well of 10% formalin solution made by dilution of 100% formalin
(40% w/v formaldehyde solution) (Scientific Laboratory Supplies, Nottingham, UK) 1:9
v/v with phosphate buffered saline solution (Thermo Fisher, Loughborough, UK). Plates
were fumigated with formaldehyde vapour overnight at room temperature for 16 h with
the lids left ajar to allow vapour to reach all surfaces. Following fumigation, plates were
placed into a sealed bag and removed from the CL3 laboratory.
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Plates were washed twice with wash buffer, and once with sheath fluid in a Contain-
ment Level 2 laboratory to remove formalin solution before being resuspended in 150 pL
of sheath fluid. Results were acquired on a Luminex MAGPIX instrument using Exponent
software (v4.2.1324.1; Invitrogen, Paisley, UK). At least 50 events per region were collected
and median fluorescence intensity (MFI) was measured. MFI values were converted to
concentrations using results from the standard curve preparations.

2.8. Statistical Analysis

Statistical analyses were performed using MiniTab, v.16.2.2 (Minitab Inc, State College,
PA, USA). A non-parametric Mann-Whitney statistical test was applied to ascertain signifi-
cance between groups. A significance level below 0.05 was considered statistically significant.

3. Results
3.1. Time Course of Disease Progression

CHIKYV uniformly caused severe disease in strain A129 mice lacking their type-I IFN
receptor, with all challenged animals meeting humane endpoints by day 3, whereas wild-
type mouse strains all survived until the scheduled end of the study (Figure 2A). In most
groups, weights decreased at the start of the study irrespective of whether challenged
with CHIKYV or the PBS control, likely as a result of moving into different accommodation
involving flexible film isolators required for biological containment. Weight soon after
increased across groups, with the exception of a single A129 mouse which met humane
clinical endpoint on day 3 and had lost 7.25% weight since the day of challenge (Figure 2B).
Temperatures in A129 mice decreased post-challenge compared to the PBS group, a trend
not observed with the 129Sv/Ev or C57BL/6 mouse strains (Figure 2C). Clinical signs of
disease were observed only in the CHIKV-challenged A129 mice, consisting of ruffled fur,
arched back, lethargy, eyes closed and laboured breathing (Figure 2D).

3.2. Viral Loads Measured in the Blood, Spleen, Limb and Brain at Day 3, 7 and 14 Post-Challenge

To ascertain the tropism and dissemination of CHIKV during infection, animals from
each challenge group were scheduled for cull on days 3 and 7 post-challenge to assess
tissue responses. Due to all A129 mice reaching humane clinical endpoints by day 3 post-
challenge, samples were not available at later timepoints. Also, due to reaching humane
endpoints and the sudden deterioration in health, only blood was collected from these
animals for viral load analysis. All A129 mice had high levels of CHIKV RNA in their
circulation, unlike in the wild-type mice with the exception of a single C57BL/6 animal
at the day 14 timepoint (Figure 3A). The main site of viral RNA was in the lower limb,
close to where the viral inoculum was administered (Figure 3B). The levels of viral RNA
in the lower limb were significantly higher in 129Sv/Ev mice compared to C57BL/6 mice
given the same challenge dose at day 3 post-challenge. Similarly, viral RNA was also
observed in the spleen in the majority of 129Sv/Ev mice, whereas only sporadic and lower
levels were detected in the C57BL/6 strain (Figure 3C) although these differences did not
reach the significance threshold (p = 0.0758 and p = 0.0601 for days 3 and 7 post-challenge,
respectively). For all samples tested, there were no statistically significant differences
between the 10* and 10° challenge doses in the C57BL/6 mouse strain. No PCR responses
were observed in the brain.
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Figure 2. Clinical outcomes of mice challenged with CHIKV. (A) Kaplan-Meier survival plots,
(B) weight changes compared to the day of challenge, (C) body temperature and (D) clinical scores.
Lines show mean values with error bars denoting standard error. Results are shown from n =
6 animals per group pre-allocated for monitoring of clinical course for up to 7 days (A129 and
129Sv /Ev) or 14 days (C57BL/6) post-challenge.
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Figure 3. Viral RNA levels in blood and tissues from CHIKV-challenged mice measured by RT-PCR.
Levels in the (A) blood expressed as genome copies per mL, and levels in the (B) lower hindlimb and
(C) spleen expressed as genome copies per g. x, indicates samples not available. *, p < 0.05. Symbols
show results from individual animals with line and whisker plots denoting mean and standard error.

3.3. Pathological Findings

Microscopic changes associated with infection with the CHIK virus was observed
in a proportion of animals from each of the challenged groups at the various timepoints
(Figures 4 and 5). In the skeletal muscle, individual or groups of myocytes were observed
to be degenerate or necrotic, with irregular-shaped cellular outlines and absent cytoplas-
mic cross striations, floccular, hyper-eosinophilic cytoplasm and nuclear karyorrhexis
(coagulation necrosis). Variable numbers of mononuclear inflammatory cells, primarily
macrophages, infiltrated the cells or were within the epimysium. In other areas, inflam-
matory cells infiltrated the endo- and peri- and epimysium of intact myocytes. Myocyte
regeneration was also observed variably, comprising reduced diameter fibres with multiple,
centralised nuclei and basophilic cytoplasm. Inflammatory cells extended into surround-
ing fibro-vascular and adipose connective tissue; this was variably associated with pale,
eosinophilic material expanding collagenous tissue (oedema), vascular congestion and
variable erythrocyte extravasation (haemorrhage).
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sample not available.

These changes were noted with the greatest severity in soft tissues associated with
the tarsal joint of all A129 mice at days 2-3 post-challenge. In the other groups at the day
3 timepoint, changes were present in five/five animals in the 129Sv/Ev group, four/five
animals in the C57BL/6 group challenged with 10* pfu CHIKV, and five/five animals of
the same strain challenged with 10° pfu CHIKV. Appreciable differences in the severity of
these changes between these three groups were not prominent.

By contrast, by day 7 post-challenge, there was a trend towards increased severity of
changes compared to the previous timepoint, the extent of which appeared comparable
between the three groups. Only the C57BL/6 strain animals were examined at 14 days
post-challenge; overall, the severity of disease had reduced and were similar between the
two dosing regimens. Minimal changes were noted infrequently in the control groups that
received a PBS inoculation.

Microscopic changes consistent with infection with CHIKV were not observed in
either the spleen or brain of any animal in any group.

Staining for CHIK viral RNA was present variably in a proportion of animals where
microscopic changes had been identified (Figure 6). As expected, the degree of staining was
greatest in tissues of animals in the A129 group at 2-3 days post-challenge, with severity
scores ranging from 3 to 4 in all animals. At this timepoint, staining was also noted in
four/five animals in the 129Sv/Ev group (severity scores 1-2); in three/five C57BL/6
animals that received the 10* dose (severity scores 1-2); and in two/five animals that
received the 10° dose (severity scores 1-2). By day 7 post-challenge, positive staining
was present in four/six 129Sv/Ev strain animals (severity scores 1-2), two/five C57BL/6
animals that received the 10* dose (severity score 1); and in one/five animals that received
the 10° dose (severity score 1). In the C57BL/6 strain groups at 14 days post-challenge,
viral staining was absent in all animals at both dose groups. Staining for viral RNA was
absent in all control groups.
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Figure 5. Representative images illustrating the type and severity of microscopic changes, and the
presence of viral RNA staining, in the skeletal muscle and subcutis of the hindlimb from A129, C57BL/6
and 129Sv/Ev mouse strains at 3 and 7 days after challenge with 10* pfu CHIKYV, alongside uninfected
controls. The changes comprise skeletal myocyte degeneration and loss, variably associated with a

mainly neutrophilic cell infiltration and inflammation of the subcutis with oedema and haemorrhage
and concomitant infiltrating inflammatory cells (indicated by an asterisk). These changes are more
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Viral RNA staining score

apparent in the A129 mice at 3 days post-challenge (left column, row 1) compared to C57BL/6 and
129Sv/Ev mouse strains at the same timepoint (middle and right columns, row 1). Viral staining is
noted in all three strains (left, middle and right columns, row 2), and most prominent in A129 mice
(left column, row 2). At7 days post-challenge, there is a comparable increase in severity of changes
in the C57BL/6 and 129Sv/Ev mouse strains (middle and right columns, rows 3 and 4) and low-level
viral staining (middle and right columns, rows 4 and 5). Microscopic and changes and viral staining
are absent in the uninfected control animals (left, middle and right columns, rows 5 and 6). Inset,
higher power images of changes are highlighted in square boxes. Scale bars represent 100 um in the
main images and 50 um in the insets. H&E, ISH.

Figure 6. Levels of RNAscope staining in the muscle and subcutis of the hindlimb. PBS group are
unchallenged animals whereas other groups were challenged with CHIKV and culled at 3, 7 and
14 days post-challenge (dpc). ND, not done due to animals meeting humane endpoints beforehand
(A129) or not planned as part of the study schedule. Symbols show results from individual animals
with line and whisker plots denoting mean and standard error. ***, p < 0.001.

3.4. Cytokine, Chemokine and Growth Factor Levels Associated with CHIKV Infection

Concentrations of 32 analytes were measured in the sera of animals challenged with
CHIKYV and compared with levels of those of the PBS control group. Statistical analysis
showed that the majority of levels were significantly decreased during the acute phases of
infection, with only levels of IFN-y, IP-10 and MIG showing increased levels (Figure 7). The
peak changes for the 129Sv/Ev mice were observed at 3 days post-challenge, whereas for
the C57BL/6 strain it was at 7 days, with the latter showing a greater number of analytes
affected at this timepoint with the higher challenge group.

One cytokine (IFN-y) and three chemokines (IP-10, KC and MIG) showing significant
differences were further analysed. Levels of IFN-y increased in 129Sv/Ev mice, reach-
ing significance at the day 7 timepoint, in contrast to stable levels observed in C57BL/6
mice (Figure 8A). IP-10 levels were again clearly increasing in 129Sv/Ev mice, but with
the C57BL/6 mice, although statistically significant differences were detected, the in-
creases in levels were small (Figure 8B). The baseline levels of KC were higher in C57BL/6
mice compared with the 129Sv/Ev strain, with significant decreases observed in the for-
mer (Figure 8C). By day 14, KC levels had returned to normal in those challenged with
10°, but still remained subdued in those challenged with 10%. For MIG, the levels in
all 129Sv/Ev-challenged mice at day 7 were higher than in the PBS group, with levels
remaining consistent amongst other groups (Figure 8D).
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Figure 7. Heatmap showing statistically significant changes in cytokine, chemokine and growth
factor serum concentrations in CHIKV-challenged animals compared to PBS mock-challenged strain-
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Figure 8. Concentrations of a subset of analytes demonstrating significant differences after challenge
with CHIKV. Results show levels of (A) IFN-y, (B) IP-10, (C) KC and (D) MIG. Bars represent the
mean values with error bars denoting standard error and results from individual animals identified
as coloured dots. *, p < 0.05; **, p < 0.01.

4. Discussion

Our results provide a direct comparison of CHIKV pathogenesis by applying identical
study protocols in three mouse strains that are widely used for modelling arbovirus infec-
tion. The CHIKYV strain used, LR 2006-OPY1, was isolated from a traveller returning from
La Réunion in 2006 [30,31], where during this outbreak, over 260,000 cases (approximately
one-third of the population) were reported [32]. This strain has also been widely used
in challenge studies of non-human primates [33-37], thus our studies provide a direct
comparison between these different preclinical model systems.

Direct comparisons were made between the two wild-type mouse strains, C57BL/6
and 129Sv/Ev. The results presented corroborate findings that C57BL/6 mice are a robust
model for studying the pathogenesis of CHIKV-induced musculoskeletal disease [19].
Interestingly, in 129Sv/Ev mice, the levels of viral RNA in the lower leg and spleen were
higher compared with the C57BL/6 strain, yet there was no evidence of viremia. The
finding of viral RNA in the spleen indicates dissemination, and evidence of viral material
7 days post-challenge contrasts with reports that virus in this strain of mouse is cleared
within 5 days [38]. However, our assay relied on the RT-PCR detection of viral RNA which
may be more sensitive than live virus assays but has the limitation of not being able to
distinguish between a viable virus and non-viable genetic nucleic acid. Our results provide
evidence that 129Sv/Ev mice are a useful alternative to C57BL/6 mice, with increased
and more prolonged virus in local tissues. In another comparison with CHIKV infection
in wild-type mouse strains, CD-1 mice have also been shown to be comparable with the
C57BL/6 strain [39].

Alongside the wild-type mouse strains, type-I IFN receptor-deficient mice were also
assessed. All A129 mice met humane endpoints by day 3, slightly earlier than another
study where survival dropped from day 4 [38]. This may be due to interpretation of
endpoints, where in our study, humane clinical endpoints were set before initiation of the
study whereas in the latter, the study was reported as a morbidity /mortality design. The
advantage of A129 mice is the ability to measure survival as a clear outcome post-challenge,
as has been demonstrated with CHIKYV vaccines based on chimpanzee adenovirus vectored
constructs [40,41]. The A129 mice showed consistent viremia compared with the wild-
type mouse strains, as seen in humans and at similar levels to the 7 log;p magnitude
reported [42]. Due to a rapid deterioration in health and multiple animals reaching humane
endpoint simultaneously, tissues were not able to be sampled at necropsy. The finding
of viremia demonstrates further utility of this strain to be used for vector competence
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studies, as reported for the similar AG129 mice with an additional knockout for their IFN-y
receptor [43].

Across the different mouse strains, a consistent challenge dose of 10* pfu was delivered
to enable comparability. This dose was used in an assessment of different CHIKV strains,
including LR 2006 OPY1 used in our study, to assess lineage-specific differences in virulence
using the A129 mouse model after footpad inoculation with all strains resulting in animals
meeting humane endpoints [44]. In other reports using the same CHIKV-challenge strain
as used herein, a vaccine study using Balb/C mice similarly challenged with 10* pfu by the
subcutaneous (s.c.) route [45]. In C57BL/6 mice, 104 pfu was also used, but with the s.c site
being at the base of the tail [46]. Higher doses of 10° TCIDs, in C57BL/6 mice have been
reported, resulting in a transient and recoverable disease progression [47]. Whilst TCIDs
titres are not directly comparable to pfu, an efficacy study in C57BL/6 mice used a challenge
dose of 10° pfu via the s.c. footpad route [48]. Infectious clones of LR 2006 OPY1 were
used to develop a challenge model in C57BL /6 mice, with doses of 10%, 10° and 10° pfu
all demonstrating similar levels of viraemia with no discernible differences observed [49].
Given these higher doses of CHIKYV strain LR 2006 OPY1 in C57BL/6 mice, this provided
the reasoning for inclusion of an additional group of 10° pfu in this mouse strain.

Foot swelling has been observed with CHIKYV infection in mice but was not observed in
the studies described herein. Some studies have been conducted in younger C57BL/6 mice,
such as those 14 days old [19], whereas others were in mice more aligned with being over
6 weeks old [18,50]. Our findings of failing to detect swelling aligns with previous reports
conducted with wild-type 129Sv/Ev mice where no swelling of the contralateral hind
footpad was detectable [38]. In C57BL/6] mice, there was no change in limb thickness in
animals challenged with 10> and 10* pfu, but it was increased with a higher dose of 10° pfu
using an Indian CHIKYV isolate [51]. After inoculation at the base of the tail, foot swelling
was also absent despite the presence of viraemia, alongside the finding that non-injected
feet do not demonstrate clinical effects [18]. Therefore, the lack of swelling may be due to
minor differences in the injection sites, as the foot/footpad is used in many reports [18,19],
but due to welfare considerations and discomfort of the animals post-inoculation, a site
slightly above the foot was used in our studies. This argument is reinforced by others, who
found that delivery of CHIKYV via the flank of C57BL/6 mice did not result in detectable foot
swelling, but when delivered to the feet, swelling was observed [49]. Mosquito-mediated
human infection results in swelling across multiple joints [52], and not just those directly
where the biting occurred, thus presenting a limitation of the C57BL/6 mouse model as
these effects are not recapitulated. Interestingly, when this was tested in BALB/c mice,
after inoculation on the back, swelling and inflammation of the legs was observed [53],
indicating differences between mouse strains but this was more likely due to the young
age (2-3 days) of the mice used which are more susceptible to alphaviral disease [54].

The type of histopathological lesions observed in the skeletal muscle and subcutis
associated with the tarsal joint of the C57BL/6 strain of mice are similar with published
data [18,19,50,55]; unfortunately, due to limitations in the processing of tissues, the joints
and bone were not included in the evaluation. Similar types of pathological changes were
noted in the other two mouse strains with varying severity, with the most severe pathology,
as predicted, noted in the A129, type-I IEN receptor-deficient mice. The severity of changes
observed in the three mice strains at the varying timepoints were consistent with the
changes seen in the viral and clinical data.

At set timepoints post-challenge, planned culls were scheduled to ascertain local
responses at days 3 and 7 post-challenge based on evidence from published studies. Day 3
was chosen due to viremia at days 2 and 3 being higher than day 1 in A129 mice [44,45].
In addition, days 3 and 7 also correlated with the biphasic disease progression in the
wild-type C57BL/6 mice, where peak disease/morbidity scores were observed on day 3 in
two independent studies, and then another at day 7 or soon after [47,50]. With the aim of
our work being to compare the different mouse strains (A129, 129Sv/Ev and C57BL/6),
we chose representative timepoints relevant to these. For further interrogation of the A129
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mouse strain, due to the rapid progression of disease, earlier timepoints specific to this
strain are warranted and for the wild-type strains, and additional later timepoints should
be considered.

During early infection events, levels of the chemokine IP-10 were consistently in-
creased in CHIKV-challenged 129Sv/Ev and C57BL/6 mice. MIG and IFN-y were also
elevated, but only in 129Sv/Ev mice. These align with studies in acute CHIKV patients. In a
study of 196 acute patients across tertiary care hospitals across India, levels of IP-10, IFN-y
and MIG sera levels correlated with disease severity [56], although a fourth marker which
was also found to be significant, MCP-1, did not show correlation in our challenged mice. In
88 CHIKYV patients in Brazil, levels of circulating IP-10 and IFN-y were increased during the
acute phase [57], further aligning with our findings in CHIKV-challenged mice; although
other markers were also increased in the patients such as TNF-«, IL-7 and MCP-1 which
were not significant in our mouse models. Another study in Brazil comparing 29 acute
CHIKYV patients with 21 healthy controls also found significantly increased levels of IP-10,
MIG and IFN-y in the patient sera, alongside IFN-«, IL-6, IL-8, IL-10 and MCP-1 [58].
Similarly, in acutely infected CHIKYV patients, levels of IP-10 were increased after studying
levels from 69 patient from the Gabonese outbreak of 2007, but again, alongside several
other analytes [59]. IFN-y has been shown to be elevated in similar studies in C57BL/6
mice, but alongside other biomarkers including TNF-«, MCP-1, IL-6 and IFN-«/ 3 [18].

The majority of other cytokines were either substantially reduced or unchanged
compared with control groups. A meta-analysis of biomarkers in CHIKV infection found
that decreased levels of RANTES and IL-8 had an association with disease severity; however,
the rise of a significant number of analytes (including those included in the mouse panel:
IL-6, TNF-a, MCP-1, IL-12, IL-13, GM-CSF, IL-1 «, IL-15, IL-10, IL-4, MIP-1c, and MIP-1 f3)
were associated with chronification [60]. The levels in mice being decreased for many of
these analytes suggests that the infection in these mice is resolving instead of progressing
to a chronic state. The finding of fewer analytes being raised in our studies may arise
from differences in levels of sensitivities between different assays used or degradation of
cytokines, due to their intrinsically short half-life in blood [61]. Due to decontamination
and logistical processes from collection at necropsy to processing the sera in an in vitro
laboratory and frozen storage, delays may have resulted in the deterioration of the quality of
the sample. However, in previous work on Zika virus, a similar approach was undertaken
with a wider range of biomarkers showing elevated levels [62], thus this is unlikely an
effect due to the condition of the sera being tested.

In summary, our results point towards two separate CHIKV-induced disease sequelae
in mice which should be measured in studies on the impact of vaccines and therapeutics.
The A129 mouse model, for which CHIKV produces a uniformly lethal disease, allows
survival readouts as a relevant endpoint for success criteria of intervention testing. Of the
wild-type mice strains tested, in the absence of clinical disease, viral loads and histological
changes would be appropriate readouts. In that regard, viral loads were higher in 129Sv/Ev
compared with C57BL/6 in key sites; thus, the former strain may prove more sensitive
when incomplete protection is conferred by the intervention and would be preferable for
deciphering partial control of virus replication and other protective effects.

Given the lack of feasibility to conduct efficacy studies due to the unpredictable
nature of CHIKV outbreaks and incomplete epidemiology, in part due to inadequate
surveillance [63], animal models form a key component for vaccine licensure. The use of
immunogenicity endpoints as a surrogate of protection, based on the passive transfer of
human post-vaccination sera to a susceptible animal model (e.g., NHP) prior to wild-type
challenge to ascertain protective effects [64] in the licensure of the first human CHIKV
vaccine, demonstrates the value of in vivo models which resemble the spectrum of human
disease manifestations.
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Appendix A. Scoring Criteria for the Subjective Assessment of Microscopic Changes in
Hindlimb Soft Tissues Resulting from Infection with Chikungunya Virus in Mice

Score
Lesion
0 (Normal) 1 (Minimal) 2 (Mild) 3 (Moderate) 4 (Marked)
Skeletal muscle
Occasional,
Skeletal myocyte scattered single or  Increased numbers  Frequent numbers Numerous
degeneration/necrosis small groups of of degenerating of degenerating degenerating
=+ inflammatory cell None degenerating myocytes—6-25% myocytes—26— myocytes—>50%
infiltration, mainly myocytes—up to of skeletal muscle 50% of skeletal of skeletal muscle
neutrophils. 5% of skeletal affected. muscle affected. affected.
muscle affected.
Skin and subcutis
Vascular congestion,
oedema and
haemorrhage with a
mixed inflammatory cell Up to 5% of skin 6-25% of skinand ~ 26-50% of skinand ~ >50% of skin and
infiltrate, often None and soft connective  connective tissues connective tissues connective tissues
predominantly tissues affected. affected. affected. affected.

neutrophils, with fewer
macrophages and
lymphocytes.
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Abstract: Zika virus (ZIKV) was first discovered in Uganda’s Zika Forest in 1947. The
early African viruses posed little or no health risk to humans. Since then, ZIKV has
undergone extensive genetic evolution and adapted to humans, and it now causes a
range of human diseases, including neurologically related diseases in adults and con-
genital malformations such as microcephaly in newborns. This raises a critical ques-
tion as to why ZIKV has become pathogenic to humans, and what virological changes
have taken place and enabled it to cause these diseases? This review aims to address
these questions. Specifically, we focus on the ZIKV envelope (E) protein, which is
essential for initiating infection and plays a crucial role in viral entry. We compare
various virologic attributes of E protein between the ancestral African strains, which
presumably did not cause human diseases, with epidemic strains responsible for cur-
rent human pathogenesis. First, we review the role of the ZIKV E protein in viral
entry and endocytosis during the viral life cycle. We will then examine how the
E protein interacts with host immune responses and evades host antiviral responses. Addi-
tionally, we will analyze key differences in the sequence, structure, and post-translational
modifications between African and Asian lineages, and discuss their potential impacts on
viral infection and pathogenesis. Finally, we will evaluate neutralizing antibodies, small
molecule inhibitors, and natural compounds that target the E protein. This will provide
insights into the development of potential vaccines and antiviral therapies to prevent or
treat ZIKV infections and associated diseases.

Keywords: Zika virus; envelope protein; viral entry; microcephaly; inhibitors; neutralizing
antibodies; antibody-dependent enhancement; ancestral and epidemic viral strains; African
and Asian lineages

1. Introduction
1.1. Zika Virus (ZIKV): A Brief History

The Zika virus (ZIKV) is an enveloped, positive-sense, single-stranded RNA (+ssRNA)
virus belonging to the orthoflavivirus genus within the family of Flaviviridae, which includes
other medically significant arboviruses such as West Nile virus (WNV), Dengue virus
(DENYV), Japanese Encephalitis virus (JEV), and Chikungunya virus (CHIKV) [1]. These
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viruses are transmitted to humans and other animals through the bite of infected arthropods,
such as mosquitoes Aedes aegyptis; thus, they are referred to as “arboviruses”, short for
“arthropod-borne viruses”. Arboviruses cause a range of illnesses, from mild to severe,
with serious health consequences. For example, WNV is prevalent worldwide and is the
most common arbovirus in the U.S., potentially leading to severe neurological diseases
such as encephalitis and meningitis, although many infections remain asymptomatic.

ZIKV was first isolated from a rhesus monkey in Uganda’s Zika Forest in 1947 [2].
Early studies showed that infected monkeys displayed mild or no symptoms, but mice
younger than two weeks were highly susceptible to intraperitoneal (i.p.) inoculation;
whereas older mice rarely became infected, likely due to their fully developed blood-brain
barriers (BBB), which prevented ZIKV from accessing the brain. Subsequent research
confirmed ZIKV’s ability to infect the central nervous system (CNS) in mice [3].

Although ZIKV is primarily transmitted by Aedes mosquitoes to both humans and
animals, it initially appeared less harmful to humans [4]. The first human ZIKV infection
was recorded in 1952 [5], and since then, ZIKV antibodies have been detected in human
sera from various countries [6], although no severe diseases were initially linked to these
infections. ZIKV can also infect humans via non-vector-borne routes, including sexual
transmission, maternal-fetal transmission, and blood transfusions [7-9]. Most individuals
infected with ZIKV are asymptomatic or experience mild symptoms such as rash, fever,
joint pain, and conjunctivitis.

The first laboratory strain of ZIKV, MR766 (ZIKV\ryes), was named after the febrile
rhesus monkey number 766 from which it was first isolated in 1947 in the Zika Forest
of Uganda, during studies of yellow fever [5,10]. This strain, now referred to as the
ancestral or historical ZIKV strain, has been widely used for research into the virus’s biology,
pathogenesis, and vaccine development. ZIKVyr7¢¢ demonstrated high neurotropism in
mice, with the virus being recoverable only from infected mouse brains [4].

Since its initial discovery, ZIKV has spread globally beyond Africa, with cases reported
in Asia and the Americas [1,6]. Over the past seventy plus years, ZIKV has migrated from
Africa to Asia, across the Pacific, and eventually to the Americas. Early ZIKV infections,
primarily in Africa and Asia, were not linked to severe disease, and its spread eastward from
Africa included countries such as Pakistan, Malaysia, and Indonesia [11-13]. Outbreaks
occurred in these regions during 1977-1978, but they were relatively small. However, as the
virus crossed the Pacific Ocean, significant outbreaks occurred on Pacific islands, including
Yap Island in Micronesia in 2007 and in French Polynesia in 2013-2014. These outbreaks
were noteworthy due to the increased incidence of Guillain—Barré syndrome-like symptoms
and, in some cases, birth defects [9,14]. The virus reached the Americas in 2015, with a
major outbreak starting in Brazil. From there, ZIKV spread rapidly across Central and South
America, and the Caribbean. In 2016, the World Health Organization (WHO) declared
ZIKV a global public health emergency [15]. During this outbreak, ZIKV infections were
reported in eighty-five countries, territories, or subnational areas, affecting an estimated
1.5 million individuals globally, according to the WHO. Brazil had the hardest hit, with
estimates ranging from 440,000 to 1.3 million cases by December 2015 [16]. Although
the spread of ZIKV has declined since 2017, the virus remains a global threat, with the
potential for significant outbreaks again. A recent example is the 2021 outbreak in Kerala,
India, during the second wave of the COVID-19 pandemic [17]. As of May 2024, ZIKV
transmission had been reported in ninety-two countries and territories, according to the
WHO. The history of ZIKV epidemiology and evolution clearly demonstrates that the virus
has gradually adapted to humans as a host. Over nearly eighty years, changes within the
viral genome have driven the emergence of more pathogenic ZIKV strains, contributing to
its increasing threat to human health [1,18].
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1.2. The Structure and Genomic Organization of ZIKV

The structure and morphology of ZIKV closely resemble those of other orthofla-
viviruses, such as DENV [19]. Specifically, the viral surface proteins are arranged in an
icosahedral-like symmetry. ZIKV particles measure approximately 40-65 nm in diameter,
with surface projections ranging from 5-10 nm [19], resulting in an average overall size of
45-75 nm. As an enveloped virus, ZIKV is surrounded by a lipid envelope derived from
the host cell membrane. Inside this envelope, the viral RNA genome is encased within
a protein capsid, approximately 25-30 nm in diameter. This capsid is surrounded by a
lipid bilayer primarily composed of three structural proteins: the envelope (E) protein,
the membrane (M) protein, and the capsid (C) protein. The E protein covers most of the
virion surface, organized into “rafts” of three E protein dimers lying parallel to each other.
Beneath the E protein lies the M protein, which plays a crucial role in viral maturation. The
C protein forms the shell that encloses the viral RNA genome (Figure 1A).
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Figure 1. Schematic representation of the ZIKV viral particle and genome. (A) The Zika viral particle
is surrounded by a lipid envelope. The E protein, organized into “rafts” of three E protein dimers
lying parallel to each other, covers most of the virion surface. Beneath the E protein lies the M protein.
The C protein forms the shell that encloses the viral +ssRNA genome. Phosphatidylserine (PtdSer),
a phospholipid, is interlocked with E proteins to form “raft-like” structures on the viral surface.
(B) This diagram illustrates the genomic organization of ZIKV, with each viral protein depicted
according to its relative position within the RNA genome. Protease cleavage sites are indicated
by arrows, representing cleavage by the viral protease, host protease, and furin protease. The
numbers above each protein product denote their start and end positions within the genome. The
abbreviations used are as follows: anaC (anchored capsid protein C), C (capsid protein C), prM
(precursor membrane protein), M (membrane protein), Pr (protein pr), E (envelope protein), NS
(nonstructural protein), 2K (signal peptide 2K), and UTR (untranslated region). The viral protease
consists of the N-terminal domain of NS3 and the C-terminal domain of NS2B, as described in the
text (*). The C-terminal region of NS3 encodes a helicase, while NS5 contains a methyltransferase
(MTase) at its N-terminal end and an RNA-dependent RNA polymerase (RdRp) at its C-terminal end.
This diagram is adapted from [1].

ZIKV’s genome is +ssRNA of approximately 10.79 kb in size (Figure 1B) [1,19]. It
contains a single open reading frame (ORF) flanked by two non-coding regions (NCRs): the
5/ NCR (107 nucleotides) and the 3’ NCR (428 nucleotides) [1,20]. The ZIKV genome en-
codes a polyprotein that undergoes post-translational processing to produce three structural
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proteins (C, prM, and E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5), which are necessary for viral replication and assembly [19,21,22]. The
non-structural proteins are processed to yield four viral enzymes: proteases (PR), helicase,
methyltransferase (MTase), and RNA-dependent RNA polymerase (RARP). These enzymes
play essential roles in viral genome replication, assembly, and evasion of host immune
defenses [19]. The structural proteins (C, prM, and E) are essential for the formation of
the viral capsid and envelope. The ZIKV C protein plays a crucial role in packaging the
viral RNA genome and assembling new virions [23]. In addition, The ZIKV C protein
also functions as a viral suppressor of RNA interference by directly interacting with and
inhibiting the endoribonuclease activity of host Dicer enzymes in human neural stem cells
(NSCs) [24]. The mature C protein is generated when the viral PR cleaves the anchor-C
(anaC) protein. This cleavage also triggers the splitting of the precursor membrane (prM)
protein, resulting in the mature M protein, and a Pr protein [25-27]. Furin cleavage of
prM into M in the trans-Golgi network (TGN) before release of mature virions leads to
the formation of mature, infectious viral particles [28,29]. The M protein stabilizes the
E protein by locking it into a fixed mature conformation, thereby preventing premature
membrane fusion during transit through the secretory pathway [30]. Research findings
demonstrated that a single amino acid (a.a.) change (5139N) in the ZIKV prM protein,
found in most epidemic strains, significantly increases neurovirulence in neonatal mice
and induces greater cell death in human neural progenitor cells (hNPCs) compared to the
N139S mutant or pre-epidemic strains [23,24]. The E protein plays a key role in binding to
host cell receptors and mediating fusion with the host cell membrane during viral entry
and endocytosis [31]. ZIKV non-structural proteins carry out essential functions in viral
replication, immune evasion, and pathogenesis. NS1 is crucial for viral replication and
helps the virus evade the host immune system [32]. The NS2B-NS3 protease is essential
for ZIKV replication and maturation, as NS2B acts as a cofactor enabling NS3 to cleave
the viral polyprotein into functional non-structural proteins [33]. Functional studies have
demonstrated that NS4A and NS4B modulate host immune responses and are associated
with neurodevelopmental damage [34]. NS5, the largest ZIKV protein, contains both RdRp
and MTase domains, essential for viral RNA synthesis and capping [32].

1.3. The Viral Infection Cycle

To initiate infection, ZIKV first binds to host cell surface receptors, such as AXL,
TYRO3, and MER, which are members of the TAM (TYRO3, AXL, and MER) receptor
tyrosine kinase family, a process facilitated by the E protein (Figure 2). The virus then
enters host cells via clathrin-mediated endocytosis, where it fuses with the endosomal
membrane in a pH-dependent manner. This viral-host membrane fusion releases the
viral genomic RNA into the cytoplasm. The +ssRNA of ZIKV acts directly as messenger
RNA (mRNA), allowing immediate translation upon entering the host cell. The translation
of the viral genome produces a polyprotein, which undergoes enzymatic cleavage to
generate both structural and non-structural proteins as described above. Viral replication
occurs on the surface of the endoplasmic reticulum (ER), where new viral RNA strands are
synthesized. The viral RARP synthesizes double-stranded RNA (dsRNA) from the positive-
sense RNA genome. This dsRNA is then transcribed and replicated to produce additional
viral genomes. Electron microscopy (EM) studies have shown that ZIKV replication is
confined to the ER compartment in astroglial cells and neurons, indicating membrane-
associated viral replication within the CNS [35]. During pregnancy, ZIKV replicates in the
placenta and fetal brain, particularly in the Hofbauer cells of the placenta [36], which can
serve as a reservoir for viral replication and dissemination of the virus to the fetus, leading
to potential complications like microcephaly. Immature virus particles are assembled in
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the ER and then pass through the TGN, where they mature fully. Mature virions bud
from the host cell membrane, acquiring a new viral envelope before being released into
the extracellular environment [1,37]. Once released, these new viral particles can infect
neighboring cells, initiating another round of the infectious cycle [38].
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Figure 2. Schematic overview of the ZIKYV life cycle. Upon contact with host cells, ZIKV initiates
infection by binding to TAM family receptors on the host cell surface via the bridging molecules
Growth arrest-specific 6 (Gas6) and Protein S (ProS), a process mediated by the viral E protein.
Note that, besides TAM receptors, other receptors can also be used, which are described in the text.
Following attachment, the virus enters host cells through clathrin-mediated endocytosis. Within
endosomes, the acidic environment triggers fusion between the viral envelope and the endosomal
membrane, leading to the release of the single-stranded, positive-sense viral RNA [ss (+) VRNA]
into the cytoplasm. The viral RNA is immediately translated to produce viral proteins. Replication
of the viral genome occurs on the ER surface, where double-stranded RNA (dsRNA) intermediates
are synthesized and subsequently used to generate additional viral genomes. Immature virions are
assembled in the ER, transported through the TGN for maturation, and finally released from the
host cell as fully infectious particles. For indications of different color structures on ZIKV, please see
Figure 1A.

2. ZIKV Envelope Protein

ZIKV E protein is the primary structural component present on the surface of the viral
particle, forming a layer of rafts composed of three parallel E protein dimers. This protein
plays a pivotal role in the viral life cycle, facilitating viral binding to host cell receptors,
mediating membrane fusion during viral entry, and interacting with the host’s innate and
adaptive immune responses. The E protein is crucial for the virus’s ability to infect cells
and trigger pathogenic effects [1,20,3941].
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2.1. The Structure of ZIKV E Protein

The E protein exists as a dimer on the surface of the mature virion ZIKV. The monomer
of E protein is composed of 504 amino acids (a.a.) and has a molecular weight of ap-
proximately 54 kDa. Structurally, it is divided into four key domains: three N-terminal
ectodomains (DI, DII, and DIII; 1-406 a.a.) and a C-terminal stem-transmembrane (TM) do-
main (407-504 a.a.), which anchors the protein to the viral membrane (Figure 3A) [40]. The
ectodomains (DI, DII, and DIII) form a (3-strand-rich surface that is involved in interactions
with the host cell membrane and immune system components [40,42—44].
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Figure 3. ZIKV E protein and its distinctive structural features between MR766 and BR15 strains.
(A) Schematic representation of monomer sequence (top) and 3-D dimer (bottom) of the ZIKV
E protein. Structural organization of the E protein monomer, which consists of three N-terminal
ectodomains—Domain I (DI), Domain II (DII), and Domain III (DIII)—followed by a C-terminal stem-
transmembrane (TM) region that anchors the protein to the viral membrane. Key structural features
such as the fusion loop (FL) and glycan loop (GL), along with their respective residue positions, are
indicated (bottom). Three-dimensional structure of the E protein dimer, highlighting DI, DII, DIII, and
the FL. The 3-D E protein structure is adapted from [44]. (B) Organizational sequence of the E protein
monomer shows differences in glycosylation and protonation status between BR15 and MR766.
(C) Mirror image comparison of BR15 and MR766 E proteins, highlighting structural differences
in the GL. Seven dot connections mark the evolutionarily distinctive a.a. residues within the GL
region. The GL shown in the two square boxes illustrates the structural differences between BR15
(red) and MR766 (blue). For indications of different color structures on ZIKV, please see Figure 1A.
Abbreviations: Glyco, glycosylation; Prot, protonation state; FL, fusion loop.
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Domain I (DI) consists of 132 residues, and it serves as a link to connect DII and DIII,
acting as a hinge region that allows flexibility in the protein structure (Figure 3A). DI can be
further divided into three segments: the N-terminal region (1-52 a.a.), the central portion
(132-193 a.a.), and the C-terminal region (280-296 a.a.) [40,44]. A notable feature within DI
is the glycan loop (GL; a.a. 145-164), a flexible structure that can undergo post-translational
N-glycosylation at the specific asparagine (N154) residue, potentially influencing viral
infectivity [45,46]. Domain II (DII) has a distinctive finger-like structure and is divided into
two segments (a.a. 53-131 and a.a. 194-279). It contains a pH-sensitive fusion loop (FL; a.a.
98-109), which is a critical element for the merging of the viral membrane with the host
cell membrane during viral entry [44,47]. Domain III (DIII), spanning residues 297-406,
plays a crucial role in binding of host cell receptors [41,48-50]. DIII is also a site where
several neutralizing antibodies bind, conferring protection against ZIKV infection [51,52].
Moreover, DIII contains an extended CD-loop (a.a. 340-360), which is critical for viral
stability and pathogenicity. Disruptive mutations or shortening of the CD-loop destabilize
the virus, resulting in significantly reduced viral infectivity and attenuation [53]. This
makes the CD-loop an important target for the development of neutralizing antibodies
(nAbs) and live attenuated vaccines against ZIKV.

2.2. Post-Translational Modification of ZIKV E Protein
2.2.1. Glycosylation of ZIKV E Protein

The ZIKV E protein can undergo N154 glycosylation, where an N-glycan is at-
tached to the amide nitrogen of the N residue through post-translational modification
(Figure 3B) [54,55]. However, the occurrence of glycosylation at the N154 residue of ZIKV
E protein depends on several factors. For instance, the presence of serine (S) or threonine
(T) at position 156 (154N-X-S5/T156, X denotes any residue) is required for glycosylation to
take place [20,56]. Glycosylation of the E protein is a critical factor in facilitating viral entry
into host cells by interacting with host cell receptors, making it a significant contributor to
ZIKV pathogenesis [56]. Additionally, the residues surrounding the N154 glycosylation site,
specifically positions at 152, 156, and 158, have been shown to influence conformational
changes in the E protein in response to intracellular pH changes [57]. This suggests that the
glycosylation status at N154, potentially influenced by these surrounding residues, may
also play a role in E-mediated membrane fusion during viral entry. ZIKV E protein exhibits
considerable N-glycan heterogeneity across insects such as mosquitos and mammalian cell
types, including monocytes, placental, and neural cells, consistent with patterns observed
in DENV E protein [45,58]. Routhu et al. showed that the ZIKV E protein displays high
heterogeneity N-glycans—from high-mannose (e.g., Man5GlcNAc2) to highly sialylated
complex types—depending on the producing cell type. This glycosylation variability is
influenced by both viral strain and host cell physiology, potentially impacting ZIKV patho-
genesis [45]. Another study confirmed through enzymatic de-glycosylation that the N444
(E154) site in the ZIKV E protein is highly glycosylated and exhibits considerable micro-
heterogeneity from the ZIKV E protein produced in EB66 cells [59]. Additionally, early
studies suggest that N154 glycosylation patterns in ZIKV can differ significantly depending
on whether the virus is derived from mosquitoes or human cells. For example, a study on
the molecular evolution of ZIKV proposed that the loss of the N154 glycosylation site in
the E protein may represent an adaptive response to the mosquito vector Aedes dalzieli [31].
In another study, genome-wide mapping of functional residues in the ZIKV E protein
using a mutant library identified N154 glycosylation as the most divergent determinant
of viral replication fitness between mosquito and human cells. This finding highlights the
critical role of N154 glycosylation in modulating ZIKV replication efficiency across host
cell types [60].
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2.2.2. Protonation of ZIKV E Protein

Protein protonation refers to the process of adding a hydrogen ion (proton, H") to
a specific a.a., such as histidine, which introduces a positive charge to the residue. This
can significantly affect the protein’s structure and function, depending on the pH of the
surrounding environment. The ZIKV E protein contains several potential protonation
sites at H158, H249, H288, H323, and H158 [57,61]. Among them, H158 is particularly
significant because it resides within the GL of the ectodomain DI (Figure 3B) [57]. During
the initial membrane fusion between the virus and the endosomes, the low-pH environment
is thought to trigger protonation at H158. This likely induces conformational changes in
the GL, disrupting the E protein rafts on the virus surface and leading to the formation of
fusion pores that allow the nucleocapsid to be released into the cytosol [57]. However, this
mechanism remains to be thoroughly investigated.

2.2.3. Phosphatidylserine on ZIKV E Protein

Phosphatidylserine (PtdSer) is a phospholipid present on the viral envelope of ZIKV
and other enveloped viruses, playing a vital role in the viral infection process [62,63].
Findings showed that PtdSer in flaviviruses like DENV normally embedded within the
lipid bilayer; PtdSer is interlocked with E proteins to form “raft-like” structures on the viral
surface, which help maintain viral stability and function [64]. Under certain conditions,
such as specific cell surface receptor signaling, PtdSer can be exposed on the outer surface
of the virus [65]. This “flip” of PtdSer from the inner to the outer surface, mediated by
scramblases [66], allows the virus to act as a “molecular mimic” of apoptotic cells. This
mimicry enables the virus to bind to host cell receptors like AXL through the protein Gas6,
facilitating viral entry (Figure 2) [62,67]. Research has shown that disrupting PtdSer on the
ZIKV envelope significantly reduces the virus’s ability to infect cells [63], underscoring the
importance of PtdSer in the viral entry process. However, the precise mechanisms behind
this interaction remain underexplored.

2.2.4. Consideration of Epistatic Interaction

Epistatic interactions within ZIKV E protein could also play a crucial role in its
function and evolution. Studies have shown that mutations at one site in the E protein
can affect the phenotypic consequences of mutations at other sites, influencing traits
such as antibody recognition and viral entry [68,69]. As such, mutations in the E protein
can disrupt its interaction with prM, leading to a misfolded or non-functional E protein,
which then affects its ability to interact with host cell [70]. Another study provided a
comprehensive map of how amino acid mutations in the E protein influence viral replication
in a permissive cell line and enable escape from two monoclonal antibodies, ZKA64 and
ZKA185 [71]. Additional investigation is needed to substantiate the epistatic interactions
with ZIKV E protein.

2.3. Distinctive Features of E Proteins Between Ancestral African and Epidemic ZIKV

ZIKV can be divided into two major lineages based on their geographic origins and
genetic differences [72]. The African lineage is considered the ancestral viruses, while the
Asian lineage has been responsible for recent major outbreaks in the Pacific and Americas.
Generally, the Asian lineage is considered more concerning due to its potential for causing
severe complications like microcephaly when transmitted during pregnancy, while the
African lineage typically leads to milder symptoms in humans. Conversely, in animal
models, African strains are generally considered more virulent, causing more severe infec-
tions and higher mortality rates compared to Asian strains, which tend to be milder [73,74].
Genetic differences exist between these two lineages, particularly in the viral proteins,
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which contribute to the observed differences in virulence, which can be demonstrated by
their evolutionary distance and by comparing their respective viral genomes using phylo-
genetic tree analysis [75]. Indeed, phylogenetic trees generated by comparing E protein
sequences (Figure 4A) also show similar and distinctive genetic distances between African
and Asian ZIKV lineages, similar to those phylogenetic trees generated based on the entire
viral genomes.

Figure 4.
(A) Phylogenetic tree analysis of ZIKV E protein sequences derived from available database entries. The
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tree depicts evolutionary relationships with a specific focus on a.a. residue 156, a key determinant
of glycosylation at residue N154. Strains encoding serine (S) or threonine (T) at position 156 are
predicted to be glycosylated at N154 [20,56], indicated by a “+” symbol (Gly+), whereas those with
isoleucine (I) or other residues at this position are considered non-glycosylated. Two representa-
tive strains, BeH8190-BR15 (marked with a red square) and MR766-NIID-Uganda 1947 (marked
with a blue square), are highlighted for detailed comparison in the main text. The phylogenetic
tree was generated using the neighbor-joining (NJ) and maximum-likelihood (ML) methods, with
bootstrap analysis contingent on 1000 replicates based on multiple sequence alignment of ZIKV
E proteins using Clustal Omega version 1.2.3. [76]. The unique and complete ZIKV E sequences
available in GenBank up to May 2024 were retrieved for this analysis. The resulting trees were
visualized using TreeViewer v2.2.0 [77]. The scale bar represents a genetic distance of 0.01, indicating
1% sequence divergence among the aligned E protein sequences. (B) Comparison of the relative
abundance of glycosylated (red) versus non-glycosylated (blue) E proteins across lineages. The
N-linked glycosylation site at position 154 of the E protein was analyzed among ZIKV strains with
unique E protein a.a. sequences, which were obtained from the GenBank virus genome database
(http:/ /www.ncbi.nlm.nih.gov/genome/viruses/, accessed on 15 March 2025), Among African
lineage viruses, the majority (90.9%; n = 44) lack glycosylation at N154, whereas most Asian lin-
eage viruses (72.3%; n = 36) are glycosylated at this position. Red box, glycosylated; blue box,
non-glycosylated. **. Statistical significance, p < 0.005.

Careful examination of the sequence alignments of E proteins reveals some distinctive
features that can separate E proteins of ancestral African lineages from those of epidemic
Asian ZIKV viruses. To aid in easy comprehension, here we use a pair of ancestral (MR766;
GenBank accession#: LC002520) and epidemic (BR15, aka BeH819015; GenBank accession#:
KU365778) viral sequences to illustrate those differences in E proteins between African and
Asian ZIKV lineages (Figure 3B,C). These two viral sequences are chosen as representatives
of these two types of viruses because the MR766 ZIKV strain was the first ever reported
ZIKYV, isolated in 1947 from Africa [5], and BR15, isolated in 2015 from the blood of an
epidemic patient in the Pard state [78]. Besides their differences in historic timeline and
human disease-causing status [79,80], these two viruses are chosen because, virologically,
these two viruses show distinctive contrasts in their ability to bind, infect, replicate, and
propagate in neurotropic cells [27,57,81]. For example, testing of chimeric viruses between
these two strains by swapping structural proteins suggests that the E protein plays a
prominent role in viral binding [27,57,81,82].

Evolutionary analysis with protein sequence alignments of the ancestral MR766 and
the epidemic BR15 E protein sequences reveals that BR15 has 15 distinctive a.a. compared
to MR766 [81,83]. Of these, seven are evolutionarily distinctive (Figure 3C): three in DI
(T1521I, I1156T, and Y158H) and four in DIII (V3171, 1341V, V343A, and D293E), with the
three underlined a.a. being human-specific adaptations [81,83]. Notably, all three unique
mutations (T152I, I156T, and Y158H) in the DI domain of the epidemic BR15 ZIKV protein
are within the GL, which contains both an N-glycosylation site at N154 and a protonation
site at H158 (Figure 3C) [84]. In contrast, the ancestral ZIKV MR766 lacks both the N154
glycosylation and the H158 protonation site. The ZIKV E GL extends towards the DII
FL and modulates the conformational dynamics of the virion [84], suggesting that the

differences in the GL between these two viruses may contribute to differences during
viral entry. Most significantly, based on analysis of E protein sequences deposited in
GenBank, the majority (90.9%) of epidemic ZIKV E proteins, including BR15, are N154-
glycosylated, as they contain an S156 or T156 residue. In contrast, most African isolates
(72.3%), including MR766, lack this glycosylation site, and therefore have non-glycosylated
E proteins (Figure 4B) [56,85]. The functional importance of E glycosylation and protonation
will be further discussed in the following sections.
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3. Viral Entry Mediated by ZIKV E Protein
3.1. The Cellular Receptors

The ZIKV E protein mediates viral attachment and fusion with host cell membranes
during viral entry. To initiate specific viral attachment and fusion, the ZIKV E protein
interacts with multiple cell receptors, including AXL, TYRO3, MER, TIM-1, and DC-SIGN,
allowing the virus to efficiently infect a wider range of host cells by providing multiple
entry points [86-88]. For example, AXL has been identified as a key cell surface receptor
facilitating ZIKV entry across various cell types [89-92]. During viral entry, the ZIKV E
protein interacts with the host cell receptor AXL through a bridging molecule called Gasé.
Gas6 binds to the viral membrane’s PtdSer, effectively connecting the virus to the AXL
receptor on the cell surface and facilitating viral entry. Although ProS1 (Protein S) may
play a minor role in this interaction, its contribution is generally considered less significant
compared to Gas6 in the context of ZIKV infection (Figure 2) [93,94].

By utilizing AXL as a receptor, the ZIKV E protein can efficiently target specific brain
cells, particularly neural progenitor cells, which express high levels of AXL, contributing to
the virus’s neuropathogenesis. For instance, Espino et al. showed the critical role of AXL for
ZIKV entry in decidual stromal cells and revealed that blocking the interaction between the
ligand-receptor during the initial infection stage significantly reduces virus pathogenesis
at the maternal—fetal interface [95]. However, AXL is not the only receptor used during
infection in the brain. Studies have shown that even when AXL is inhibited or knocked
out, ZIKV can still infect certain brain cells, indicating that alternative receptors may be
involved [91,96]. Indeed, research suggests that other TAM receptors such as TYRO3 and
MER also play a role in ZIKV infection, albeit to a lesser extent than AXL [97,98]. All
of them bind to Gas6 and ProS1 ligands for TAM receptor activation (Figure 2) [93,94].
Furthermore, blocking both AXL and TIM-1 with antibodies can significantly inhibit ZIKV
infection, indicating that both receptors may work together to facilitate viral entry [97].
TIM-1, like other TAM family receptors, also binds to PtdSer, facilitating viral adsorption
and internalization. However, research indicates that while TIM-1 plays a role, the primary
receptor for ZIKV E is AXL, with TIM-1 acting as a secondary or supporting receptor [99].
Therefore, the specific receptors used by the ZIKV E protein depend on the type of cell being
infected [100]. An example of receptor-mediated susceptibility is the DC-SIGN receptor,
whereby the absence of DC-SIGN on Langerhans cells renders them non-permissive to
Zika virus infection, in contrast to DC-SIGN-expressing dendritic cells that support viral
entry and replication [101].

3.2. ZIKV E Protein-Mediated Virus Attachment to Host Cells
3.2.1. The Importance of E Protein Structure

The ZIKV E protein is essential for viral attachment to host cells, and any structural
modifications can significantly impact viral entry, infectivity, and cell tropism [102]. The
DIII of the E protein plays a crucial role in receptor binding [41,48-50], with specific
mutations such as A310E and E393K altering cell entry and tropism [102]. Additionally, the
CD-loop in DIII is vital for maintaining viral stability, as mutations or shortening of this
loop lead to destabilization, reducing infectivity and attenuating the virus [53]. Similarly, a
synthesized peptide containing residues 268-273 in DII of the E protein effectively competes
with viral attachment and disrupts infection, highlighting the critical role of DII in viral
attachment and infectivity [44,70,103].

3.2.2. The Role of N154 Glycosylation

Post-translational modifications of the ZIKV E protein, such as glycosylation, play
a crucial role in its interaction with cell surface receptors, influencing viral tropism and
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infectivity [104]. The ZIKV E protein possesses a well-characterized N-linked glycosylation
site at a.a. 154, a highly conserved feature among orthoflaviviruses. This glycan extends
from the viral surface and facilitates receptor binding. For instance, glycosylation at N154
enhances ZIKV infection in DC-SIGN-expressing human cells, suggesting its role in receptor
interaction [101]. Additionally, viruses retaining this glycosylation site exhibit heightened
pathogenicity in mouse models [56,85]. Conversely, viruses lacking glycosylation or those
carrying the N154Q glycosylation-deficient mutation display attenuated virulence in mice,
leading to lower viral loads in serum and brain tissues [56,85,105]. Interestingly, immuniza-
tion with the N154Q mutant virus provided protection against wild-type ZIKV (Cambodian
strain FS513025), indicating its ability to elicit a strong antibody response [105].

Studies using pseudoviral particles further confirm the importance of N154 glyco-
sylation, showing a reduction in infectivity when this glycan is absent [106]. Moreover,
non-glycosylated viruses replicate inefficiently in mouse brains compared to their glyco-
sylated counterparts, reinforcing the role of N154 glycosylation in ZIKV neurovirulence
and invasion [85]. Interestingly, the N-glycans associated with the ZIKV E protein vary
in structure and composition depending on viral strain and host cell type [45]. Inhibition
studies using mannose-rich competitive inhibitors demonstrated a significant reduction in
ZIKV infection in DC-SIGN-expressing cells, suggesting that high-mannose N154 glycans
are crucial for interaction with C-type lectin receptors such as DC-SIGN [45]. However, the
specific impact of those heterogeneous N-glycans on N154 glycosylated viruses during viral
entry, infectivity, and cell tropism has yet been fully investigated. Our own study shows the
difference between MR766 and BR15/ICD in viral binding and subsequent viral infection
and replication, as well as apoptotic cell death [27,81], suggesting N154 glycosylation of
the E protein may play a critical role in viral attachment. However, the molecular action
underlying how N154 glycosylation affects the viral binding remains unclear.

The E glycosylation appears to be critical for ZIKV infection of mammalian and
mosquito cells, because a glycosylation mutant N154Q diminished oral infectivity by
Ae. aegypti vector and showed reduced viremia and diminished mortality in mouse mod-
els [105]. While non-glycosylated ZIKV displayed reduced neuroinvasion when introduced
subcutaneously, it replicated efficiently following intracranial inoculation, implying a role
for E glycosylation in BBB penetration [85]. Furthermore, ZIKV viral particles lacking the
E protein glycan were still able to infect Raji cells expressing the lectin DC-SIGN receptor,
indicating the prM glycan of partially mature particles can facilitate the viral entry [84]. The
E protein, specifically its extended CD-loop, may confer viral stability, cell cycle-dependent
viral replication, and in vivo pathogenesis, as shortening the CD-loop compromise the
virus, and A346 mutation in this loop disrupts thermal stability of the virus [53].

3.2.3. The Role of PtdSer

PtdSer, a phospholipid primarily found on the inner leaflet of cell membranes on the
viral envelope, has been implicated in facilitating the binding of enveloped viruses [63].
Since the phospholipid PtdSer is interlocked with E proteins to form “raft-like” structures
on the virus surface and serves as a receptor-binding ligand, it may also play a role in
viral attachment and viral entry [62,64,107]. Limited studies have shown that PtdSer
indeed support viral entry and ZIKV infection in human and mosquito cells as well as in
a mouse model [63]. Furthermore, a PtdSer-specific inhibitor could reduce the viral load
in serum and spleen in the mouse model [63]. One interesting feature of PtdSer, observed
in DENV, is its exposure to the outer viral surface upon an increase in temperature. For
example, at a low temperature of 4-28 °C, orthoflavivirus virions display a “closed smooth
surface morphology” where PtdSer are hidden behind the viral envelope. Thus, they
are less efficient in attaching to host cells. In contrast, when the temperature is shifted
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to physiologically relevant human body temperature of 37 °C, virions show a “bumpy
morphology” where PtdSer are extended out from the viral envelope. As a result, they
bind to host cells with high efficiency [108]. As glycosylated and non-glycosylated ZIKV
binds to host cells differently, besides N154 E glycosylation of E protein, another possibility
to explain the observed differences in viral entry, infectivity, and cell tropism could be the
phospholipid variation on the virus surface. However, no research has yet been done in
this regard.

3.3. The Role of ZIKV E Protein in Endocytosis and Viral Fusion

Following E protein-mediated viral attachment to host cells, ZIKV enters host cells pri-
marily through clathrin-dependent endocytosis (CDE) (Figure 2) [1,109], although clathrin-
independent endocytosis (CIE) might also occur [109]. After the virus is internalized via
clathrin-coated pits, it is enclosed in an endocytic vesicle and transported to early Rab5+
endosomes (pH 6.8-6.3), where it initiates infection. As the endosome matures into a late
Rab7+ compartment and the pH declines to approximately 6.2-5.0, the E protein undergoes
a pH-dependent conformational shift. This exposes its FL, facilitating the fusion of the viral
envelope with the endosomal membrane. Consequently, the viral RNA genome is released
into the host cell cytoplasm within 10 to 15 min of infection [110,111].

A comparative study of viral entry between the African and Asian ZIKV lineages
reveals that the clathrin-dependent entry mechanism is highly conserved across both
lineages [111]. ZIKV predominantly fuses with late endosomes, likely due to the low
pH in these endosomes inducing a conformational change in the ZIKV E protein, which
facilitates its interaction with the host cell membrane and subsequent fusion [111]. The
E-152/156/158 residues of the ZIKV E protein are believed to be crucial in the later stages
of viral entry, particularly in facilitating the conformational changes required for membrane
fusion with the host cell [57]. This may be due to their location within the GL of the
E protein, where notable differences in N154 glycosylation and H158 protonation status
exist between the African and Asian lineages (Figure 3B,C).

4. ZIKV E Protein-Mediated Immune Response and Evasion

The protective immune response serves as a first-line defense of the cellular im-
mune system against viral infections, typically initiated by the release of cytokines and
chemokines. As the major surface protein of ZIKYV, the E protein functions as the principal
viral antigen, eliciting host innate and adaptive immune responses [44]. Notably, N154
glycosylation of the E protein plays a critical role in modulating interactions with the host
immune system.

A study investigating ZIKV infection in human-induced pluripotent stem cell (hiPSC)-
derived macrophages and microglia found that an epidemic Brazilian ZIKV strain
(GZ01/2016; KU820898) carrying a glycosylated N154 E protein triggered a stronger
immune response than the non-glycosylated MR766 strain. The glycosylated strain in-
duced higher levels of immune mediators, including AIF1, IL-6, IL-1f3, IL-10, G-CSF, and
CCR5 [87]. Furthermore, the expression of AXL and TYRO3, both TAM receptors, was sig-
nificantly elevated in cells infected with the epidemic strain compared to MR766, suggesting
that N154 glycosylation enhances viral attachment and immune activation [87].

Interestingly, a contrasting effect of E protein glycosylation was observed in primary
mouse dendritic cells, where N154 glycosylation led to a weaker immune response. The
glycosylated virus elicited lower levels of IFN-«, IFN-(3, IL-1$3, and IL-6 compared to
the non-glycosylated N154Q mutant [105]. The same study also demonstrated that E
protein glycosylation negatively regulated viral attachment, virion assembly, and progeny
infectivity in the mosquito C6/36 cell line [105].
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These discrepancies may arise from differences in host cell receptor expression and
immune responses that influence viral replication. They also suggest that the impact of
E protein glycosylation is host- or context-dependent. For example, glycosylation may
influence viral interactions with different receptors or modulate distinct cellular pathways,
leading to variable outcomes depending on the host species or cell type involved. Another
possible explanation is that the role of E protein glycosylation depends on the specific
cell surface receptors engaged during infection. In the human macrophage study, TAM
receptors were prominently upregulated [87], whereas in mouse dendritic cells, ZIKV
primarily utilized DC-SIGN as the entry receptor [105].

Supporting this notion, our recent data show that the epidemic BR15 strain, which
carries a glycosylated N154 E protein, induced higher immune responses than the non-
glycosylated MR766 strain in the neuroblastoma SH-SY5Y cell line. Similar to the findings
of Mesci et al., BR15 triggered elevated levels of IL-6, IL-1f3, IL-10, and CCR5 [87]. Addi-
tionally, we observed activation of other proinflammatory cytokines, including IL-8, CCL2
(MCP-1), and CCL5 (RANTES) (our unpublished data). However, in contrast to Mesci’s
findings, our results indicate that the N154-glycosylated BR15 virus exhibited reduced viral
binding, replication, and apoptotic cell death compared to the non-glycosylated MR766
strain. Although other viral factors may contribute to these differences, receptor expres-
sion variations between cell types could potentially explain these discrepancies. Unlike
hiPSC-derived macrophages and microglia, which express AXL and TYRO3, SH-SY5Y cells
predominantly express AXL and MER [112]. These differences in receptor engagement may
influence the extent of immune activation and viral replication, highlighting the complexity
of E protein glycosylation in ZIKV pathogenesis.

One potential argument against using the MR766 strain for E glycosylation studies
is that this strain has been passaged too many times in vitro, potentially leading to non-
representative results [79]. However, the only difference between the glycosylated and
non-glycosylated viruses in the Fontes-Garfias’ study [105] was the N154Q mutation in the
E protein, underscoring the importance of E glycosylation in these findings. Additionally,
the role of N154-glycosylation in eliciting host immune responses is supported by numerous
clinical reports. Similar proinflammatory cytokines like IL-1§3, IL-6, IL-10, and G-CSF were
elevated in the blood, brain, cerebrospinal fluid, and amniotic fluid of ZIKV-positive
pregnant women [113-116]. Lastly, animals inoculated with recombinant ZIKV E protein
alone also elicit various protective and proinflammatory cytokines, including IFNy, TNF«,
IL-4, IL-6, and IL-12 [117-119].

Besides triggering host cellular inflammatory immune responses as described above,
ZIKV also activates the production of Type I interferon (IFN) as part of the host antiviral
response [1,120]. This antiviral IFN response is facilitated by mechanisms involving the
activation of Toll-like receptors (TLRs), particularly TLR3 and TLR7/8, as well as the RIG-I-
like receptor (RIG-1) [1,120]. TLR3- and RIG-1-mediated Type I IFN production, followed
by activation of the JAK/STAT pathway, help the host cell mount resistance against ZIKV
infection [121].

During the initial stages of infection, ZIKV interacts with host cell surface receptors
such as AXL, which not only promotes viral entry but also suppresses host Type I IFN
response. This occurs through the interaction of ZIKV E protein with Gasé, triggering
the AXL signaling pathway and allowing immune evasion by suppressing the antiviral
response [91,122]. The role of ZIKV E protein in immune evasion has been demonstrated
through experiments using the human glial cell line SNB19, where Atranorin, a secondary
metabolite of lichens, inhibited ZIKV infection by attenuating the activation of the IFN
signaling pathway through direct targeting of the E protein [123].
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In addition to evading IFN responses, ZIKV infection activates the host complement
system, a key component of both the innate and adaptive immune systems. The com-
plement system functions to defend against viral infections by forming the membrane
attack complex (MAC), which creates pores in the viral membrane, leading to virolysis or
complement-mediated lysis [116,124]. ZIKV has developed mechanisms to counteract the
complement system. One study found that ZIKV E protein interferes with the formation
of the MAC by binding to terminal complement proteins like C9, reducing polymeriza-
tion and thereby preventing effective complement-mediated virolysis [125]. This direct
interaction with the complement system allows ZIKV to evade destruction by the host
immune response.

N154 glycosylation of the E protein may also enhance viral infection by aiding in the
evasion of the host’s innate antiviral response. For instance, the glycosylated E protein
inhibits the reactive oxygen species (ROS) pathway, which is essential for ZIKV infection in
Aedes mosquitoes. Notably, mutating the glycosylation-promoting residue T156 to either
A or I, thereby removing N154 glycosylation, prevents mosquito infection [126]. This
phenotype can be rescued by inhibiting the ROS pathway, suggesting that the glycosylated
E protein facilitates viral evasion of the mosquito’s innate immune defenses to enhance
infection. Supporting this notion, Aedes mosquitoes infected with the N154-glycosylated
Cambodian ZIKV strain FSS13025 exhibited significantly higher infection rates compared to
those infected with the non-glycosylated N154Q mutant of the same virus [105]. Similarly,
in an immune-compromised IFNAR ™/~ A129 mouse model, E glycosylation substantially
increased mortality, accompanied by high viremia. In contrast, the N154Q mutation
markedly attenuated ZIKYV, as evidenced by reduced viremia, minimal weight loss, and
complete survival [105].

5. Neutralizing Antibodies, Antibody-Dependent Enhancement, and
Vaccine Development

5.1. Neutralizing Antibodies (nAbs)

The nAbs are crucial components of the host immune response against ZIKV infection.
The E protein, being the primary antigen on the surface of the virus, serves as a major target
for nAbs. These antibodies typically prevent infection either by blocking the virus from
binding to its host cell receptors or by inhibiting the structural changes required for the
E protein to mediate fusion during viral entry via the endocytic pathway [127].

As described earlier, the ZIKV E protein consists of three structural domains: DI, DII,
and DIII (Figure 3A). Domain I serves as a connector between DII and DIII, acting as a
flexible hinge that enables the conformational changes necessary for viral entry into host
cells [128]. While all three domains can be targeted by nAbs, DIII is particularly important
because it is responsible for host cell receptor binding, making it the primary target of nAbs
against the ZIKV [52,129]. Due to this critical role in neutralization, DIII is often a key focus
in ZIKV vaccine development [52].

Numerous DIlI-specific nAbs have been isolated from both convalescent patients
and immunized mice (Table 1). Three distinct epitopes in the DIII domain have been
identified: the lateral ridge (LR), the C—C’ loop, and the ABDE sheet region, which is a
specific region that is highly conserved among different ZIKV sequences [130]. The LR is a
prominent structural feature formed by loops connecting 3-strands, while the C-C’ loop
is a flexible region that plays a vital role in receptor binding and shows variability across
ZIKV strains [131]. The ABDE sheet is a 3-sheet region that acts as an important epitope
for nAbs [70].

In early studies using X-ray crystallography and competition binding analyses, six
mouse monoclonal antibodies (mAbs) against ZIKV were analyzed. Among these, ZV-48
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and ZV-64 bind to the C-C’ loop, ZV-2 binds to the ABDE sheet, and ZV-54 and ZV-67
target the LR of the DIII domain. ZV-48, ZV-54, ZV-64, and ZV-67 were specific to ZIKV
and neutralized all ZIKV lineages [132]. However, only ZV-67 neutralized all ZIKV strains
in vitro and provided protection in lethal challenge models in vivo [132]. Other mAbs,
such as ZIKV-116, also target the LR and prevent ZIKV infection by blocking viral fusion
with host membranes [131]. However, ZIKV-116 cross-neutralizes certain strains of DENV1,
with higher neutralizing activity observed against Asian ZIKV strains compared to African
strains [131]. Additional mAbs, such as Z004, Z006, and Z021, are part of a set of recurrent
antibodies that neutralize both ZIKV and DENV [133,134]. In a separate study, five DIII-
specific nAbs (HA-12, 1C-11, 2F-8, 1D-9, and 1D-11) were isolated from ZIKV-infected
patients, all of which neutralized the Asian strain of ZIKV. Among these, HA-12 and 2F-8
also neutralized American strains, i.e., ZIKV of Asian lineage found in the America. The
most potent antibody, 2F-8, conferred complete protection in mice when administered in a
single dose, either before or after exposure to a lethal ZIKV challenge [135].

Besides targeting DIII, the junction between DI and DIII is another important site
for nAbs. This region forms a quaternary epitope accessible only when viral proteins
are in their native conformation. Antibodies targeting this junction can effectively block
viral entry and neutralize infection by disrupting the virus’s ability to fuse with host cells,
potentially offering high specificity to ZIKV while minimizing cross-reactivity with related
viruses [129]. For example, the nAb B11F, recovered from a convalescent patient, targets a
novel epitope that spans both DI and DIII [136]. Additionally, four other nAbs (ZKA190,
MZ1, MZ4, and MZ24) target the DI/DIII linker region of the ZIKV E protein. ZKA190
demonstrated high efficacy in vivo, preventing morbidity and mortality in ZIKV-infected
mice, while MZ1, MZ4, and MZ24 exhibited cross-neutralizing activity against both ZIKV
and DENV [137,138].

In addition to DI and DIII, quaternary epitopes in the DII domain of the ZIKV E
protein are also targeted by nAbs [139]. The nAb ZKA185, for instance, targets DII and
neutralizes both African and Asian ZIKV lineages [140].

The FL, located between the DII and DIII domains, is another important target for
nAbs due to its role in viral fusion with host membranes. Since this region is conserved
across orthoflaviviruses and overlaps with the prM binding site in immature particles, it
presents a target for broad-spectrum nAbs [141]. One such antibody, 2A10G6, provided
broad protection against ZIKV, DENV1-4, and WNV in mouse models and in vitro studies.
Human-derived mAbs such as AZ1p and AZ6m, which target the ZIKV E protein FL, also
demonstrated broad binding capacity and neutralization of ZIKV, YFV, and DENV [142].

The GL within DI of the ZIKV E protein is also a target for nAbs due to its role in
modulating E protein conformational changes during viral fusion [57,84]. A recombinant
ZIKV protein (E80) covering 80% of the N-terminal ectodomain-induced potent nAb
responses protected mice from lethal challenges of the ZIKV infection [51]. Subsequently,
five mAbs (3E8, 5F8, 5G3, 8A2, and 9C3) were isolated from E80-immunized mice, showing
specific neutralization of Asian-lineage ZIKV strains but not African strains [143]. Among
these, 5F8 conferred complete protection in a mouse model by inhibiting viral entry during
the early post-attachment stage. The epitope recognized by 5F8 is highly conserved in
ZIKV but varies between ZIKV and other orthoflaviviruses, possibly representing a new
class of ZIKV-specific nAbs targeting the GL [143]. However, other studies have shown
that certain mAbs targeting the GL, such as A1l and A42, exhibit broader activity against
ZIKV and other orthoflaviviruses [144]. These findings underscore the importance of the
GL as a key antigenic determinant [43,82].

Another study further emphasized the role of the GL in nAb-mediated ZIKV neu-
tralization [82]. As previously described, the GL contains three evolutionarily distinctive
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residues, 152, 156, and 158, within the ZIKV E protein (E-152/156/158), which in most
cases can distinguish the African lineage from the Asian lineage (Figure 3B). To investigate
the role of N154 glycosylation and H158 protonation in nAb-mediated ZIKV neutralization,
researchers replaced the E-152/156/158 residues of the BR15 strain with those from MR766
(I152T, T1561, and H158Y), resulting in a non-glycosylated virus in the BR15 backbone [82].
When this chimeric ZIKV was inoculated into adult BALB/c mice, it rapidly induced nAb
production. Interestingly, while the nAbs effectively neutralized the MR766 strain, they
failed to neutralize the BR15 clone. This suggests that the E-152/156/158 residues in the GL,
or the N154 glycosylation, may influence nAb epitope accessibility, and that differences in
N154 glycosylation between MR766 and BR15 may lead to variations in neutralization [82].

In a follow-up study [43], the role of the GL-residing E-152/156/158 residues as
antigenic determinants was further tested. An oligopeptide consisting of a 20-mer
(a.a. 145-164) from the GL, which carried the non-glycosylated MR766-derived residues
E-T152/1156/Y158, was used to assess immunoreactivity against anti-GL Abs from the
serum of the same chimeric ZIKV-challenged mice described earlier [82]. Results showed
that the 20-mer with MR766’s E-T152/1156/Y158 residues reacted with anti-GL Abs from
the BR15-E-T152/1156/Y158-challenged mice. However, the 20-mer carrying BR15-derived
E-1152/T156/H158 did not react with the same serum, suggesting that anti-GL Abs induced
by the chimeric virus were specific to MR766. Notably, changing residues T152 to 1152 and
1156 to T156 did not alter the immunoreactivity of the anti-GL sera; whereas, the substi-
tution of Y158 with H158 (Y158H) abolished the reactivity to the anti-GL sera. Structural
analysis of the E-Domain I, including both the wild-type 20-mer and mutant E-T152I and
E-I156T 20-mers, suggested that residues E-152 and E-156 influence the conformation of the
GL. This alteration in GL structure could affect the antigenic reactivity of Abs targeting this
region. While these studies did not specifically evaluate the roles of N154 glycosylation
or H158 protonation, the findings suggest that the E-152/156/158 residues are likely key
antigenic determinants within the ZIKV GL region [43].

The use of nAbs that target multiple domains of the ZIKV E protein could maximize
therapeutic potential and prevent viral escape [133,140]. For instance, human-derived nAbs
723 and Z3L1, which target tertiary epitopes in DI, DII, and DIII, exhibit potent ZIKV-
specific neutralization and offer post-exposure protection in mice [145]. Immunization with
the E protein or its subdomains (DI/DII and DIII) has also been shown to induce high: titers
of E-specific antibodies that neutralize ZIKV [119].

Finally, The E dimer epitope (EDE) of the ZIKV E protein, a unique feature formed by
the interaction of two E protein dimers on the viral surface, is another significant target
for nAbs due to its high specificity and ability to block viral entry [146]. EDE-targeting
antibodies, such as EDE1-C8, EDE1-C10, and EDE1-B10, which were initially raised against
DENYV, also exhibit cross-neutralizing activity against ZIKV [139,147]. In mice, a single
dose of EDE1-B10 administered three days post-infection, prevented death and reduced
ZIKV levels in the brain and testes [148]. Similarly, the human-derived nAb ZIKV-117,
which targets EDE, significantly reduced tissue damage, placental and fetal infection, as
well as mortality in pregnant and non-pregnant mice [149,150].

Table 1. List of nAbs against ZIKV envelope protein.

Neutralizing Antibody Target Site Specificity Reference
ZN-2,7ZN-48, ZN-54, ZV-64, ZN-67 DIII or DIII LR ZIKV [132,149]
ZIKV-116 DII ZIKV [131,149]
7004, Z006, 2021 DIILR ZIKV and DENV1 [134]
HA-12,1C-11, 2F-8, 1D-9, 1D-11 DIII ZIKV Asian lineage [135]
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Table 1. Cont.

Neutralizing Antibody Target Site Specificity Reference
B11F DI and DIII ZIKV [136]
ZKA190 DI-DIII linker, DIII LR ZIKV [137]
MZ1/MZ4/MZ24 DI/DIII linker region ZIKV, DENV1-4 [138]
ZKA185 DII ZIKV [140]
2A10G6 DII (FL) ZIKV, DENV1-4 and WNV  [44,141]
AZlp, AZ6m DII(FL) ZIKV, YFV, and DENV [142]

3ES8, 5F8, 5G3, 8A2,9C3 Linear Epitope on GL ZIKV Asian lineage [143]

All, A42 GL ZIKV [144]
Z3L1, 723,720 DI, DI, or DIII ZIKV [145]
rhMZ—Group A, B, C, D EDE ZIKV [146]
EDE1-B10, EDE1-C8, EDE1-C10 EDE ZIKV and DENV 1-4 [69,139,147]
ZIKV-117 EDE ZIKV [149,150]

5.2. Antibody-Dependent Enhancement (ADE) and Vaccine Development

ADE presents a significant challenge in the development of effective therapies against
ZIKV infection. ADE occurs when non-neutralizing or sub-neutralizing levels of nAbs bind
to ZIKV but fail to block the virus from infecting host cells. Instead, the antibody—virus
complex facilitates viral entry into cells via Fc receptor-mediated internalization, leading to
increased rates of infection and potentially more severe disease outcomes [151,152]. This
phenomenon is particularly concerning in regions where both ZIKV and DENV co-circulate,
as cross-reactive antibodies generated during primary DENYV infection may enhance ZIKV
infection upon secondary exposure, exacerbating disease severity [153,154]. Therefore,
understanding ADE is essential for developing safe and effective vaccines against ZIKV
infection [155].

Note that the occurrence of ADE in ZIKV infection remains an area of active inves-
tigation. Only limited clinical evidence suggests that ADE may occur, particularly in the
context of pre-existing immunity to DENV. For instance, pre-existing DENV antibodies
have been shown to influence the antibody response during primary ZIKV infection, lead-
ing to enhancement of ZIKV infection in vitro and in vivo [156,157]. An epidemiological
study also found that convalescent sera from dengue patients exhibited ADE for ZIKV [158].
Conversely, a fatal case of DENV following prior ZIKV infection has been interpreted as
a clinical example of ADE [159]. In addition to these clinical observations, several experi-
mental studies have demonstrated that DENV-immune sera or monoclonal antibodies can
enhance ZIKV infection through Fc receptor-mediated uptake in cell cultures and animal
models [160,161]. Although the extent of ADE in natural ZIKV infection remains uncertain,
these findings collectively support the possibility that ADE may occur in ZIKV under
certain immunological conditions, especially in flavivirus-endemic regions.

As ZIKV E protein is a primary target for nAbs, many studies have focused on the im-
mune responses elicited by this protein, including cross-reactivity with antibodies against
other orthoflaviviruses such as DENV [44,162]. ZIKV and DENYV are closely related viruses
within the flavivirus family, sharing similar modes of transmission, clinical symptoms,
and mosquito vectors, particularly Aedes aegypti [163]. DENV is the most prevalent or-
thoflavivirus in South America and represents the leading cause of orthoflavivirus-related
diseases in Brazil [164]. However, the rising global temperatures have contributed to the
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spread of DENYV, increasing its threat to public health in other regions, including the United
States [165]. For instance, the first case of fetal DENV infection was reported in the U.S.
in 2021, where the child had prior exposure to ZIKV, an outcome attributed to ADE [159].
Due to the high degree of similarity between ZIKV and DENYV, about 55% a.a. identity in
the E protein, ADE frequently arises from cross-reactive nAbs generated during a primary
DENV infection, leading to an enhanced risk of secondary infection with ZIKV [166,167].

One approach to mitigating the risk of ADE in vaccine development is to identify
ZIKV-specific nAbs that do not cross-react with other orthoflaviviruses, particularly DENV.
For example, to minimize cross-reactivity between ZIKV and DENYV, one study isolated
four groups of EDE-specific nAbs from ZIKV-infected rhesus macaques. These antibodies
not only protected against ZIKV replication in mice but were also identified in convalescent
humans following ZIKV infection [146]. Moreover, a study showed that plasma from indi-
viduals previously infected with DENV could enhance ZIKV infection in human myeloid
cells via ADE [168]. The mathematical modeling study also revealed that dengue vaccina-
tion, especially with imperfect pre-vaccination screening, can enhance ZIKV transmission
through ADE, underscoring the need for cautious implementation in regions where both
viruses co-circulate [169].

In another study, SIgN-3C, a human-derived antibody initially raised against DENV1-
4, also neutralized ZIKV infection in an IFENAR~/~ mouse model [170,171]. However,
a variant of this antibody, SIgN-3C-LALA, did not induce ADE in vitro and provided
similar protection in vivo [171]. In pregnant ZIKV-infected IFNAR™/~ mice, treatment
with SIgN-3C or SIgN-3C-LALA significantly reduced viral loads in fetal organs and
placenta, mitigating virus-induced fetal growth retardation [171].

A different study has identified six ZIKV-specific nAbs that target key epitopes on the
ZIKV E protein, including the C-C’ loop and the LR of the DIII domain (e.g., ZV-48, ZV-54,
and ZV-67) [132]. These nAbs offer potential for targeted vaccine development by focusing
on epitopes unique to ZIKV, thereby reducing the risk of cross-reactivity with DENV and
minimizing the potential for ADE.

A second strategy involves modifying the Fc region of ZIKV-specific antibodies to pre-
vent ADE while maintaining their neutralizing ability. In one study, researchers used a prior
developed ZIKV-specific nAb ZV-54 targeting the LR of the DIII domain and then modified
its Fc glycosylation profile to prevent interaction with Fcy receptors on immune cells.
The ZV-54 variants retained their neutralizing potency against ZIKV without triggering
ADE in DENV infection, demonstrating a promising dual approach that preserves efficacy
while eliminating ADE risk [172]. This approach showcases the potential of combining
ZIKV-specific nAbs with targeted modifications to enhance vaccine safety.

Target-specific mutations in the ZIKV E protein may also improve the specificity
of nAbs and reduce ADE risk. Several novel mutations in or near the FL of DII or DIII
have been reported to decrease the production of cross-reactive antibodies [173]. These
mutations may alter the antigenic structure of the E protein, making it more challenging
for cross-reactive antibodies generated during DENV infection to enhance ZIKV infection.
By improving the specificity of nAbs, these mutations can enhance the safety of vaccines
by reducing the likelihood of ADE.

In addition to modifying the viral antigens, engineering nAbs to prevent their interac-
tion with Fcy receptors on immune cells offers another potential solution to ADE. This can
be achieved through mutations in the Fc region of the nAbs, which block Fcy receptor en-
gagement and thereby prevent antibody-dependent viral entry into host cells [173]. Other
techniques to limit ADE include blocking Fc receptor engagement, removing the antibody
heavy chain, or deleting the N-linked sugar on IgG molecules, all of which prevent ADE
while maintaining the neutralizing capacity of the antibodies [174].
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In conclusion, strategies to reduce the risk of ADE in ZIKV vaccine development
include identifying ZIKV-specific nAbs, modifying the Fc region of antibodies to avoid
Fcy receptor interactions, and introducing mutations in the ZIKV E protein to improve
nAb specificity. These approaches are critical for creating safe and effective vaccines and
therapies against ZIKV, while minimizing the potential for cross-reactivity with other
orthoflaviviruses and reducing the risk of ADE.

6. Anti-ZIKV E Protein Inhibitors

As discussed in the previous section, vaccine development for ZIKV faces significant
challenges, including cross-reactivity of nAbs, ADE, and antigenic diversity among differ-
ent ZIKV lineages and other orthoflaviviruses [168]. Given these limitations, the discovery
of inhibitors or host cellular restriction factors targeting the ZIKV E protein presents a
promising alternative strategy to block viral entry and limit infection. As ZIKV E protein
plays a critical role in mediating viral entry by facilitating multiple steps of virus-host
interactions [1,86,88]. Depending on their mechanism of action, ZIKV E protein inhibitors
can be categorized into four groups: (1) direct E protein inhibitors: molecules that interact
with the E protein to block its function, (2) viral attachment inhibitors: agents that prevent
ZIKV from binding to host cells by disrupting E protein interactions with cell surface
receptors, (3) viral fusion inhibitors: compounds that block viral fusion with endosomes,
thereby preventing genome release, and (4) host cellular restriction factors: cellular factors
that interfere with ZIKV E protein-mediated viral entry. ZIKV E protein inhibitors can take
various forms, including small molecules, natural compounds, proteins, and peptide-based
inhibitors. Table 2 provides a comprehensive list of known inhibitors that target the ZIKV
E protein or its associated viral entry processes. A brief summary of their mechanisms of
action is outlined below.

6.1. Direct E Protein Inhibitors

Most of the direct E protein inhibitors reported so far are natural compounds with few
exceptions. A small molecule F1065-0358 was found to inhibit ZIKV infection by binding to
a region between DI and DIII of the ZIKV E protein, preventing its trimerization, a crucial
step in the fusion process required for viral entry [175]. A natural compound, gossypol, a
phenol derived from the cotton plant, exhibits potent antiviral activity against both African
and Asian ZIKV strains. It neutralizes ZIKV infection by targeting DIII of the E protein.
When combined with the anti-cancer drug bortezomib, it achieves a synergistic enhance-
ment of antiviral activity [176,177]. Epigallocatechin gallate (EGCG), a natural compound
found in green tea, binds to DI and DII of the ZIKV E protein, disrupting the conforma-
tional changes necessary for viral entry [178]. Pentagalloylglucose (PGG), a polyphenolic
compound from the Chinese herb, inhibits ZIKV entry by interacting with charged residues
on the viral envelope, such as glycosylated viral E proteins, thereby competing with natural
virus-receptor interactions essential for viral binding [179]. Polysaccharides like Penta-
galloylglucose, parishin, and stevioside inhibits the viral entry by binding the Zika virus
envelope protein [180].

Other natural compounds include Apigenin, a flavonoid from the flavone glycoside
class, which exhibits high affinity for the ZIKV E protein DIII and significantly reduces viral
titers in Vero cells [181]. Similarly, baicalin, a glucuronide derivative of baicalein found in
Scutellaria baicalensis, has demonstrated strong antiviral activity against ZIKV entry with
high binding affinity to the E protein and low cytotoxicity [182]. Atranorin, a lichen-derived
secondary metabolite, effectively blocks ZIKV entry and reduces infectivity in vitro by
directly targeting the E protein, with docking studies suggesting optimal binding between
DI and DIII. Additionally, it inhibits ZIKV infection in human glial cells by attenuating
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IEN signaling, further highlighting its potential as an antiviral agent [123]. Palmatine, a
protoberberine alkaloid compound that inhibits ZIKV infection by interacting with the
E protein, has been shown to destabilize ZIKV. It inhibited ZIKV binding and entry by
95% and 69%, respectively, likely through interaction with the ZIKV E protein, consistent
with molecular docking analysis [183]. Lastly, harringtonine, a natural alkaloid from the
Cephalotaxus genus, demonstrates nanomolar-level efficacy in inhibiting multiple stages of
ZIKV infection, including stability, binding, entry, replication, and release, through direct
interaction with the E protein [184].

6.2. Viral Attachment Inhibitors

Several attachment inhibitors, Cabozantinib, R428, TP-0903, and BMS-777607,
significantly impaired ZIKV infection by inhibiting the AXL receptor in a human cerebral
microvascular endothelial h\CMEC /D3 cell line and the human umbilical vein endothelial
cells (hUVECs) [185], which may serve as potential antiviral therapeutics for suppressing
ZIKV infection [185,186]. Another small molecule attachment inhibitor ZINC33683341,
identified through in silico modeling, has been shown to inhibit ZIKV entry by binding to
primary receptors, with its antiviral activity confirmed in in vitro studies [187]. Curcumin,
a component of turmeric, inhibits ZIKV attachment and entry by disrupting viral E protein
function and blocking E-cell receptor interactions [188,189].

6.3. Viral Fusion Inhibitors

A number of inhibitors have been identified that target the viral fusion step of the
ZIKV E protein during viral entry. Through a high-throughput screening method, known
as ALPHAscreen, which is a competitive amplified luminescent proximity homogeneous
assay, has been used to discover small molecule inhibitors of the ZIKV E protein. Seven lead
compounds were identified to disrupt E protein-mediated membrane fusion during viral
entry of ZIKV and DENV infections, thereby blocking the viral infection [190]. Moreover,
the recombinant venom peptide rEv37, derived from the scorpion Euscorpiops validus
and produced in a prokaryotic system, has shown to prevent the low pH-dependent
fusion, thus restricting the late step of the viral entry into the host cell during ZIKV and
DENV2 infection [191]. Atovaquone, a synthetic compound with antifungal antiparasitic
properties [192,193] has been shown to suppress ZIKV and DENV1-4 infection in both
mammalian and mosquito-derived cells [194]. Its antiviral activity is attributed to the
inhibition of E protein-mediated membrane fusion during viral entry [194]. The synthetic
peptide Z2 disrupts ZIKV virion integrity, inhibiting infection in vitro. Additionally, it
crosses the placental barrier and prevents vertical transmission in C57BL/6 pregnant mice,
possibly by inducing pore formation in the viral membrane through disruption of E protein
conformational changes [195,196]. Another fusion inhibitor, P5, a peptide derived from the
JEV E protein stem, effectively blocked ZIKV infection and conferred in vivo protection in
AG6 mice by altering E protein conformation under low pH conditions [197].

6.4. Host Restriction Factors

Several host cellular factors restrict ZIKV infection, including LAMR1 (Laminin re-
ceptor 1), Hpa (heparanase), Viperin, and USP38 (Ubiquitin-specific peptidase 38), which
target different stages of the viral life cycle, such as entry, replication, and protein stability.
Specifically, LAMRI suppresses ZIKV infection by interacting with the E protein and reduc-
ing its ubiquitination [198]. Hpa, a multifaceted protein and an endo-3-D-glucuronidase,
degrades heparan sulfate and functions as a host restriction factor to attenuate ZIKV
infection by destabilizing the viral E protein [199]. Viperin is an interferon-inducible pro-
tein, also known as virus-inhibitory protein, restricting the replication of a wide range of
viruses including controlling the ZIKV infection [200]. Finally, USP38, a ubiquitin-specific
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peptidase, has been identified as a host restriction factor in resisting ZIKV infection by
removing the ubiquitination of the viral E protein, which is critical for ZIKV infection and

transmission [201].

Table 2. Anti-ZIKV E inhibitors.

Cell
Compound Name Effect 1C5¢/ECs9 (uM) CCsp (uM) /l\f[o del Reference
Direct E Protein Inhibitors
Bind to the DI and DIII regions
F1065-0358 and interfere with the E protein 14 200 Vero [175]
trimerization during
Gossypol Bind to DIII 3.75 £ 0.01 14.17 £ 0.74 Vero E6 [177]
EGCG Bind to DI and DII na na Vero E6 [178]
PGG Interacts with charge.d residues of a1 114 Vero B4 [179]
glycosylated E protein
Polysaccharides
(PGG, parishin and Bind to E protein na na Docking analysis [180]
stevioside)
Apigenin Bind to DIII >100 na Vero [181]
Baicalin Bind to E protein 14 na Vero [181,182]
Atranorin Bind to DI and DIII 11.9 >50 SNB-19 [123]
Palmatine Interact with E protein na na Vero [183]
Harringtonine Bind to E Protein 0.287 >10 Vero [184]
Viral Attachment Inhibitors
Cabozantinib (R428,
TP-0903, and Inhibit AXL receptor na na hCMEC/D3/HUVECs [185]
BMS-777607)
ZINC33683341 Bind to primary receptors na na Vero [187]
Viral attachment and entry by
Curcumin abrogating the function of viral 1.9 11.6 Vero [188,189]
envelope proteins
Viral Fusion Inhibitors
Seven compounds frey ent E-mediated membrane 0.9-19.3 5.2->100 Vero [190]
usion
Prevent viral
Ev37 membrane-endosomal membrane  na 116.3 Huh-7 [191]
at low pH
Atovaquone ?lo.c k E-mediated membrane 2.1 na Vero/MDCK/C6/36 [194]
usion
Peptide Z2 Disrupt E conformational changes ~ 1.75 na C57BL/6BHK21 [195,196]
P5 lChange E protein conformation at 307 na Vero/AG6 [197]
ow pH
Host Restriction Factors
LAMRI Attenuate E protein na na HeLa/HEK293T [198]
ubiquitination
Attenuates ZIKV infection by
Hpa destabilizing the E protein na na MEF [199]
- Restrict a wide range of viruses
Viperin including ZIKV na na Huh7 [200]
USP38 Attenuates K48- and K63-linked na na HeLa/HEK293 [201]

polyubiquitination of E protein

Note: na, data not available.
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7. Concluding Remarks

ZIKV infects host cells through an E protein-mediated viral entry mechanism that is a
highly conserved process across humans, animals, and mosquitoes. However, the specific
cell surface receptors required for viral attachment and fusion may vary among different
hosts. These differences in receptor usage could contribute to variations in viral tropism
and pathogenicity across species [97].

The GL, particularly the N154 glycosylation of the ZIKV envelope protein, plays a
critical role in viral entry by facilitating attachment to host cell receptors and enhancing
infectivity. Additionally, this glycosylation site contributes to immune evasion by modulat-
ing host immune recognition and response [105,202]. Therefore, the significant differences
observed between African and Asian ZIKV lineages, particularly in glycosylation and pro-
tonation status, may influence cell tropism, viral entry, and pathogenesis in their respective
hosts. The nAbs play a crucial role in neutralizing the ZIKV E protein activities during
viral entry and the development of vaccines in mitigating ZIKV infection. Critical antigenic
sites such as DI, DII, DIII, and combination of these domains are all major targets for nAbs.
In particular, the most promising antigen site for nAb development is DIII, which not only
induces potent nAbs but also causes minimal ADE [127,203,204]. Additionally, targeting
the GL, the N154 glycosylation could also potentially be a promising strategy for nAb
discovery because the GL is adjacent to the FL, potentially creating steric hindrance that
inhibits virus entry and infection [1,143,205]. Note that although large numbers of nAbs
and ZIKV E protein inhibitors and natural compounds have been reported, none of them
have been approved by FDA to treat the ZIKV infection [206].

ZIKV remains a significant public health concern, particularly in regions with ongoing
transmission and the potential for new outbreaks [15,207]. Given the virus’s ability to
spread rapidly and the devastating consequences it can develop, such as neurologically
related diseases in adults and congenital malformations such as microcephaly in newborn
babies or during pregnancy, continuous surveillance and research are essential. ADE may
also pose a challenge for ZIKV treatment and vaccine development because cross-reactive
antibodies against DENV, which co-circulates with ZIKV, can enhance ZIKV infection
instead of neutralizing it, potentially leading to more severe disease [167]. The emergence
of new ZIKYV variants could pose additional challenges for drug discovery and vaccine
development, as mutations in viral proteins may affect transmissibility, pathogenicity, and
immune escape [208,209]. Variants with alterations in the E protein could potentially evade
nAbs generated from previous infections reducing the effectiveness of current therapeutic
and preventive measures [71]. The risk of emerging variants is heightened by factors such
as international travel, urbanization, and climate change, which may expand the habitats
of Aedes mosquitoes, the primary vectors of ZIKV [210]. In this context, the need for robust
public health strategies, including monitoring of viral evolution and preparedness for
vaccine updates, is more critical than ever to mitigate the impact of future ZIKV outbreaks.
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CDE Clathrin-dependent endocytosis
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CIE Clathrin-independent endocytosis
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DENV Dengue virus
dsRNA Double stranded RNA
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GL Glycan loop

HAVcer-1  Hepatitis A virus cellular receptor 1
hBMEC Human brain microvascular endothelial cell

hEC Human epithelial cell

hNPC Human neural progenitor cell

hUVEC  Human umbilical vein endothelial cells
IEN Interferon

IRF3 Interferon regulatory factor 3

ISGS Interferon stimulated genes

JEV Japanese Encephalitis virus

LAMR1  Laminin receptor 1

LR Lateral ridge

mAb Monoclonal antibody

MEF Mouse Embryonic Fibroblasts

NADb Neutralizing antibody

NPCs Neural progenitor stem cells

NSCs Neural Stem Cells

PAMP Pathogen-associated molecular pattern
PGG Pentagalloylglucose

PRRs Pattern recognition receptors

PtdSer Phosphatidylserine
RdARP RNA-dependent RNA polymerase
RIG-1 RIG-1-like receptor

RLRs RIG-I like receptors

ROS Reactive oxygen species
sfRNA Subgenomic flavivirus RNA
TAM Tyro3, Axl and Mer

TGN Trans-Golgi network

™ Trans-membrane
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TOR Target of rapamycin
WHO World health organization
WNV West Nile virus

YFV Yellow Fever Virus

ZIKV Zika virus
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Abstract

The rapid onset and progression of the COVID-19 pandemic highlighted the critical neces-
sity for standardized, timely epidemiological investigations to generate actionable evidence
for public health policy. The World Health Organization (WHO) Global Influenza Surveil-
lance and Response System (GISRS) and Unity Studies and Investigations initiative (Unity
Studies) provides the standardized framework to address these critical knowledge gaps.
This manuscript reflects upon the Hamdard Institute of Medical Sciences and Research
(HIMSR)'s experience as an active site implementing three WHO Unity protocols between
2020 and 2021. We synthesize key findings from the Household Transmission Investigation
(HHTI) and the Health Facility Transmission (HCW cohort) studies, detail the operational
and analytical complexities addressed through intensive collaboration with WHO HQ,
South-East Asia Regional Office (SEARO), and WHO India, and outline the subsequent
institutional capacity transmission. Building directly on this established expertise, HIMSR
has been designated as the dedicated Nodal network site for the WHO SEAR Unity Studies
Network in India, coordinating administration activities of a vast network of national
institutes for ongoing pandemic preparedness. This trajectory demonstrates the potential
for low- and middle-income country (LMIC) institutions not only to contribute critical
evidence during crises but also to transition into resilient national and regional research and
surveillance platforms for future pan-respiratory pathogen threats. We detail the essential
findings and operational lessons from the COVID-19 pandemic response and elaborate
extensively on the strategic implementation plan for the proposed WHO Unity Nodal
Network site in India, emphasizing capacity building, standardization, and the integration
of research into public health policy.

Keywords: pandemic preparedness; Unity studies; Influenza; disease transmission;
epidemic; public health action; infection prevention and control
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1. Introduction

The advent of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) ini-
tiated the COVID-19 pandemic, creating uncertainty over the virus’s epidemiology and
transmissibility properties [1]. To quickly gather evidence-based knowledge and guide
public health actions, the World Health Organization (WHO) launched the Investigations
and Studies Global Initiative, also known as the Unity Studies [2]. The Unity Studies offer
a generic framework for preparedness and readiness for responding to epidemics and
pandemics, rapidly adapted from existing protocols (including the Consortium for the
Standardization of Influenza Seroepidemiology (CONSISE)), for carrying out standardized
investigations essential for the risk assessment of emerging respiratory pathogens [2—4].
This standardized architecture guarantees systematic data collection and promotes interna-
tional comparability, allowing the global community to collaboratively address knowledge
gaps [5,6].

Standardized protocols, including the Household Transmission Investigation (HHTI)
and the Healthcare Worker (HCW) risk assessment, were crucial for addressing key uncer-
tainties related to transmissibility, severity, and the extent of asymptomatic infection [2—4].
This was conducted alongside giving priority to research equity, where these studies
supported LMIC serological tests and technical support [2].

The Hamdard Institute of Medical Sciences and Research (HIMSR), New Delhi, is a
medical college established in 2011. It provides quality healthcare at an affordable cost
supported by the 710 bed Hakeem Abdul Hameed Centenary (HAHC) Hospital, and is
well equipped with National Accreditation Board for Testing and Calibration Laboratories
(NABL) having adequate biosafety level. A separate Central Research lab is an added
feather in the crown of HIMSR. It was one of the sites of WHO'’s Unity studies global
network during this important time. Between December 2020 and July 2021, the team
successfully adapted and completed three different WHO Unity protocols and published
six studies in high-index journals [1,7-11]. These were as follows:

1.  Household Transmission Investigation (HHTI): A prospective case-ascertained study
of COVID-19 transmission dynamics [1,8,10].

2. Health Care Worker (HCW) Cohort Study: An assessment of infection risk factors
and prevention measures among healthcare personnel [7,11].

3.  COVID-19 Vaccine Effectiveness (VE) Study: A case-control study conducted in
collaboration with the Indian Council of Medical Research (ICMR) and WHO [9].

These studies offered timely local data from Delhi, which were helpful during the
second wave of COVID-19, possibly driven by the B.1.617.2 “Delta” variant. As a result
of the successful implementation of these standardized protocols, coupled with working
closely with district and state authorities and WHO offices (HQ, SEARO, and India Country
Office) and subsequent academic publications, HIMSR became a significant institution
for contributing in generating evidence for national and global pandemic planning. This
manuscript discusses the lessons learned from these projects and details HIMSR’s ongoing
transition into Nodal network site of the WHO Global Influenza Surveillance and Response
System (GISRS) and Unity Studies and Investigations initiative (WHO Unity 2.0) [2,12].
We also tried to describe the programmatic data concerning the operational challenges,
capacity strides made, and compilation of the experiences from all three studies at a
programmatic level. The goal is to build preparedness, response and resilience against
future respiratory threats, in line with the Preparedness and Resilience for Emerging Threats
(PRET) framework and the recently accepted WHO Pandemic Agreement [2,12,13].
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2. The Rationale for Focused Unity Network in India
2.1. Indian Context

The Indian context poses complex public health challenges, characterized by high
population density, which were significantly exacerbated during the COVID-19 pandemic
and its prevention activities. In early 2021, India had the second-highest number of COVID-
19 cases in the globe, and New Delhi saw some of the worst spikes [1]. Overcrowding and
poor housing conditions can make lockdowns and isolation less effective, which could
make it more likely for close contact to spread the virus. The HIMSR HHTI study focused
specifically on these dynamics in Delhi’s South and South-East districts, leading to the
significant discovery of a high secondary infection rate (SIR) of 44.6% among unvaccinated
household contacts, which was much higher than the average for the whole world [1]. The
local data also found risk factors that were specific to the situation, such as being female and
taking care of the index case. This means that women, who often act as primary caretakers
at the household level, had a higher risk. A distinctive finding in the local context was
that an increased number of rooms was substantially correlated with secondary infection.
This acute demand for clear local epidemiological data happened at the same time as a
systemic need in India to improve the ability to gather evidence that is useful for health
policies [1,7].

2.2. Philosophy and Origin

The operational philosophy of HIMSR’s participation in the Unity Studies initiative is
based on the goal of promoting research equity and strengthening pandemic preparedness
through standardized operational research [2]. Building on the GISRS platform—which
promotes effective collaboration, virus data sharing with the WHO for global risk as-
sessment, and their commitment to a global public health framework for rapid evidence
generation—the Unity Studies initiative emerged from the recognized need after the 2009
H1IN1 pandemic to standardize methodologies for early investigations of emerging respi-
ratory pathogens [2,6]. This led to a generic preparedness and readiness framework for
influenza pandemics, which was rapidly adapted for SARS-CoV-2 in January 2020 [5].

For HIMSR, implementing the Unity protocols meant moving from passive surveil-
lance to systematically investigating transmission dynamics and the whole spectrum of
disease, including asymptomatic infection, within closed populations. By adopting WHO's
Unity Studies protocols, the HIMSR team was able to use standardized methods, obtain
technical support and funding (including from the WHO Unity Studies program), and use
data management system tools, thus reinforcing local research resilience [3,4]. This stan-
dardization ensured that the data collected were robust and internationally comparable and
also could be used for triangulation and providing global and regional estimates [2,10]. This
alignment directly supported the strategic aim of building capacity in LMICs. The strong
institutional network was cemented through interaction and guidance from WHO Country
Office staff and WHO SEARO, positioning HIMSR as a regional center of expertise [13].
These types of strategic partnership between the WHO and research institutions provided
a platform which ensures that future research activities are meticulously organized and
primed for swift implementation during future health emergencies, maintaining focus on
LMIC capacity building as well as contributing to global risk assessments [2,13].

3. Overview of the WHO Unity Platform

The WHO GISRS Unity Studies and Investigations initiative, or Unity Studies, is
an innovative way of integrating surveillance techniques and systemic research. This
initiative offers a robust global platform for pandemic preparedness, targeting emerging or
re-emerging respiratory pathogens [2,13,14]. Unity Studies serve as essential instruments
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that supplement routine surveillance systems by addressing specific public health inquiries
concerning transmissibility, population immunity, and infection/disease severity that
routine systems may not efficiently capture [2]. The framework ensures data gathered
across diverse settings is comparable and robust for pooled analysis [2,6]. The core of the
platform is the collection of standardized template protocols, developed in collaboration
with technical partners like CONSISE and the University of Melbourne [2]. Some of the
most important sorts of investigations are as follows:

e  First Few X (FFX) Cases and Contacts Protocol: For early and rapid data collection on
initial cases.

e  Household Transmission Investigation (HHTI): A prospective case-ascertained study
focusing on transmission in defined household settings.

e  Health Worker (HCW) Risk Factor Protocol: A cohort study examining transmis-
sion and the effectiveness of Infection Prevention and Control (IPC) measures in
healthcare settings.

e Population-based age-stratified sero-epidemiological investigation protocol: Used to
measure population immunity /seroprevalence.

e  Vaccine Effectiveness (VE) Protocols: For rapid assessment of the effectiveness
of vaccines.

These protocols let researchers estimate multiple epidemiological parameters across
the disease pyramid, from asymptomatic infection at the base to disease severity and
fatality ratios at the top (Figure 1).

Disease pyramid with associated epidemiological parameters to be estimated through implementation of Unity Studies protocols

Investigation Protocols

« Transmission (First Few X Cases + Contacts (FFX),
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closed settings)

« Health workers
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Figure 1. Disease pyramid with associated epidemiological parameters to be estimated through
implementation of Unity Studies protocol, Adapted with permission Bergeri et al., 2024 [2,15].

The current Unity Studies 2.0 focuses on sustaining operational readiness through the
development of a Global Operational Network of Sites. This network is aligned with the
PRET initiative, ensuring readiness is exercised during “peace time” respiratory outbreaks,
such as seasonal Influenza and Respiratory Syncytial Virus (RSV) epidemics. HIMSR has
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formalized its commitment to this network by signing the Terms of Reference (ToR) in
December 2024 [13]

4. Reflections on Program Design and Implementation

HIMSR successfully implemented and completed three Unity projects during
2020-2021, covering the periods when India’s first wave of COVID-19 was receding and
the second wave was peaking.

The first project was HHTI [1]. This prospective, case-ascertained study used the
WHO Unity HHTI protocol (Version 2.2) [3]. The primary objective was to learn about
transmission dynamics and identify associated risk factors of secondary infection among
households” contacts (HHC) of COVID-19 in South and South-East Delhi. The study
enrolled 99 index cases and 316 HHCs. The study employed a four-dimensional conceptual
framework to examine factors affecting transmission: index case characteristics, household
level factors, individual level factors, and contact patterns (Figure 2). Data, along with
biological samples (RT-PCR and paired serum samples for serology using WANTAI kits),
were collected during four household visits on days 1, 7, 14, and 28 [1].

AT Gender
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\ [~ Severity
Age

Household size
Overcrowding
Bedrooms/\
Rooms

o/,

Llmaiicn
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|
~~——" l
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Figure 2. Factors governing transmission dynamics among household members across four di-
mensions. The transmission of disease among household members is affected by the interaction
of four sets of factors, including index case characteristics (age, gender, and symptoms and their
severity), household level (household size, number of bedrooms, room for isolation, overcrowding),
individual level (age, gender, symptoms, comorbidity), and contact pattern (taking care, hugging,
kissing, handshaking, sharing room, toilet, meals, and utensils); Adapted with permission from
Islam et al., 2024 [1].

The key results were (HHTI) as follows:

e High Transmission: The secondary infection rate (SIR) was exceptionally high at
44.6% (95% CI 39.1-50.1). Cumulative secondary attack rate (SAR) was 55.5%, and the
household SAR was 54.9%.
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e Epidemiological Parameters: Mean serial interval was 7.97 days (£6.66), and the
effective reproduction number 1.33 (£1.56) and detectable shedding was 12.49 days
(index cases) and 11.84 days (contacts).

e  The four dimensions transmission dynamics showed significant associations with
secondary infection:

e Individual Level: Being female (OR 2.13), increasing age (OR 1.01), and symptoms
at baseline (OR 3.39) or during follow-up (OR 3.18).

e Index Case Level: Symptoms during follow-up (OR 6.29) and increasing age
(OR 1.03).

e  Household Level: Having more rooms (OR 4.44).

e  Contact Pattern: Taking care of the index case (OR 2.02).

The second project was the Health Care Worker (HCW) Prospective Cohort Study [7].
This study adhered to the WHO Unity protocol for risk assessment among HCWs, identify-
ing risk of disease transmission among those who were exposed to COVID-19 patients at
HIMSR and HAHC Hospital [4]. The study was conducted from December 2020 to June
2021 and enrolled 192 HCWs, overcoming initial exclusion criteria against seropositive indi-
viduals through a protocol deviation implemented after the national vaccination campaign
launched on January 16, 2021. Serology (using WANTALI kits) was collected at baseline
and endline (28 days). We found a high (62%) baseline seropositivity, which rose to 77.7%
at endline. We also document the Seroconversion Rate at 36.7% overall. Doctors showed
the highest rate (63.2%), followed by nurses (42.9%) and paramedics (13.0%). Vaccination
has a major risk status for seropositivity at baseline (partial: OR 3.303; full: OR 2.428) and
seroconversion (fully vaccinated OR 32.63). High adherence to IPC was generally reported
(e.g., 94.7% of nurses used gowns in close contact). However, the study did not find a
statistically significant association between adherence to IPC measures (including PPE use
and hand hygiene) and seroconversion/titer increase. This finding was likely confounded
by the high vaccination rates.

The third project was the Vaccine Effectiveness (VE) case control study [9]. It was a
hospital-based, multicentric study with severe COVID-19 patients as the cases and those
with COVID-19 negative as the control. The random effects logistic regression model to
calculate the adjusted odds ratios (aOR) with a 95% confidence interval (CI) after adjusting
for relevant known confounders was used. A total of 1143 cases and 2541 control patients
were enrolled across 11 hospitals in India. The VE of complete vaccination was 85% (95% CI:
79-89%) with AZD1222/Covishield and 71% (95% CI: 57-81%) with BBV152/Covaxin [9].

Challenges of implementing Unity Studies at HIMSR: The study faced operational
challenges, which are typical of emergency research. As these protocols were based on
global generic Unity protocols and needed to be adopted and implemented at quick pace
at the early phase of the COVID-19 pandemic, shortcomings existed. These gaps were
later identified during the implementation phase and protocol deviations were necessary.
Further, due to variable transmission waves, there were times of declining cases and their
subsequent study enrollment, an retrospective enrolment strategies were implemented and
added as protocol deviation. Calculating precise parameters like the incubation period
(IP), serial interval, and Basic Reproduction Number was complicated by continuous daily
household interaction, making the exact date of exposure difficult to ascertain. Furthermore,
analyzing co-primary cases increased the complexity of estimating secondary infection
rates. In the HCW study, we faced the issue of high baseline non-response and significant
loss to follow-up. The unpredicted and early vaccination campaign for HCW introduced
significant confounding variables, preventing clear immunological differentiation between
infection-induced and vaccine-induced seroconversion. The VE study at HIMSR too faced
severe shortages of case recruitment during the study period. As a measure, the shortage

https://doi.org/10.3390/v18020198
140



Viruses 2026, 18, 198

was compensated by additional participant recruitments at other study sites within this
multicentric study.

Programmatic Strengths: The projects benefited immensely from strong WHO support
for protocol finalization, financial oversight, monitoring, analysis, and dissemination. State
health administration and district health authorities too extended technical support and
access to district contact tracing data for comprehensive data management and contact
tracing, which were some of the major pillars of successful implementation.

5. Reflections on the Strides Made and Challenges Faced by the Program

The three COVID-19 Unity Studies conducted by the HIMSR team had both significant
achievements and inherent difficulties in epidemiological research. The study team held
multiple brainstorming and problem-solving sessions during and after the studies to
understand the underlying causes of these challenges and to identify potential solutions,
all of which are discussed below.

Strides Made (Individual and Collective Capacity)

1. Generation of High-Quality, Contextual Evidence: HIMSR successfully delivered a com-
prehensive understanding of the COVID-19 epidemic specific to Delhi, India during a
period of high transmission. This evidence included important estimates such as the
high Household SAR (54.9%) and risk factors (e.g., caregiving, gender, dwelling space).
This strict adherence to standard methods made it possible for local knowledge to be
shared and collaborated with global networks.

2. Strengthening the Validity of Unity Protocols in LMICs: The success validated the op-
erational utility of complex, multi-visit, longitudinal WHO Unity protocols (HHTI,
HCW) in India, which included sophisticated data collection and sequential biological
sampling (RT-PCR and serology).

3. Advanced Technical and Analytical Capacity: The WHO trainings provided the team
the opportunity to learn sophisticated skills in planning and analysis, including
calculating complex parameters.

4. Established Networking and Global Visibility: Strong operational partnerships were built
with WHO and with national institutes. This infrastructure, facilitated by key WHO
personnel, positioned HIMSR as a regional center of expertise and contributed to
global standardization efforts.

5. Multidisciplinary Workforce Development: The projects required the recruitment and
training of specialized staff (trained healthcare workers, phlebotomists, data man-
agers), enhancing local capacity for rapid deployment research.

Challenges Faced

1. Methodological Ambiguity in Key Parameter Calculation: As discussed earlier, it was
hard to obtain accurate estimates of parameters like the incubation period and the
serial interval due to continuous daily household exposure and the non-specificity of
symptomatic definitions.

2. Sampling and Follow-up Biases: The use of convenience sampling (in HHTI and HCW
cohort studies) for index case recruitment and the high rates of non-response and loss
to follow-up may have led to possible selection bias, validity, questionable generaliz-
ability and lower statistical accuracy. The exclusion of hospitalized participation in
the HHTI study resulted in the cohort omitting the most severely affected segment of
the population, but was essential exclusion criteria as per HHTI Unity protocol.

3. Low enrolments during inter-peak transmission: Our studies (HHTI and HCW cohort
studies) spanned through many transmission cycles, with very high infection trans-
mission in the early phase and with new strain and dropping to a low level in between.
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With low positivity during inter-peak transmission combined with high rates of non-
response, we had to adapt protocol deviation and enrolled participants retrospectively.
In HHTI, to help with enrolment, we also expanded our target population, involved
other districts in Delhi, and worked with their district health authorities for data
sharing. The VE trial study also faced low enrolment and other partner sites stepped
in to compensate the low enrolment at HIMSR.

4. Confounding by Vaccination and IPC Measures: The unexpected early rollout of the
mass HCW vaccination campaign in the middle of the study severely confounded
the results, especially in the HCW cohort. It became impossible to immunologically
differentiate between infection-induced versus vaccine-elicited immune responses.
Furthermore, despite reporting high adherence to PPE and robust institutional IPC
measures, in the HCW study, we failed to find a significant protective association
between individual IPC measures and reduced seroconversion risk.

5. Resource and Logistics Constraints: Administrative delays impacted timelines. The
need to adapt protocols under time, budget, and human resource constraints led to
limitations in ancillary objectives, such as deferring genotyping studies, which would
have been useful for understanding variant transmission.

6. Proposed Unity Network for HHTI in India

The foundational capacity built by HIMSR during the COVID-19 pandemic response
facilitated its transition and positioned it as a regional network site within the WHO
Unity Studies Network (WHO Unity 2.0) [15]. This strategic move formalizes HIMSR’s
commitment to resilient pandemic preparedness, aligning with the global goals of the
PRET and WHOs Mosaic respiratory surveillance framework [2]. This initiative is centered
on exercising standardized protocols during inter-pandemic “peace time” with quick
action during novel disease outbreaks [2,16]. Below, we have detailed the network’s plans
for structure, methodology, network expansion, and capacity building, emphasizing the
transition from local expertise to a national resource.

A. Strategic Alignment and Core Objectives of the Unity Studies network site at HIMSR:

The HIMSR network site is strategically located in the WHO South-East Asia Regional
Office (SEARO) chapter of the Unity Studies network, where it is responsible for carrying
out the standardized Unity Studies. This network aims to increase the evidence-based
knowledge for action, promote international comparability of epidemiological investiga-
tions, and support national public health and social measures [15]. The Unity Studies 2.0
initiative requires the establishment of a global operational network of sites prepared for
the rapid assessment of novel respiratory viruses [2]. HIMSR solidified this commitment
by having its senior management sign the Terms of Reference (ToR) with the WHO in
December 2024 [13].

HIMSR’s role as a regional network site is primary in systematically implementing
the rigorous methodology and exercising investigations at Nodal and satellite sites during
inter-pandemics (e.g., seasonal influenza) to maintain operational readiness [2,15]. This
aligns with the “Mosaic Respiratory Surveillance Framework,” where Unity Studies act as
specialized tools that enhance routine systems [2,14]. In the proposed network, HIMSR
will function as a Unity Studies network site, responsible for liaising with the WHO,
coordinating administration activities, conducting training, consolidating reporting, and
carrying out the mandatory tasks of adapting and exercising one of the Unity protocols
during the inter-pandemic period. This is being piloted by HIMSR’s adaptation of HHTI in
an ongoing study [16]. This “exercising” phase is crucial for strengthening preparedness
and rapid response mechanisms. This comprehensive approach ensures that HIMSR
generates essential new knowledge and integrates existing fragmented regional evidence to
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guide policy, vaccination strategies, and public health capacity thus ensuring preparedness
for a future pandemic [13,17].

B. Exercising Readiness—Primary Research Focus for 2025: HHTI on Influenza and RSV

The immediate priority is exercising the core HHTI protocol adapted for Influenza A,
Influenza B, and Respiratory Syncytial Virus (RSV) among Delhi residents, commencing in
2025 [13,16,17]. This is justified by the rising burden of these viruses and aligns with WHO
guidance and HIMSR’s proven institutional expertise in respiratory pathogen research [17].
Given the deteriorating air quality in India’s capital, this research may also uncover the
extent of undocumented respiratory illnesses [18].

C. Protocol Adaptation and Scope Limitation: Based on lessons of resource constraints
during the COVID-19 projects, the ongoing HHTI study is designated as a pilot study with
strict scope limitations [17]:

e  Pathogen: Focus shifted from a novel pathogen to Influenza A and B and RSV. Testing
utilizes RT-PCR via the GeneXpert system (Xpert Xpress Flu/RSV test cartridges) for
the simultaneous detection and differentiation of Influenza A and B and RSV viral
RNA, utilizing in-house accredited PCR facilities

e  Sampling Strategy (Pilot Phase—Oct to Nov 2025): The initial pilot is strictly con-
strained by time, budget, and human resources. It targets a small sample size of five
index cases and all their household contacts to validate the adapted methodology
before scaling.

e Data Collection Schedule: Simplified sampling schedule with only nasal samples on
day 1 and day 7, with a symptom diary kept until day 14. Serological testing is not
planned for this phase.

e  Deferred Objectives: Advanced analyses, including the calculation of incubation
period, serial interval, RO, and genomic analysis, are deliberately excluded from the
pilot phase due to time, budget, and size constraints. The focus is limited to achievable
primary outcomes like SIR and SCAR, thus a part of scope limitation.

D. Network Expansion and Collaborative Expertise (Satellite Sites)

As a Unity Studies network site, HIMSR’s responsibility extends to peripheral institu-
tions or “Satellite Sites” to strengthen and expand the Unity Studies Network across India.
This network expansion is essential for fulfilling the strategic goal of achieving wide geo-
graphical and demographic representation, a critical component of global preparedness [2].

1. Proposed Satellite Sites: The satellite sites will perform the program tasks of exer-
cising Unity protocol, in consultation with the Nodal network site. HIMSR has proposed
and invited several premier academic and research institutions across India as potential
satellite sites for coordinating future HHTI exercises. These institutions demonstrated their
commitment and research capacity during the COVID-19 Unity Studies and will utilize
their experiences.

This distributed network strategy ensures the Nodal site can rapidly scale up surveil-
lance efforts in diverse geographical and health system contexts when a novel pathogen
emerges (Figure 3).
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Figure 3. Medical institutes proposed for inclusion in the HHTI Unity Network, India. Footnote:
Hamdard Institute of Medical Sciences and Research (HIMSR), New Delhi India; Government
Medical College, Srinagar; Maulana Azad Medical College, Delhi; Amrita Institute of Medical
Sciences, Kochi; Government Medical College, Agartala; Malla Reddy Institute of Medical Sciences
(MRIMS), Hyderabad; SMIMER Medical College, Surat; Government Medical College, Nagpur;
Jawaharlal Nehru Medical College, Aligarh; S.N. Medical College, Jaipur; Jawaharlal Nehru Institute
of Post Graduate Medical Education & Research (JIPMER), Pondicherry, and ICMR- National Institute

of Virology (NIV), Pune. Sites highlighted with Grey color are proposed satellite sites and with green
color is WHO reference lab.

2. Nodal network site Responsibilities and Requirements: To ensure the effective
function of the network, all Unity Studies Network Sites, including HIMSR, must adhere
to stringent duties outlined in the Terms of Reference (ToR). These duties include the
following [19]:

e  Designated Focal Point: The site must have a designated site Principal Investigator

(PI)/Focal Point to coordinate investigations and liaise with the WHO Country Office.
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e  Technical Participation: Sites must participate in relevant conference calls to identify
and collaboratively solve issues early in the investigation phase, promoting interna-
tional collaboration and sharing preliminary global findings.

e  Research Translation: By exercising standardized protocols and establishing multi-
institutional collaborations, all Unity Studies Network Sites are strengthening the
research—policy—practice interface, promoting the generation of evidence that can
influence policy, thereby addressing a critical need in LMICs where translation sup-
porting structures are traditionally weak.

e Knowledge Sharing and Laboratory Links: The network aims to utilize the isolated
expertise across India by creating a platform for shared learning and joint mentorship
among participating sites. Another important benefit is that sites would have access
to a designated a national-level laboratory which is a WHO Collaborating Center and
National Influenza Centre of India and WHO Global H5 reference lab under GISRS
(NIV, Pune) [19]. In addition, the sites must be willing and prepared to share isolates
and specimens with the WHO Collaborating Centers.

e Data Analytics and Expertise: Sites require access to a dedicated data analytics team
to perform rapid analysis. The HIMSR team’s analytical capacity, supported by
WHO India and WHO HQ, involving complex analysis, is foundational to fulfilling
this requirement.

3. Benefits of Participation and Equity: Participation in the Unity Network provides
significant benefits, particularly for LMICs [2,15]. Sites are recognized globally as a center
of expertise, enabling the unlocking and mobilization of knowledge across geographic and
disciplinary boundaries. The network facilitates capacity building by offering skills training
in study implementation, laboratory testing, data management, and statistical/modeling
analyses [2]. The overall initiative promotes research equity by ensuring that high-quality,
standardized research is feasible and supported in LMICs, reducing the historical publi-
cation bias towards high-income countries. The WHO provides access to standardized
and harmonized tools, such as generic field questionnaires, data collection tools, and data
analysis scripts, promoting interoperability among sites [16].

E. Bridging Research and Systems Capacity

The function of the HIMSR network site extends beyond data collection to ensure
the effective translation of research findings into policy. This aligns with wider national
acknowledgment of the importance of building Health Systems Research.

1. Science Translation for Decision-Makers: The role of government, health authorities,
and policymakers in sustained engagement within the Unity Studies Network is centered
on transforming high-quality research into actionable public health policy and securing
operational support. Timely dissemination of findings is crucial to update guidance and
inform local, national, and international public health responses. The ultimate goal is for
the standardized HHTI data to be available to decision-makers and key stakeholders to
inform timely policy-relevant decisions [16]. The standardized HHTI data must be made
available to decision-makers and key stakeholders to enable them to inform timely, policy-
relevant decisions. This translational goal ensures that timely dissemination of findings
updates guidance and informs local, national, and international public health responses.
To facilitate this, the Unity protocols provide toolkits and training on how to communicate
with different audiences and address policy-makers” questions.

2. Addressing Methodological Rigor for Aggregation: For the data collected by the
HIMSR and its network to be pooled and effectively contribute to global policy [2,10],
methodological rigor must be consistently high [6]. The WHO Unity team developed
specialized tools, such as the HHTI Critical Appraisal Checklist, consisting of 12 questions
covering 10 aspects like context, household definition, and follow-up quality, to assess
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potential for bias and suitability for aggregation [6]. The HIMSR commits to ensuring its
implementation meets these high standards.

3. Sustained Engagement: The establishment of the Regional network site contributes
to overcoming the historical insularity of expertise. By fostering formal collaborations
between diverse institutions, the network site promotes a necessary collective level of
capacity building. This mechanism helps ensure that the generated evidence is locally
relevant and improves the research—policy—practice interfaces, which are often traditionally
weak in LMICs. The lessons learned from other Indian capacity-building initiatives, such
as the need to align research topics with policy-makers’ interests for better buy-in, are
intrinsically integrated into the network site’s mission to provide timely, actionable data
during future outbreaks [13].

F. Budgetary and Ethics Considerations

Sustained operation requires robust financial planning. With the changing health
financing global scenario and reduction in WHO financial support to the LMIC, the need
for internal financial resource generation and co-funding by the network institutions for
sustainable project implementation highlighted the scale of resources required. With the
previous experiences during the COVID-19 HHTI study, the largest cost components
were for testing samples, followed by costs for Infection Prevention and Control (IPC)
materials, transport, and personnel costs. The Unity Studies network site operates on
catalytic WHO support, emphasizing co-funding by HIMSR to ensure sustainability and
country ownership. Furthermore, the WHO commits to providing support for protocol
finalization, financial oversight, monitoring, analysis, and dissemination of data.

The successful conduct of the HHTI requires meticulous adherence to Infection Pre-
vention and Control (IPC) measures, necessitating consistent funding for PPE and waste
disposal. Adhering to ethical standards, including obtaining written informed consent in
the local language, adequate data management and maintaining participant confidentiality
through assigned identification numbers are also resource intensive and non-negotiable.
Furthermore, the study must undergo rigorous ethical clearance processes, including ap-
proval from local (HIMSR) and WHO SEARO Ethics Review Committees for the study.
Focusing on the principle of justice, the operational philosophy of the Unity Studies Net-
work is based upon the global objective of promoting research equity.

7. Conclusions

The HIMSR team’s rigorous execution of three distinct WHO Unity protocols between
2020 and 2021—HHTI, HCW cohort, and VE study—marked a significant contribution to
both national and global understanding of SARS-CoV-2 dynamics, validating the critical
role of standardized operational research in pandemic response. Key findings and vital
epidemiological data provided immediate, context-specific evidence necessary for refining
and implementing effective local public health measures.

The program effectively developed robust technical and human resource capacities,
especially through close collaboration and networking with the WHO (HQ, SEARO, India
Country Office) and utilization of global tools. Critical lessons learned included the neces-
sity of managing confounding variables and addressing the methodological complexity of
estimating transmission parameters in high-contact settings.

This experience provided the necessary operational capacity and intellectual foun-
dation for HIMSR’s designation as a WHO Unity Studies Network Site. The strategic
transition focuses on sustaining preparedness through the 2025 HHTI pilot study on en-
demic respiratory pathogens (Influenza/RSV). By rigorously adhering to standardized
protocols, focusing on practical capacity building, and actively expanding a national
network of collaborating institutions, the HIMSR ensures that India develops a resilient
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operational research infrastructure capable of rapidly providing standardized, high-quality,
and contextually relevant data to guide effective public health responses against future
respiratory threats.

Author Contributions: Conceptualization, Y.A., FI, M.A,, R.G., M.H., N.L.B., A.B. and PRW.,;
methodology, Y.A., FI, M.A,, RG., AS, M.H,, K.Y, MR, S.B., N.L.B., A.B. and PR.W.; investigation,
Y.A. and FI,; resources, Y.A., EI., M.A., R.G., and M.H.; data curation, Y.A., FI,, R.G., and M.H;
writing—original draft preparation, Y.A., F1, M.A,, R.G,, AS, M.H,, K.Y,, M.R, S.B.,, N.L.B., A.B. and
PR.W,; writing—review and editing, Y.A., EI, M.A,, R.G., A.S.,, M.H, K.Y, M.R,, S.B.,, N.L.B,, A.B.
and PR.W,; visualization, Y.A.; supervision, FI.,, A.S., and M.H.; project administration, Y.A. and EL;
funding acquisition, F.I., M.A., M.H. and PR.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the World Health Organization under the Pandemic Influenza
Preparedness Partnership Contributions (PIP-PC) Work Plan for 2024-2025 and the APC was funded
by the World Health Organization.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of Hamdard Institute of Medical
Sciences and Research, New Delhi (HIMSR /IEC/00378/2025, dated 15 September 2025) and WHO
SEARO Ethics Review Committees (2025.19.ind dated 15 September 2025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We are thankful to the Delhi state health department, South-East Delhi district
authority, South Delhi district authority for technical support during the COVID-19 Unity study. We
are thankful to the WHO HQ, SEARO, and India county office for technical and financial support.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of the data; in the writing of the
manuscript; or in the decision to publish the results.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are
solely those of the individual author(s) and not that of the organization for whom they work as
well as of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any
injury to people or property resulting from any ideas, methods, instructions or products referred to
in the content.

Abbreviations
CI Confidence Interval.

CONSISE  Consortium for the Standardization of Influenza Seroepidemiology.
COVID-19  Coronavirus Disease 2019.

FEX First Few X Cases and Contacts Protocol.

GISRS Global Influenza Surveillance and Response System
HAHC Hakeem Abdul Hameed Centenary Hospital.

HCW Health Care Worker or Health Worker.

HHC Household Contacts.

HIMSR Hamdard Institute of Medical Sciences and Research.
HHTI Household Transmission Investigation.

ICMR Indian Council of Medical Research.

IPC Infection Prevention and Control.

1P Incubation Period.

LMIC Low- and Middle-income Country

NABL National Accreditation Board for Testing and Calibration Laboratories

https://doi.org/10.3390/v18020198
147



Viruses 2026, 18, 198

OR

PI

PPE
PRET
RSV
RT-PCR
SAR
SARS-CoV-2
SEARO
SIR

ToR

VE

WHO
WHO HQ

Odds Ratio.

Principal Investigator.

Personal Protective Equipment.

Planned Preparedness and Resilience for Emerging Threats.
Respiratory Syncytial Virus.

Reverse Transcription Polymerase Chain Reaction.
Secondary Attack Rate.

Severe Acute Respiratory Syndrome Coronavirus 2.
South-East Asia Regional Office.

Secondary Infection Rate.

Terms of Reference.

Vaccine Effectiveness.

World Health Organization.

WHO Headquarters

References

1.

10.

11.

Islam, E; Alvi, Y.; Ahmad, M.; Ahmed, F; Rahman, A.; Singh, FH.D.; Das, A.K.; Dudeja, M.; Gupta, E.; Agarwalla, R.; et al.
Household transmission dynamics of COVID-19 among residents of Delhi, India: A prospective case-ascertained study. IJID Reg.
2023, 7, 22-30. [CrossRef] [PubMed]

Bergeri, I.; Boddington, N.L.; Lewis, H.C.; Subissi, L.; von Dobschuetz, S.; Rodriguez, A ; Jara, J.; El Naja, H.A.; Barakat, A.;
Rashidian, A.; et al. WHO's Investigations and Studies, Unity Studies: A global initiative creating equitable opportunities for
enhanced surveillance, operational research, capacity building, and global knowledge sharing. Influenza Other Respi. Viruses 2024,
18, €13256. [CrossRef]| [PubMed]

WHO. Household Transmission Investigation Protocol for Coronavirus Disease 2019 (COVID-19) (Version: 2.2). 2020. Avail-
able online: https://iris.who.int/server/api/core/bitstreams/481af62d-bb64-40fa-b836-09bfc41500de / content (accessed on
11 October 2025).

WHO. Protocol for Assessment of Potential Risk Factors for Coronavirus Disease 2019 (COVID-19) Among Health Workers in a
Health Care Setting (Version: 2.2). 2020. Available online: https://www.who.int/publications/i/item/protocol-for-assessment-
of-potential-risk-factors-for-2019-novel-coronavirus-(2019-ncov)-infection-among-health-care-workers-in-a-health-care-setting
(accessed on 11 October 2025).

Bergeri, I.; Lewis, H.C.; Subissi, L.; Nardone, A.; Valenciano, M.; Cheng, B.; Glonti, K.; Williams, B.; Abejirinde, 1.0.0.; Simniceanu,
A.; et al. Early epidemiological investigations: World Health Organization Unity protocols provide a standardized and timely
international investigation framework during the COVID-19 pandemic. Influenza Other Respi. Viruses 2022, 16, 7-13. [CrossRef]
[PubMed]

Price, D.J.; Spirkoska, V.; Marcato, A.J.; Meagher, N.; Fielding, J.E.; Karahalios, A.; Bergeri, I.; Lewis, H.; Valenciano, M.; Pebody,
R.; et al. Household transmission investigation: Design, reporting and critical appraisal. Influenza Other Respi. Viruses 2023,
17, €13165. [CrossRef] [PubMed]

Dudeja, M.; Shaikh, A ; Islam, F; Alvi, Y.; Ahmad, M.; Kashyap, V.; Singh, V.; Rahman, A.; Panda, M.; Shree, N.; et al. Assessment
of Potential Risk Factors for COVID-19 among Health Care Workers in a Health Care Setting in Delhi, India—A Cohort Study.
PLoS ONE 2023, 18, €0265290. [CrossRef] [PubMed]

Das, A.K; Islam, F; Alvi, Y.; Dudeja, M.; Ahmad, M.; Rahman, A.; Roy, S.; Ahmed, M. SARS-CoV-2 infection and seropositivity
among household contacts of laboratory confirmed cases of COVID-19 in residents of Delhi, India. Prev. Med. Rep. 2024,
38, 102603. [CrossRef] [PubMed]

Bhatnagar, T.; Chaudhuri, S.; Ponnaiah, M.; Yadav, PD.; Sabarinathan, R.; Sahay, R.R.; Ahmed, F.; Aswathy, S.; Bhardwaj, P.;
Bilimale, A.; et al. Effectiveness of BBV152/Covaxin and AZD1222/Covishield vaccines against severe COVID-19 and B. 1.617.
2/Delta variant in India, 2021: A multi-centric hospital-based case-control study. Int. J. Infect. Dis. 2022, 122, 693-702. [CrossRef]
[PubMed]

Lewis, H.C.; Marcato, A.].; Meagher, N.; Valenciano, M.; Villanueva-Cabezas, ].P,; Spirkoska, V.; Fielding, J.E.; Karahalios, A.;
Subissi, L.; Nardone, A.; et al. Transmission of SARS-CoV-2 in standardised First Few X cases and household transmission
investigations: A systematic review and meta-analysis. Influenza Other Respir. Viruses 2022, 16, 803-819. [CrossRef] [PubMed]
Dudeja, M.; Sharma, P;; Islam, E; Shaikh, A.; Singh, EH.; Alvi, Y,; Kashyap, V.; Mariam, W.; Das, A K.; Haque, S.F; et al. A
hospital-based prospective cohort study to assess the factors associated with transmission dynamics of SARS CoV-2 among
healthcare workers in Delhi. F1000Research 2022, 11, 728. [CrossRef]

https://doi.org/10.3390/v18020198
148



Viruses 2026, 18, 198

12.

13.

14.

15.

16.

17.

18.

19.

WHO. Strengthening Pandemic Preparedness Through Unity Studies: Real-World Applications from India in
WHO’s South-East Asia Region. 14 October 2025 Departmental Update New Delhi, India. 2025. Available online:
https:/ /www.who.int/southeastasia/news/detail /14-10-2025-strgthng-pandemic-Unity-studies (accessed on 20 October 2025).
WHO. Seventy-Eighth World Health Assembly Agenda Item 16.2: WHO Pandemic Agreement. World Health Organization:
Geneva, Switzerland, 2025. Available online: https://apps.who.int/gb/ebwha/pdf_files/WHA78/A78_R1-en.pdf (accessed on
16 October 2025).

WHO. Mosaic Respiratory Surveillance Framework. Surveillance for Respiratory Viruses of Epidemic and Pandemic Poten-
tial. World Health Organization. 2023. Available online: https://www.who.int/initiatives/mosaic-respiratory-surveillance-
framework (accessed on 2 October 2025).

Unity Studies Global Network: A Global Initiative to Strengthen Pandemic Preparedness Response. P.A.H.O./W.H.O. 2025. Avail-
able online: https:/ /www.paho.org/en/news/6-10-2025-Unity-studies-global-network-global-initiative-strengthen-pandemic-
preparedness-and (accessed on 20 October 2025).

Unity HHTI Protocol. Household Transmission Investigation (HHTI) Template Protocol for Respiratory Pathogens with
Pandemic Potential. World Health Organization. 2023. Available online: https://cdn.who.int/media/docs/default-
source/documents/epp/respiratory-unity-study/unity-studies_g2_hhti.pdf?sfvrsn=fe7bladc_2 (accessed on 1 October 2025).
Islam, E; Alvi, Y.; Gautam, R.; Zenodo. Household Transmission Investigation (HHTI) & Associated Risk Factors for Influenza
A, Influenza B and Respiratory Syncytial Virus (RSV) Infection Amongst Residents of Delhi, India. 2025. Available online:
https:/ /zenodo.org/records /17446050 (accessed on 2 September 2025).

Dutta, A.; Jinsart, W. Air pollution in Delhi, India: It’s status and association with respiratory diseases. PLoS ONE 2022,
17, €0274444. [CrossRef] [PubMed]

WHO. Terms of Reference for Unity Studies Network Sites in the WHO SEARO Region (September 2024). 2024. Available on-
line: https:/ /cdn.who.int/media/docs/default-source/documents/epp /respiratory-unity-study / tor_unity-studies-2.0-network-
sites_sept-2024ea2f2186-44a2-4354-bdbc-c25e72b376b4.pdf?sfvrsn=b4c7963b_3 (accessed on 2 September 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/v18020198
149






MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Viruses Editorial Office
E-mail: viruses@mdpi.com

www.mdpi.com/journal/viruses

/

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Guest Editor. The publisher is not responsible for their content or any associated concerns. The
statements, opinions and data contained in all individual articles are solely those of the individual
Editor and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-7834-5




