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DENV-2 patients
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SUMMARY

Dengue virus (DENV-2) remains a global threat, yet the influence of age, sex, and menstrual status on its
epidemiology and genetic diversity is underexplored. We analyzed 2136 hospitalized DENV-2 patients
(ages 0-86) using whole-genome sequencing (WGS) to examine how these host factors shape interhost viral
diversity and clinical manifestations. Young adult males (19-35 years) had the highest prevalence with sex-
based clinical differences where females exhibited severe hematological changes, while males showed
increased hepatic injury. Premenopausal females harbored more diverse viral populations, whereas post-
menopausal women experienced pronounced platelet depletion. Dengue virus WGS identified 1100336
single nucleotide variants (SNVs) across 2932 genomic positions, with greater viral diversity in adults and fe-
males. Significant SNV burdens were observed in the E, NS3, and NS5 genes of the virus. These intercon-
nected findings underscore the profound impact of age, sex, and menstrual status on DENV-2 epidemiology

which merits inclusion into the disease pathophysiology.

INTRODUCTION

Dengue, caused by the dengue virus (DENV) and transmitted by
Aedes mosquitoes, is a widespread and a vector-borne disease
of concern, particularly in the tropical and subtropical regions,
where it remains a significant public health threat." Climate
change, particularly rising temperatures and altered precipita-
tion patterns, enhances the breeding and survival of Aedes
mosquitoes, the primary vectors of dengue.”* Warmer tempera-
tures accelerate the mosquito life cycle, leading to higher trans-
mission potential. Additionally, elevated temperatures can in-
crease the extrinsic incubation period of the virus within
mosquitoes, potentially affecting viral replication rates and trans-
mission efficiency.4 Furthermore, climate-induced changes in
vector distribution have expanded the geographic range of
dengue, introducing the virus to new regions and populations.®®
This expansion can lead to interactions with diverse host genetic
backgrounds, potentially driving viral evolution and influencing
virulence. However, direct evidence linking climate change
to increased dengue virulence remains limited, and further
research is necessary to elucidate these complex interactions.
The clinical manifestations of dengue vary widely, ranging from

mild flu-like symptoms to severe, life-threatening conditions
such as dengue hemorrhagic fever (DHF) and dengue shock syn-
drome (DSS).” Moreover, the dengue infection is commonly
associated with alterations in the hematological parameters/liver
dysfunction, with total leukocyte count (TLC) and platelet count
reductions being among the most observed and reliable indica-
tors of the disease severity, often leading to immune dysfunction
and complications such as vascular leakage, bleeding, and or-
gan failure.®"" Liver damage in dengue is thought to be driven
by both direct viral cytopathic effects and immune-mediated
injury, often indicated by elevated levels of AST (aspartate
aminotransferase) and ALT (alanine aminotransferase), which
are key biomarkers of liver injury.'* '8

Besides the comprehensive comparison of clinical parame-
ters, with a focus on potential predictive markers for severe
dengue (DSS/DHF), demographic factors such as age and sex
can also be considered as risk factors for progression of the
disease.'® Children are often more susceptible to severe plasma
leakage and (DSS) due to immature immune systems.?® Older
adults, on the other hand, have a growing proportion of
dengue cases, with adults over 50 years experiencing an
increased mortality linked to comorbidities such as diabetes

‘l) iScience 28, 112478, May 16, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1

hck for
Updates

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).


http://creativecommons.org/licenses/by-nc/4.0/
mailto:rajeshp@igib.in
https://doi.org/10.1016/j.isci.2025.112478
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112478&domain=pdf

¢? CellPress

OPEN ACCESS

and cardiovascular diseases.”'>° While previous research has
reported that males are often more affected by dengue than fe-
males,? ?® findings vis-a-vis hematological responses vary with
some studies reporting higher thrombocytopenia and leuko-
penia in males,?® while others note increased leukopenia in fe-
males.®° This fluctuation in blood components holds significance
not only in terms of disease progression but also with regard to
sex-specific responses that may be influenced by the menstrual
cycle in females.®' Rosin et al.*” reported that platelet function,
including platelet-leukocyte interactions, varies with menstrual
cycle phases, particularly peaking at ovulation due to estrogen’s
effects that may influence susceptibility to thromboembolic and
inflammatory conditions. Studies have suggested that platelet
reactivity is altered in response to the menstrual cycle.®* How-
ever, this aspect remains largely unexplored in the context of
dengue infection, particularly in how it may impact premeno-
pausal (<50 years) and postmenopausal (>50 years) females
differently. This gap in the literature is particularly noteworthy
because the menstrual cycle-related changes in blood parame-
ters could potentially modify the severity of dengue infection,
adding a layer of complexity that has not been fully investigated.

The genome of DENV is a single-stranded RNA that encodes a
polyprotein, which is subsequently cleaved into 10 proteins.
These include three structural proteins: C (capsid), prM (Precur-
sor membrane), and E (envelope) which play crucial roles in virus
assembly and host cell entry. Seven non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are known to
be involved in viral replication, immune modulation and RNA syn-
thesis. More specifically, the E (envelope) protein is essential for
viral attachment and fusion with the host cell membrane, facili-
tating entry into target cells. It serves as a primary target for
neutralizing antibodies, and SNVs in this region can modulate
antigenicity, potentially impacting immune recognition and vac-
cine efficacy.®” The prM (pre-membrane) protein, which matures
into the M protein, plays a key role in viral assembly and release.
It protects the E protein during virion assembly and contributes
to antibody-dependent enhancement (ADE), a phenomenon
where sub-neutralizing antibodies facilitate viral entry into Fc re-
ceptor-bearing cells, potentially exacerbating disease severity.*°
The NS3 protein exhibits dual functionality as a serine protease
and RNA helicase. Its protease domain processes the viral poly-
protein into functional units required for replication, while the
helicase activity unwinds viral RNA, ensuring efficient genome
replication. Additionally, NS3 has been implicated in counteract-
ing host immune responses, particularly by interfering with inter-
feron signaling pathways.*® The NS5 protein, a multifunctional
enzyme, plays a pivotal role in viral replication as an RNA-depen-
dent RNA polymerase. It also acts as an interferon antagonist by
inhibiting STAT2 phosphorylation, thereby suppressing host
antiviral responses and promoting immune evasion.®” In addition
to these, the NS1 protein, a secreted glycoprotein, is involved in
immune modulation and endothelial dysfunction. It has been
shown to interact with host immune components, contributing
to vascular leakage, a hallmark of severe dengue. NS1 is also
a major diagnostic marker and a potential target for therapeutic
intervention.®® The significance of these viral proteins under-
scores the potential impact of genetic variations in shaping dis-
ease pathogenesis and host-virus interactions. Studies with low
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sample numbers have explored the genetic variability and evolu-
tion of the DENV genomes,**~*' highlighting their critical role in
shaping disease outcomes and clinical manifestations in dengue
patients. Additionally, research has identified potential links be-
tween specific genetic variations in the DENV genome and
disease severity.*>™** For example, valine to methionine substi-
tution in the ancC position, although will not much alter its hydro-
phobicity due to the same property of the amino acid being
changed, it is associated with the dengue with warning signs
and severe dengue. For example, a valine-to-methionine substi-
tution in the ancC protein of DENV-2 has been linked to severe
dengue cases.”® Experimental studies by Prestwood et al.
demonstrated that asparagine-to-aspartic acid and lysine-to-
glutamic acid substitutions in the E protein of DENV-2 led to se-
vere disease in mice.“® However, the impact of host factors (age,
sex, and menstrual status) on interhost viral diversity remains
underexplored, offering more possibilities for the investigation.
Therefore, the present study aims to investigate age- and sex-
based differences in shaping the interhost genetic diversity of
DENV-2 vis-a-vis interhost clinical manifestations of dengue,
with a particular focus on premenopausal vs. postmenopausal
females, during the 2023 dengue outbreak in National Capital
Region of Delhi (DELHI-NCR), India. By integrating clinical and
genomic insights, this research seeks to enhance understanding
of host-virus interactions, particularly in age- and sex-specific
immune responses and viral adaptation, to improve dengue
management strategies. Given the large population base of In-
dia, approx. 1.4 billion people with 50% being females, study in-
sights from this would have wider implications at the population
level.

RESULTS

Higher DENV-2 prevalence in young adult males
compared to females (19-35 Years)

Demographic parameters such as age and sex could play a
pivotal role in shaping the epidemiology of dengue, influencing
susceptibility, clinical severity, immune response, and social de-
terminants of health. Understanding these differences is crucial
for improving disease management and reducing the dengue
burden in an endemic region. For this, the patients with dengue
infection were identified using the NS1 antigen (NS1-Ag) test and
confirmed by serotype-specific qRT-PCR. Additionally, suc-
cessful whole genome sequencing of DENV-2 from RNA isolated
directly from clinical serum samples validated the diagnosis in all
2136 patients (Figure 1A). The study cohort of 2136 dengue pa-
tients represent all age groups (ranging from 0 to 86 years) and
both sexes (male and female). Based on the demographic
data, the following study sub-groups were defined: 1) The first
subgroup comprised 1844 adult patients (age >12 years) with
further stratification of male (n = 1040) and female (n = 804) pa-
tients; 2) A subgroup of children (age <12 years) (n = 292) with
boys (n = 178) and girls (n = 114); 3) In addition, to examine
how intricate hormonal changes in premenopausal and post-
menopausal females may impact dengue epidemiology, a sub-
set of female patients (n = 804) was specifically selected. This
subgroup was further divided into two arms: premenopausal
females (n = 676) and postmenopausal females (n = 128)
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Figure 1. Study design and methodology for investigating DENV infections in patients

(A) Experimental workflow including NS1-Ag-positive serum sample collection, RNA isolation, and serotype detection, followed by whole genome sequencing
and data interpretation.

(B) Study overview including 2136 DENV-2 positive patients with further classification based on age and sex to investigate the possible association of the de-
viations in the clinical parameters with age and sex. Of total 2136 dengue patients, adult = 1844, child = 292. Of adults (1844), male = 1040, female = 804. Of
females (804), premenopausal female = 676, postmenopausal female = 128. Of child = 292; boy = 178, girl = 114.

(C) Age- and sex-wise prevalence of DENV-2 infection in the study cohort. The highest prevalence was observed in the 19-35-year age group, with a higher
proportion of male patients in most age groups, except for the 36-55 and 56-75-year age groups. Data are represented as median +/— SEM. The significance was
calculated using the Mann-Whitney U-test (p < 0.05). This figure was created using premium licensed version of Biorender.com.*®

(Figure 1B). Overall, the stratified cohort design enables a
detailed investigation into the influence of sex and age on
dengue epidemiology. Blood parameters, including platelet
count and leukocyte and hemoglobin levels, are vital in
understanding how hormonal fluctuations influence disease sus-
ceptibility, immune response, and clinical outcomes in female
patients, particularly during menstrual cycle.”” Therefore, exam-
ining the premenopausal and postmenopausal female groups
can provide insights into the impact of these variations on dis-
ease progression. Furthermore, to examine age- and sex-asso-
ciated risks in dengue, we analyzed the age- and sex-specific
patterns of DENV-2 infection in our dataset, where the highest
prevalence of DENV-2 infection was found in the 19-35-year
age group, followed by the 36-55-year group. Male patients
were more affected than female patients across most age
groups, except for the 35-55 and 56-75-year age groups, with

a statistically significant difference in the 19-35 age group
(p < 0.05) (Figure 1C).

Age and sex display differential spectrum of clinical
manifestations across dengue patients

To investigate the differences in clinical manifestations of
dengue, we conducted a comparative analysis of hematological
and liver function parameters across age and sex subgroups.
Adult vs. child

The comparative analysis of hematological parameters revealed
distinct patterns between adult and pediatric (child) dengue
patients. In adults, 45.75% and 51.75% had low platelet counts
and total leukocyte count (TLC), respectively, while only 25.42%
and 25.70% of pediatric patients exhibited these abnormalities.
A Mann-Whitney U test revealed that the differences in the pro-
portions of adults and children with low platelet counts and TLC
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were statistically significant (Tables 1 and S1; Figures 2A and
2C). While not statistically significant, pediatric patients showed
higher rates of low mean corpuscular volume (MCV: 63.52%)
and mean corpuscular hemoglobin (MCH: 56.84%) compared
to the adults (MCV: 18.18%, MCH: 20.63%), while red blood
cell (RBC) count depletion was more prominent in the adult pa-
tients (47.17%). These findings suggest that adult dengue pa-
tients are more prone to thrombocytopenia, leukopenia, and
RBC depletion, whereas pediatric patients exhibit more reduc-
tions in MCV and MCH levels during dengue infection.

Furthermore, it is crucial to highlight that the liver is the most
vulnerable organ prone to damage during a dengue infection.
The extent of liver dysfunction or potential damage is typically
assessed by measuring liver enzyme levels in the blood of
dengue patients.’? In our study, pediatric patients showed a
significantly higher prevalence of elevated liver enzyme levels,
including aspartate transaminase (AST: 80.6%), alanine trans-
aminase (ALT: 39.19%), and alkaline phosphatase (97.96%),
compared to the adult patients (62.58%; 49.06%; 19.25%),
respectively, although the absolute levels of AST and ALT were
significantly higher in adults than in children (Table 2,
Figures 2B and 2D). This indicates potential age-related differ-
ences in liver impairment during dengue infection, with children
experiencing a higher proportion of liver enzyme alterations,
while adults demonstrate more pronounced hepatic injury.
Male vs. female
Following the analysis of differences in clinical manifestations
between the adult and child patients, we also examined the
sex-wise variations in the hematological profiles, i.e., across
male and female dengue patients. A higher proportion of females
had low hemoglobin (57.95%) and packed cell volume (PCV:
44.54%) compared to males (hemoglobin: 16.39%, PCV:
19.56%). Both sexes showed reduced TLC, with more males
(49.27%) affected by low platelet counts than females
(41.30%). Interestingly, a higher percentage of female patients
(61.43%) showed increased red cell distribution width (RDW)
compared to male patients (41.49%) (Figures 2E and 2G). Fe-
males exhibited a greater susceptibility to reductions in hemo-
globin, PCV, RBC, and TLC, potentially suggesting that hormon-
al or physiological factors may exacerbate the impact of dengue
infection in this demographic subgroup.

A significantly higher proportion of female patients exhibited
increased liver enzymes, including (AST: 78.71%), (ALT:
58.63%), and gamma-glutamyl transpeptidase (GGTP: 43.54%)
compared to the male patients (AST: 63.32%; ALT: 54.14%;
GGTP: 39.26%) (Figure 2F). However, the median of these en-
zymes was significantly lower in females than in males
(Figure 2H). This discrepancy may reflect sex-related differences
in enzyme activity and metabolic responses, with females
showing more subtle liver dysfunction and males exhibiting
more severe hepatic injury.*®™"

Premenopausal female (PrF) vs. postmenopausal

female (PoF)

We further explored the clinical differences between the premen-
opausal female (PrF) and postmenopausal female (PoF) dengue
patients to uncover potential hormonal or physiological influ-
ences on disease manifestations. Across PrF and PoF patients,
significant differences were observed in the TLC and platelet
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counts, with 54.26% of PoF patients having low platelet counts
compared to 38.89% of PrF. Conversely, a higher proportion
of PrF (59.43%) exhibited a drop in TLC compared to PoF,
50.54% of whom demonstrated TLC below the normal range.
Similarly, a greater proportion of PrF patients demonstrated a
decrease in the MCH (30.43%) and MCV (26.47%) compared
to the PoF patients, indicating possible differences in the eryth-
ropoiesis and RBC morphology (Figures 21 and 2K). On the other
hand, PoF patients showed a higher prevalence of increased
RDW (66.67%) compared to the PrF patients (60.45%) (Figure
2J). Interestingly, despite this, the absolute levels of RDW were
significantly higher in PrF patients compared to the PoF
(Figure 2L), suggesting that while variability was more prevalent
in PoF, the magnitude of the changes was greater in PrF patients.
Moreover, the comparative profiling of liver enzyme levels in
the blood of dengue patients revealed that a higher proportion
of PoF patients exhibited increased AST (86.89%), ALT
(68.25%), alkaline phosphatase (34.69%), and GGTP (53.06%)
levels, compared to the PrF (76.24%, 55.81%, 18.24%, and
40.36%, respectively); however, the difference was observed
to be non-significant (Table S2). These findings suggest that
age and hormonal status influence hematological and hepatic
responses in dengue, emphasizing the importance of appro-
priate clinical monitoring in the PrF and PoF patients.
Boy vs. girl
Comparative profiling of hematological and liver parameters be-
tween boys and girls revealed similar proportions of patients ex-
hibiting reductions in hemoglobin, PCV, TLC, and platelet count
during dengue virus infection. This uniformity suggests that sex
does not significantly influence the hematological response to
dengue infection in children. Unlike adults, where sex-specific hor-
monal or physiological factors may exacerbate or mitigate disease
manifestations, the relatively equal hormonal baseline in prepu-
bescent boys and girls could account for this similarity (Figure S1).

Age, sex, and menstrual cycle status distinctly shape
the interhost genetic diversity of DENV-2

The genetic diversity of DENV is pivotal in determining a virus pop-
ulation’s adaptability and fitness, influencing clinical manifesta-
tions and disease outcomes in dengue patients.>”>* Therefore,
to assess the influence of host-associated factors such as age,
sex, and menstrual cycle status on the interhost genetic diversity
of the virus, we conducted variant calling analysis on 2136
DENV-2 genomes with average genome coverage of 88.1%
(Mode: 94.2%) ranging from 50.12% to 98.8%. The study identi-
fied single nucleotide variants (SNVs) at 2932 genomic positions
and a total of 1100336 SNVs, demonstrating the extent of genetic
diversity acquired by the DENV-2 population in human hosts
across a diverse range of age, sex, and menstrual cycle statuses.
We further categorized the SNVs according to the age, sex, and
menstrual cycle status of the patients, as outlined in the study
design. The SNVs count across each phenotype vis-a-vis the
DENV-2 genome coverage is tabulated in the Table S3. Addition-
ally, the phylogenetic analysis was done categorically for the
groups and the result was depicted in the Figures S2-S5. Interest-
ingly, no distinct clustering was observed in the phenotype
subgroups. Moving forward, in the adult vs. child group, 53.4%
(n = 1566) SNVs were exclusively found in the DENV-2 genomes
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Table 1. Clinical manifestations of dengue patients below the reference range (low) across age and sex subgroupings (Mann Whitney U-test)

Clinical

parameters Adult Child Sig Male Female Sig Boy Girl Sig PrF PoF Sig

Hemoglobin 11.6 (6.9-12.94) 11.3(6.2-11.94) *** 121 (5.9-12.9) 11 (6.1-11.95) e 11.2 (6.2-11.9) 11.6 (8.5-11.94) ns 11(6.1-11.95) 10.8 ns

(7.4-11.9)

Packed Cell, 36.2 (20.1-39.9) 32.45(24.5-33.8) *** 38.15(20.1-39.9) 33.5(20.8-35.9) *** 33.8(24.5-35.8) 33.5(29.2-35.9) ns 33.6(20.8- 33.4 ns

Volume 35.9) (25.5-35.8)

Total Leukocyte 3 (0.9-3.95) 3.4 (1.9-3.9) ***3.1(0.9-3.95) 2.8 (0.9-3.93) e 3.7 (1.8-4.9) 3.7 (1.8-4.9) ns 2.8(0.9-3.9) 3.1 **

Count (TLC) (1.5-3.93)

RBC 412 (1.68-4.49) 3.5 * 4.29 (2.51-4.49) 3.55(1.68-3.79) ** 3.495(3.24-3.75) NA NA 3.555(1.68- 3.55(2.82- ns
3.79) 3.79)

MCV 78.6 (50.3-82.9) 78.55(50.4-82.9) ns 79.4(57.4-82.9) 78.15(50.3-82.9) ns 78.7 (50.4-82.8) 78.5(59.5-82.9) ns 77.4(50.3- 80.1 (66.7- *
82.9) 82.5)

MCH 25.3(12.4-26.9) 24.9(12.6-26.9) ns 25.4(17.8-26.9) 25(12.4-26.9) ns 25.3(12.6-26.9) 24.7(18.1-26.8) ns 24.75(12.4- 26 (20.2- **
26.9) 26.9)

MCHC 30.9 (24.6-31.4) 30.85(25.1-31.4) ns 31 (27.4-31.4) 30.9 (24.6-31.4) ns 30.7 (25.1-31.4) 30.95(27.8-31.4) ns 30.9 (24.6— 31(28-31.4) ns
31.4)

Platelet 100 (6-149) 121 (16-149) *** 100 (6-149) 100 (15-149) ns 123.5(16-147) 121 (40-149) ns 110.5(15- 84 (15-145) ***
149)

MPV 7.485 (6.3-7.79) 7.365 (6.7-7.7) ns 7.5(6.3-7.79) 7.4 (6.7-7.7) ns 7.33(6.7-7.7) 7.4 (6.8-7.7) ns 7.43(6.7-7.7) 7.4 NA

RDW NA NA NA NA NA NA NA NA NA NA NA NA

Neutrophils 35 (9-39.9) 31.25(8.1-39.9) ns 34.6(17-39.9) 35.5 (9-39.9) ns 30.8 (12-39.9) 33.9 (8.1-39.4) ns 35.4(9-39.1) 39.35 *

(38.8-39.9)

Lymphocytes 12.8 (1-19.9) 13 (3-19.2) ns 12.6 (1-19.9) 13 (2.7-19.9) ns 13.35(3-18.9) 13 (6.1-19.2) ns 12.75(2.7- 15(3.3-19) ns
19.9)

Monocytes 1.25 (0-1.7) 1.5 NA 1.7 1 NA NA 1.5 NA NA 0.75 (0-1.5) NA

Eosinophils 0.2 (0-0.9) 0.1 (0-0.9) ns 0.2 (0-0.9) 0.2 (0-0.9) ns 0.1(0-0.8) 0.2 (0-0.9) ns 0.1(0-0.9 0.2 (0-0.9) ns

Basophils 2.55 (2.1-3.4) NA NA NA NA NA NA NA NA NA NA NA

Absolute 1.48 (0.48-1.99) 1.41(0.37-1.98) ns 1.53(0.48-1.99) 1.42(0.6-1.99) ns 1.3(0.53-1.96) 1.46 (0.37-4) ns 1.395 (0.6— 1.685 *

Neutrophil 1.99) (0.85-1.98)

Count

Absolute 0.6 (0.2-0.9) 0.8 (0.2-0.9) ** 0.6 (0.2-0.9) 0.6 (0.2-0.9) **0.8(0.2-0.9 0.6 (0.3-0.9) ns 0.6 (0.2-0.9) 0.6 (0.2-0.9) ns

Lymphocyte

Count

Absolute 0.15(0.03-0.19) 0.16 (0.07-0.19) * 0.14 (0.04-0.19) 0.15(0.03-0.19) ns 0.17 (0.1-0.19) 0.14 (0.07-0.19) ns 0.15(0.04- 0.14 ns

Monocyte 0.19) (0.03-0.19)

Count

Absolute 0.01 0.01 ns 0.01 0.01 ns 0.01 0.01 ns 0.01 0.01 ns

Eosinophil

Count

(Continued on next page)
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Table 1. Continued

Clinical

parameters Adult Child Sig Male Female Sig Boy Girl Sig PrF PoF Sig

Absolute 0.01 0.01 ns 0.01 0.01 ns 0.01 0.01 ns 0.01 0.01 ns

Basophil

Count

Total Protein 6.18 (4.6-6.58) 6.52 (6.3-6.52) * 6.2 (5.09-6.58) 6.1 (4.6-6.55) ns 6.435(6.2-6.52) 6.57 NA 6.115 (4.6- 6.06 ns
6.54) (4.99-6.55)

Albumin 3.25 (2.4-3.4) NA NA 3.3(2.8-3.4) 3.2 (2.4-3.4) ns NA NA NA 3.2(2.8-3.4) 3.15 (2.4- ns

3.4)

Globulin 2.1 (1.4-2.2) 2.15 ns 2.1 (1.4-2.2) 2(1.8-2.2) ns 22(2.1-2.2) NA NA 2(1.8-2.2) 2.1(2-2.2) ns

A.G. 1.1 (0.7-1.1) NA NA 1.1(0.8-1.1) 1(0.7-1.1) ns NA NA NA 1(0.7-1.1) 1.1(0.8-1.1) ns

Bilirubin 0.2 (0.15-0.29) 0.24 (0.2-0.29) * 0.24 (0.19-0.26) 0.2 (0.15-0.29) ns 0.21(0.2-0.29) 0.24 (0.2-0.29) ns 0.2 (0.15- 0.205 (0.2- ns

(Total) 0.29) 0.21)

Bilirubin NA NA NA NA NA NA NA NA NA NA NA NA

(Direct)

Bilirubin 0.05 (0.01-0.09) 0.01 NA 0.05(0.03-0.09) 0.035 ns 0.01 NA NA 0.035 (0.01- NA NA

(Indirect) 0.06)

Transaminase NA NA NA NA NA NA NA NA NA NA NA NA

(AST)

Transaminase NA NA NA NA NA NA NA NA NA NA NA NA

(ALT)

Alkaline 13.4 NA NA 134 NA NA NA NA NA NA NA NA

Phosphatase

GGTP NA NA NA NA NA NA NA NA NA NA NA NA

(Gamma

GT), Serum
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of adult patients, while only 4.5% (n = 131) SNVs were unique to the
DENV-2 genomes of child patients (Figure 3A). This differential
acquisition of SNVs highlights the potential role of age-related se-
lection pressures on viral evolution. Additionally, 42.1% (n = 1235)
SNVs were commonly present in the genomes of both adult and
child patients, suggesting the development of genomic variation
under similar host selection pressures. To further explore the gross
interhost genetic diversity, we calculated the Shannon entropy for
both adult and child patient groups. Notably, greater interhost ge-
netic diversity was observed in the DENV-2 genomes from the
adult patients compared to those from the child patients
(Figure 3B), underscoring the potential impact of host-specific fac-
tors on viral diversity.

Furthermore, in the adult group of patients, 29.8% (n = 836)
SNVs were uniquely found in DENV-2 genomes from male pa-
tients, while 17.7% (n = 495) SNVs were exclusive to the ge-
nomes from female patients. Additionally, 52.5% (n = 1470)
SNVs were commonly present in both male and female patients
(Figure 3C). This underscores the importance of sex as a signif-
icant factor in shaping viral genetic variation and highlights that
while male and female hosts may exert distinct selective pres-
sures on the virus, they also share common selection pressures
that may drive the acquisition of genetic variation. Interestingly,
the genetic diversity of female patients was observed to be
slightly higher than that of male patients (Figure 3D).

Similarly, in the pediatric group of patients, 26.6% (n = 263)
SNVs were unique to boy patients, and 10.2% (n = 140) SNVs
to girl patients, with 63.2% shared between them (Figure 3E).
This suggests that in the child group, sex differences may not
play a significant role in influencing interhost genetic diversity.
Instead, child patients may exhibit a higher proportion of
shared SNVs, which collectively shape genetic variation and
exert selective pressure on viral evolution. Notably, genetic di-
versity was observed more in boys compared to girls
(Figure 3F).

Lastly, in the premenopausal female (PrF) and postmeno-
pausal female (PoF), 45.4% (n = 893) of SNVs were unique
to PrF, while only 4% (n = 79) of the SNVs were unique to
PoF. They also share 50.6% (n = 994) of SNVs (Figure 3G).
Additionally, we have observed that the PrF exhibited higher
genetic diversity compared to PoF (Figure 3H). This suggests
that the hormonal and physiological characteristics of
female patients may significantly influence the interhost
genetic diversity of the dengue virus. Conclusively, the genetic
diversity and unique SNV patterns indicate host factors
driving the heterogeneity in interhost evolution and immune
response.®0:%°

iScience

Significant SNV burden observed in E, NS3, and NS5
regions of DENV-2 genomes across age and sex
groupings

With the differential genetic diversity observed vis-a-vis age/sex
groupings, we further expanded our exploration of DENV-2
genomic and genetic features across the different phenotypes.
In the adult vs. child comparison, the frequency of the SNV spec-
trum was comparatively higher in NS3, NS4A, and NS4B regions
of the genome, with children exhibiting a comparatively higher
frequency of SNVs in the C gene (Figure 4A). A chi-square test
was applied to assess the significance of SNV burden across
genes, considering their presence or absence in adult and child
groups. The analysis revealed a significant SNV burden in all
genes except ancC (Figure 4B), highlighting substantial genomic
variability between these age groups.

In line with this comparison, the premenopausal female (PrF)
vs. postmenopausal female (PoF) group also showed higher fre-
quencies of the SNV spectrum in NS2A, NS3, and NS4B,
whereas PoF showed higher frequencies in C, ancC, prM, and
M (Figure 4G). SNV burden was observed in all the genes except
5'UTR, ancC, and M (Figure 4H). In contrast, the male vs. female
cohort exhibited a similar frequency of SNV spectrum
throughout the genome (Figure 4C), and SNV burden was
observed in E, NS3, NS4B, and NS5 regions (Figure 4D). Simi-
larly, in the boy vs. girl, frequencies of the SNV spectrum are
higher in E, NS1, and NS3 in boys, whereas the girls showed
elevated frequencies in the C and M genes (Figure 4E). Further,
SNV burden was exhibited in E, NS71, NS3, NS4A, and NS5
(Figure 4F). Physiological features such as age and sex can
significantly influence the SNV burden observed in different re-
gions of the DENV-2 genome. Variations in host immune re-
sponses, which are often age- and sex-dependent, may lead
to differential selection pressures on the virus, affecting its ge-
netic diversity and evolution during infection.>”

Age- and sex-specific patterns of significant SNVs in key
DENV-2 genes reveal differential selection pressures
and viral adaptation
To investigate the involvement of SNVs across different de-
mographic subgroups, we focused on significant genes iden-
tified through the gene burden analysis (E, NS3, and NS5).
Fisher’'s exact test and the phi correlation coefficient were
used to determine significant SNVs and their associations
with specific age and sex associated groups, revealing
distinct SNV patterns.

A total of 142 significant SNVs were identified in the E, NS3,
and NS5 genes, with 82 SNVs associated with the adult and 60

Figure 2. Differential clinical manifestations of dengue infection across age, sex, and menstrual cycle status

(A and B) Bar graph representing percentage of patients (A) below and (B) above the reference range for each clinical parameter in the adult vs. child subgroup.
(C and D) Boxplots showing significant deviations for selected clinical features between adult and child for (C) low (below) and (D) high (above) reference range.
(E and F) Bar graph representing percentage of patients (E) below and (F) above the reference range for each clinical parameter in the male vs. female subgroup.
(G and H) Boxplots showing significant deviations for selected clinical features between male and female for (G) low (below) and (H) high (above) reference range.
(I and J) Bar graph representing percentage of patients (l) below and (J) above the reference range for each clinical parameter in the premenopausal female vs.

postmenopausal female subgroup.

(K'and L) Boxplots showing significant deviations for selected clinical features between premenopausal female and postmenopausal female groups for the (K) low
(below) and (L) high (above) reference range. Data are represented as median +/— SEM. Significance was calculated using Mann Whitney U-test and is denoted as
*, where * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001.
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Table 2. Clinical manifestations of dengue patients above the reference range (high) across age and sex subgroupings (Mann Whitney U-test)

Clinical (9]
parameters Adult Child Sig Male Female Sig Boy Girl Sig PrF PoF Sig [>)
Hemoglobin 17.52 (17.02-20.78) 16 (15.1-16.9) v 17.52 (17.02-20.78) 15.44 (15.31-15.9) ** 16 (15.5-16.9) 15.9 ns 15.9 15.38 (15.31—- NA -
(15.1-16.7) 15.5) 8
Packed Cell, 51.9 (50.1-60.2) 42 (40.2-53.3) **** - 51.9 (50.1-60.2) 47.5 (46.1-49.6) e 4715 (46.1-53.3)  50.6 ns 47.1 47.65 (46.1- ns
Volume (46.5-52) (46.5-47.7) 49.6)
Total Leukocyte 12.4 (10.4-24.6) 10.65 (10.08-16.5) * 12.4 (10.4-23.6) 12.75(10.8-24.6) ns 16.3(13.8-16.5) NA NA 11.6 13.7 (10.8- ns
Count (TLC) (10.8-12) 24.6)
RBC 5.73 (5.51-7.24) 5.085 (4.81-6.52) **** 578 (5.51-7.24) 4.99 (4.81-6.14) **5.09 (4.81-6.52) 5.07 ns 4.99(4.81- 5(4.84-56) ns
(4.81-6.32) 6.14)
MCV 104.8 (101.1-124) NA NA 104.7 (101.1-119)  105.2 (101.4-124) ns NA NA NA 105.65 104 (101.4- ns
(101.6-124) 104.3)
MCH 33.6 (32.1-40.1) NA NA 33.55 (32.1-39.8) 33.8 (32.1-40.1) ns NA NA NA 33.65 (32.1- 34.1(32.3- ns
40.1) 34.7)
MCHC 35 (34.6-36.5) 35.4 (34.6-36) ns 35 (34.6-36.5) 34.8 (34.6-35.7) ns 35.3(34.6-35.7) 35.6 ns 34.8(34.6- NA NA
(34.6-36) 35.7)
Platelet 551 435.5 (412-652) NA NA 551 NA 441 430 NA NA 551 NA
(412-652)
MPV 12.5 (11.27-17.8) 12.4 (11.3-16.1) ns 12.4(11.29-17.8) 12.5(11.27-16.8) ns 12.1(11.3-14.1) 12.4 ns 12.6(11.27- 12.2 ns
(11.3-16.1) 16.8) (11.3-15.4)
RDW 15.6 (14.6-29.4) 15.6 (14.6-24.5) ns 15.4 (14.6-21.7) 15.9 (14.6-29.4) e+ 15.5 (14.6-24.5) 15.75 ns 159(14.6- 154 **
(14.6-20.6) 29.4) (14.6-20.3)
Neutrophils 83.25 (80.1-94) 82.4 (80.2-89.4) ns 83 (80.1-94) 84 (80.3-92.7) * 82.8 (80.2-88) 82 ns 83.95(80.3—- 86.2 (80.4- ns
(81.5-89.4) 92.7) 87.5)
Lymphocytes 45 (40.1-67.2) 52.5 (40.1-80.3) w45 (40.1-67.2) 45.35 (40.3-64.4) ns 51 (40.1-79) 53.45 ns 45.4(40.3- 45 (42.7- ns
(42-80.3) 64.4) 51.1)
Monocytes 12 (10.1-25.7) 12.05 (10.1-19.5) ns 12 (10.1-25.7) 12.1 (10.1-21) ns 12 (10.1-19.5) 12.5 ns 12(10.1-20) 12.4 ns
(10.4-18) (10.3-21)
Eosinophils 7.85 (6.4-18.5) 6.8 NA 8.55 (6.4-18.5) 7.85 (6.7-16.1) ns 6.8 NA NA 8.35(6.7- 7.45(6.9-8) ns
16.1)
Basophils NA NA NA 2.3 (2.1-2.8) 3.4 NA NA NA NA NA 3.4 NA
Absolute 8.11 (7.06-22.18) 7.89(7.39-11.34) ns 8.11(7.06-22.18) 8.075 (7.07-21.53) ns 7.965 (7.39-11.34) 7.66 ns 7.63(7.07- 12.08(9.86- **
Neutrophil (7.65-7.75) 9.74) 21.53)
Count
Absolute 3.3(3.1-6.9) 3.7 (3.1-9.2) ns 3.3(3.1-6.9) 3.7 ns 3.45(3.1-9.2) 3.8(3.2-6.9) ns NA 3.7(3.6-3.8) NA
Lymphocyte
Count
Absolute 1.2 (1.03-2.33) 1.31 (1.01-1.93) ns 1.23(1.08-1.66) 1.165(1.03-2.33) ns 1.31(1.01-1.93) NA NA 1.16(1.03- 2.33 NA
Monocyte 1.31)
Count

(Continued on next page)
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Table 2. Continued

Clinical

parameters Adult Child Sig Male Female Sig Boy Girl Sig PrF PoF Sig

Absolute 1.3 (0.56-1.54) NA NA 1.54 0.93 (0.56-1.3) NA NA NA NA 0.56 1.3 NA

Eosinophil

Count

Absolute NA 0.11 NA NA NA NA 0.1 NA NA NA NA NA

Basophil

Count

Total Protein 8.48 (8.31-8.85) NA NA 8.565 (8.43-8.85) 8.3 ns NA NA NA 8.3 NA NA

Albumin 5.3 NA NA 5.3 NA NA NA NA NA NA NA NA

Globulin 3.8 (3.64.3) NA NA 3.8 (3.6-4.2) 3.7 (3.6-4.3) ns NA NA NA 3.95 3.6 (3.6-4) ns

(8.6-4.3)

A.G. 1.7 (1.6-3.3) 1.8 (1.6-2.2) ns 1.7 (1.6-3.3) 1.7 (1.6-2.5) * 1.75(1.6-2.2) 1.8 ns 1.65 1.7 (1.6-2.2) ns
(1.6-1.9) (1.6-2.5)

Bilirubin 1.455 (1.22-10.59) NA NA 1.435(1.22-10.59) 1.59 (1.22-4.06) ns NA NA NA 1.6 1.58 ns

(Total) (1.22-2.1) (1.3-4.06)

Bilirubin 0.3 (0.21-5.53) 0.24 (0.23-0.3) ns 0.3 (0.21-5.53) 0.3 (0.21-2.66) ns 0.24(0.23-0.3) NA NA NA 0.34 NA

(Direct) (0.21-2.66)

Bilirubin 1.15 (1.01-5.06) NA NA 1.12 (1.01-5.06) 1.23 (1.05-1.47) ns NA NA NA 1.47 1.2 (1.05-1.4) NA

(Indirect)

Transaminase 108 (50.03-36826) 70 (35.3-337) *** 107 (50.03-11143) 95 (36-36826) ** 76 (35.3-337) 60 ns 94.5 97.2 (36.1- ns

(AST) (89-279) (36-8805) 36826)

Transaminase  88.5 (50.6-5785) 58.2 (35.2-163) **** 89 (50.6-5785) 73 (36-5345) ** 55 (35.2-163) 76 ns 71 76.2 (36— ns

(ALT) (87-139) (36-2349) 5345)

Alkaline 154.38 (121-791) 216 (123-351) ***180.8 (123-791) 143.5 (121-403) ns 217.6 (123-351) 195 ns 146.83 142 (122- ns

Phosphatase (136-324) (121-349) 403)

GGTP 105 (56-707) 61 (45-77) ns 111.5(58-707) 79 77 45 NA 78(39-318) 79 (39-547) ns

(Gamma

GT), Serum
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5 The Venn diagram depicts the percentage and
§4 counts of common and unique SNVs, and the
-E violin plot shows the genetic diversity.
g3 (A) Shared and unique SNVs of adult vs child.
(;;6,/6.) (};;) % , ’ (B) Genetic diversity of adult vs child.
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(E) Shared and unique SNVs of boy and girl pa-
Adult Child tients.
C D (F) Genetic diversity of boy and girl.
6 (G) Shared and unique SNVs of premenopausal
Male Female female and postmenopausal females.
'%‘5 (H) Genetic diversity of premenopausal female
g 4 and postmenopausal female.
a
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(29.8%) (525%) 17.7%) (Qp:’ ) )
. | ' group. Further in NS5, of the total 60
significant SNVs, 33 are associated with
Male Female the adult and 27 with the child group
(Figure 5C). Five non-synonymous SNVs
E F . .
Boy Girl 6 are observed—three in the child group
> (GA7820G [Gly85fs], T8308C [Tyr247-
;E . His], and T8381C [lle271Thr]) and two in
A the adult group (G7613A [Ser15Asn] and
70 7o . § 3 A962.SG' '[Ile687VaI]). In the NS5 gene,
(26.6%) (©32%) (102%) 382 31 significant synonymous SNVs were
L identified in the adult, compared to 24 in
the child group.
Boy Girl In the adult group, there are 10 signifi-
G H cant SNVs, with 7 associated with male
Premenopausal Postmenopausal . and 3 with female groups, where all 10
Female(PrF) Female (PoF) are synonymous SNVs (Figure S6). How-
2s ever, all the SNVs except one have less
§ 4 than 1% frequency, suggesting minimal
E_, 3 genomic differentiation between males
892 994 79 % and females. Similarly, in the PrF vs. PoF
(S48 S8 @ o? comparison, we observed 10 significant
1 SNVs, with 8 associated with PrF and 2
Premenopausal Postmenopausal with PoF. Both significant SNVs in the
Female Female PoF are observed in the NS5 region. All
the SNVs found here are synonymous,
T Adult B Child B Male £ Female © Boy 7 Girl F=1 Premenopausal 7 Postmenopausal i gjicating  limited functional —impact

with the child group. In the E gene, of the 35 significant SNVs, 11
of which were associated with the adult and 24 with the child
group. Notably, four non-synonymous SNVs were identified—
two in adult (A1426G [lle164Val] and A2105G [Asn309Ser]) and
two in child (G1092T [GIn52His] and A2386G [lle484Val))
(Figure 5A). The number of significant synonymous SNVs associ-
ated with the adult and child group in the E gene are 9 and 22,
respectively. Among 47 significant SNVs in NS3, 38 are associ-
ated with the adult group and 9 with the child. Three non-synon-
ymous SNVs are found to be associated with the adult group
(G5338A [Val273lle], A5520G [lle333Met], and A5902G
[lle461Val]) (Figure 5B). The NS3 gene harbored 35 significant
synonymous SNVs in the adult group and 9 in the child

(Figure 5E). In contrast, a total of 34 signif-

icant SNVs are found in the child group,
with 33 associated with the boy and only one with the girl group.
This group included 17 SNVs in NS3 with all synonymous SNVs
and 17 SNVs in NS5 with four non-synonymous (C8062T
[Leu165Phe], G8572A [Val335lle], C9499A [GIn644Lys], and
C9512T [Ala648Val]) and 14 synonymous associated with the
boy group (Figure 5D). These findings highlight notable sex-
related differences in the genomic variations within the cohort.

Age/sex specific associations for the significant SNV
burden genes (E, NS3 and NS5)

To explore the relationship between viral SNVs and demo-
graphic factors, we performed a logistic regression incorpo-
rating age and sex groups. Our findings reveal distinct

iScience 28, 112478, May 16, 2025 11
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Figure 4. SNV spectrum and gene burden profile across age/sex groupings
The dual line plot represents trends of the SNV spectrum across the DENV-2 genome, and the bar graph depicts the SNV burden in the genes with significant

asterisks.

(A) SNV spectrum of adult vs. child.

(B) SNV burden in genes for adult vs child.
(C) SNV spectrum of male vs female.

(D) SNV burden in genes for male vs female.
(E) SNV spectrum of boy vs. girl.

(F) SNV burden in genes for boy vs. girl.

(G) SNV spectrum of premenopausal female vs. postmenopausal female.
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associations of SNVs in E, NS3, and NS5 genes with different
phenotype subgroups (Figure 6), suggesting potential age-
and sex-specific selection pressures on viral evolution.

12 iScience 28, 112478, May 16, 2025

In the Male group, NS3 exhibited a strong positive association
(coef = 7.3794, p = 0.022), suggesting its significant role in viral
adaptation among adult males. Interestingly, in the Boy group,
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Figure 5. Significant SNVs in E, NS3, and NS5 genes associated with specific age/sex
The bubble plot represents the significant SNVs in the respective groups with frequencies as the size of the bubble, and non-synonymous SNVs are represented

in red font.

(A) Significant SNVs from E gene of adult vs. child.

B) Significant SNVs from NS3 gene of adult vs. child.
C) Significant SNVs from NS5 gene of adult vs. child.

(
(
(D) Al significant SNVs from boy vs. girl.
(

NS3 was negatively associated (coef = —10.8069, p = 0.039),
indicating a differential effect compared to the males, possibly
reflecting age-dependent immune pressures or differential
host-virus interactions in children. The E and NS5 genes dis-
played group-dependent variability. The E gene demonstrated
a strong positive effect in the Girl (coef = 21.3622, p = 0.065)
and Boy (coef = 16.9, p = 0.08) groups, though the p-values
were marginally above the significance threshold. This suggests
that immune escape SNVs in the E gene are more prominent in
children than in adults, highlighting a potential age-specific se-
lection pressure on the viral entry mechanisms. Meanwhile,
NS5 SNVs were preferentially associated with females, with a
positive effect in PoF (coef = 28.8001, p = 0.073) and PrF
(coef =4.19, p = 0.1). This suggests that SNVs in NS5, which is
critical for viral replication and immune modulation, may be
more frequently observed in the female patients, possibly re-
flecting sex-specific differences in the immune responses and
disease progression. These results collectively indicate that
host demographic factors may influence the selection and fixa-
tion of viral SNVs, contributing to dengue virus evolution in a
population-specific manner.

DISCUSSION

Dengue virus (DENV) infection has become an escalating global
health concern, marked by its intricate interplay between host
demographic factors, hematological parameters, and genetic
variability.°®°” The increasing rates of single nucleotide varia-
tions (SNVs) in the DENV genome highlight the virus’s remark-

E) All significant SNVs from PrF vs. PoF. Data are represented as median +/— SEM.

able ability to adapt to host immune pressures and environ-
mental changes, further emphasizing the urgent need for
robust clinical and community genomic surveillance sys-
tems.”**"*® These efforts are crucial not only for unraveling
the evolutionary dynamics of DENV but also for understanding
the clinical implications of its genetic diversity. This study delves
into these aspects, specifically investigating the influence of age,
sex, and menstrual cycle status on dengue severity. By exam-
ining the clinical manifestations and genetic diversity of the virus
during the 2023 dengue outbreak in Delhi, India, the research
provides valuable insights into how host demographics intersect
with viral genetic variability to shape disease outcomes.

In this study, we observed the prevalent DENV-2 infection
among the early adult age group (19-35 years), followed by the
36-55-year age group. This finding is in line with several previous
studies where dengue infections are highest among younger
adult groups.®??°9°" Younger individuals are more exposed to
mosquito bites due to occupational, educational, and recrea-
tional activities in urban settings like Delhi, where high Aedes ae-
gypti densities and poor waste management facilitate dengue
transmission.®? Also, among the age group of 19-35, male pa-
tients were observed to be predominantly and significantly in-
fected with DENV compared to the females. Several studies
have reported a higher prevalence of dengue fever among males
compared to females, as observed in research from Malaysia,
western Uttar Pradesh, and other parts of India.®*°° This trend
may be partly attributed to societal and cultural norms, with
males often engaging in more outdoor activities, increasing their
exposure to mosquito bites. Interestingly, we observed an
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increase in the proportion of the female population over the age
of 36 years with DENV infection. This higher prevalence could be
associated with a combination of immunological, physiological,
and social factors within the female.

The dengue infection is understood through the perspective of
hematological and liver function parameters, which are suggestive
indicators of disease severity.®® The reduction within the total
leukocyte count (TLC) and thrombocytes (platelets) is often
considered an early indicator to assess disease severity in dengue
infection.®” Our analysis identifies adults as being more prone to
thrombocytopenia and leukopenia when compared to pediatric
patients, suggesting impairment of the immune response thus
contributing to the worsening of the disease.'***® Moreover,
the liver function disparities, with children showing higher preva-
lence but adults exhibiting greater severity of enzyme abnormal-
ities (AST and ALT), underscore the age-associated variations in
dengue’s hepatic manifestations, likely influenced by the differ-
ences in metabolic activity and liver resilience.®® Sex-specific dif-
ferences in dengue’s impact further reflect the influence of biolog-
ical and physiological factors. Female patients demonstrated
greater susceptibility to reductions in hemoglobin, PCV, and
RBC counts, as well as a higher prevalence of elevated RDW, sug-
gesting increased erythropoietic stress. This heightened vulnera-
bility could be linked to menstrual blood loss, which lowers hemo-
globin levels and RBC counts, amplifying the hematological
impact of dengue.”” Hormonal factors such as estrogen may
modulate immune responses and erythropoiesis, potentially exac-
erbating the hematological impact of dengue in females.”’ Male
patients were found to exhibit elevated levels of liver enzymes,
including AST, ALT, and GGTP, pointing to sex-related differences
in enzyme activity, liver size, and metabolic rates, indicating
possible hepatic injury in male patients.”?

The comparison between premenopausal female (PrF)
and postmenopausal female (PoF) patients highlighted signifi-
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P-value & Estimate 95%CI Figure 6. Multivariate analysis depicting
the association of demographics (age and
sex) with SNVs across significant genes
Forest plot showing the effect size (odds ratio) in
the x axis and their dependent variable £, NS3 and
NS5 for the respective demographic groups in the
y axis, with their p-value and confidence interval
on the parallel y axis.

p=0.073[-2.73, 60.33]
p=0.604[-11.67, 20.06]
p=0.423[-20.69, 8.68]
p=0.198[-47.74, 9.91]
p=0.845[-21.94, 26.79]
p=0.090[-23.10, 1.66]
p=0.853[-6.13, 7.41]

p=0.022[1.06, 13.70] cant differences in hematological and he-

patic profiles, likely influenced by hor-
monal changes associated with aging
and menopause. The PoF patients were
more likely to exhibit thrombocytopenia
and elevated RDW, indicative of impaired
hematopoietic recovery and heightened
erythropoietic stress. Conversely, PrF
patients showed greater reductions in
TLC, MCH, and MCV, suggesting a
distinct pattern of immune and erythro-
poietic response in this group.’® Hepatic
parameters also varied, with PoF patients
exhibiting a higher prevalence of elevated
liver enzymes, including AST, ALT, and GGTP, which could
reflect age-related liver vulnerability and the absence of protec-
tive hormonal effects seen in younger females.”® These findings
underscore the complex interplay of age, hormonal status, and
immune responses in shaping the clinical manifestations of
dengue in women. Interestingly, the lack of significant sex differ-
ences among pediatric patients suggests that hormonal and
physiological differences, which become more pronounced after
puberty, play a minimal role in shaping dengue’s clinical impact
in children. This uniformity aligns with previous studies indicating
similar immune and hematological responses between boys and
girls in prepubertal stages, where extrinsic factors such as envi-
ronmental exposure may be more influential.”*

It is important to note that the difference in viral genetic diver-
sity could have significant implications for disease progression in
dengue patients.”>’® Patients with diverse viral populations
might experience more varied clinical manifestations, such as
wide-spectrum changes in hematological parameters as well
as deviations in the level of enzymes related to liver functions.”’
Therefore, we investigated the impact of the physiological char-
acteristics of the human host in shaping the interhost genetic di-
versity of the DENV-2 population sequenced directly from the
clinical serum samples of the dengue patients. Our findings un-
derscore the role of host-associated factors, such as age, sex,
and menstrual cycle status, in shaping the interhost diversity in
the viral genome and influencing its overall fitness. By analyzing
the 2136 DENV-2 genomes, we observed significant differences
in genetic diversity between different patient groups, suggesting
that host factors exert selective pressures that contribute to the
evolution of the virus within the host.

One of the most striking observations in our study was the dif-
ferential acquisition of SNVs in the viral genome between adult
and child patients. A majority of SNVs were unique to adult pa-
tients, while a smaller proportion were exclusive to child patients.
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This suggests that age-related factors, such as immune system
maturity, may influence the viral genome’s evolution.*® The
greater diversity of SNVs in adult patients, as evidenced by the
higher Shannon entropy, supports the idea that older individuals
experience more complex host-virus interactions, allowing for a
broader spectrum of viral variants to emerge. In contrast, the
lower diversity in child patients might reflect a less diversified im-
mune response, potentially leading to a more homogeneous viral
population®?.

Sex is another host factor that has appeared to influence
DENV genetic diversity. A higher proportion of SNV genomes
were unique in the DENV-2 sequenced from the male patients
(29.8%) as compared to the female patients, suggesting that
male and female patients exert different selective pressures on
the virus. One possible explanation could be the differences in
immune responses between males and females, which have
been well-documented in viral infections.>° Females generally
exhibit stronger innate and adaptive immune responses, which
could lead to a more robust selection of viral variants and result
in slightly higher interhost genetic diversity in females’® as
observed in our study. Interestingly, in child patients, sex differ-
ences in viral genetic diversity were less pronounced. Although
there was still a higher diversity of SNVs in boys (26.6%)
compared to the girls (10.2%), the proportion of shared variants
was substantially higher in children than in adults. This could
indicate that other factors, such as the immature immune system
in both male and female children, lead to less sex-based varia-
tioninthe viral response. Alternatively, it might reflect a more uni-
form selection pressure in children, where other factors, such as
genetics or environmental factors, play a greater role than sex in
shaping viral evolution.”®%°

The menstrual status of female patients emerged as another
important factor influencing viral genetic diversity. Our analysis
revealed that premenopausal female patients exhibited signifi-
cantly higher genetic diversity compared to the postmenopausal
age group females. Approximately 45.4% of SNVs were unique
to premenopausal females, suggesting that hormonal and phys-
iological changes associated with the menstrual cycle might play
a role in modulating immune responses and, consequently, viral
evolution. The shared SNVs between premenopausal and post-
menopausal females (50.6%) further suggest that some com-
mon selection pressures might influence both groups, but the
menstrual cycle status likely contributes to a distinct viral evolu-
tion pattern as previously reported in the case of SARS-CoV-2.°°

Within the virus, the intra-host genetic diversity is mostly
driven by the SNVs. In our study, the SNV burden among all
the inter-groups was significant for the genes E, NS3, and
NS5. The E protein plays a crucial role in the virus’s ability to
infect host cells, through mediating viral entry by interacting
with host cell receptors, allowing the virus to attach to and
fuse with the host cell membrane.?' Variations in the E protein,
through SNVs, can affect its structure and antigenicity, which
may influence viral infectivity and can affect how the immune
system responds to the virus, influencing disease progression.*’
The protease function of NS3 protein is critical for cleaving the
DENV polyprotein into its functional components, necessary
for viral replication.® NS3 also plays a role in immune evasion,
particularly by inhibiting the host’s innate immune response. It
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achieves this by interfering with the interferon signaling path-
ways, thereby suppressing the host's antiviral defenses.®®
SNVs in NS3 may enhance viral replication and immune suppres-
sion, contributing to persistent infection.? The NS5 protein pos-
sesses an RNA-dependent RNA polymerase (RdRp) domain,
responsible for synthesizing the viral RNA genome during repli-
cation.®® Beyond its role in viral replication, NS5 plays a signifi-
cant role in immune evasion by inhibiting type | interferon
signaling, which is essential for antiviral imnmune responses.®®
Meanwhile, NS5 SNVs can alter viral replication efficiency and
the virus’s ability to avoid immune detection, leading to variable
clinical outcomes in patients with underlying immune dysfunc-
tion.”:%8 By examining the diversity in these proteins, we can
gain insights into how host factors, such as age, sex, and men-
strual status, may influence viral evolution, ultimately shaping
disease outcomes in different populations. Interestingly, the
SNV burden acquired more significant SNVs associated with
child within the E gene, whereas the adult group exhibited
more significant SNVs linked with the NS3 gene. In children,
increased SNVs within the E gene may indicate adaptations
that allow the virus to evade the developing immune system,
potentially leading to more severe manifestations of dengue.
This aligns with previous findings where children are observed
at risk for severe dengue due to their unique immune pro-
files.®>99 Conversely, adults exhibiting increased SNVs in the
NS3 gene may help the viral evolution under different selective
pressures. The NS3 protein is crucial for viral replication and im-
mune evasion, and SNVs here could enhance viral fitness in
adults.®® Similarly, in the premenopausal females, the SNVs
are prevalent within the E gene, while postmenopausal females
exhibit increased significant SNVs associated with the NS5 re-
gion. Unfortunately, there are no studies highlighting the differ-
ences in hormones and physiology that shape the interhost ge-
netic diversity in DENV. This study could emphasize the critical
interplay between host factors and viral genetic diversity, under-
scoring the need for further studies to elucidate the role of hor-
monal and immune variations in shaping interhost viral evolution.

Finally, the findings from the multivariate analysis, underscore
the importance of demographic stratifications when interpreting
viral genetic diversity. While NS3 SNVs emerge as strong inde-
pendent predictors in specific groups, E and NS5 SNVs exhibit
population-dependent variability, suggesting that viral adapta-
tion is not uniform across the age and sex groups. The differential
patterns of SNV burden reinforce the idea that dengue virus dy-
namics is shaped by complex host-virus interactions that vary
across the demographic groups. This highlights the need for de-
mographic considerations in viral pathogenesis studies, ulti-
mately leading to a more precise understanding of dengue dis-
ease progression and immune modulation. This may help to
uncover the molecular mechanisms that underlie varying clinical
manifestations of dengue, providing a more comprehensive un-
derstanding of the disease.

Limitations of the study

This study provides important insights into the plausible influence
of host demographic factors on dengue infection and viral genetic
diversity in one of the dengue epidemic regions of the world; how-
ever, a few limitations must be acknowledged which will improve
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future studies on dengue. The relatively small sample size within
certain subgroups (albeit large sample size overall), particularly
postmenopausal females and pediatric patients, may limit the sta-
tistical power of our findings. Higher sample numbers for those in
future studies would be useful. Additionally, the analysis of hema-
tological and hepatic parameters was based on admission-time
clinical reports, lacking longitudinal data to capture disease pro-
gression. While we observed significant differences in viral genetic
diversity across the patient subgroups, the functional impact of
these SNVs on viral fithess and immune evasion remains unex-
plored. Furthermore, the lack of direct hormonal measurements
across the female patients prevents us from definitively linking
hormonal fluctuations to immune responses and viral evolution.
Lastly, as this study was conducted during a single outbreak in
Delhi, India, the future investigations that incorporates the findings
based on annual natural biological replicates would enhance our
understanding of the interplay between epidemiological factors
and clinical manifestations across dengue patients’ vis-a-vis ge-
netic diversity of DENV populations.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Rajesh Pandey (rajeshp@
igib.in).

Materials availability
This study did not generate new unique reagents and material.

Data and code availability

® DENV-2 genomic data has been uploaded to GISAID and is publicly
available as of the date of publication. Accession numbers are listed
in the key resources table. All the data reported in this paper will be
shared by the lead contact upon request.

® This paper does not report the original code.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Serum RNA extraction
TRUPCR® Dengue Virus
Serotyping Kit

LunaScript RT Supermix

Q5 High-Fidelity 2X Master Mix

NEBNext Ultra Il End Repair/
dA-Tailing Module

Native Barcoding Kit 24v14
AMPure XP
Qubit dsDNA HS Assay kit

QlAamp Viral RNA Mini Kit (250), Qiagen
3B BlackBio Biotech India Ltd

New England Biolabs
New England Biolabs
New England Biolabs

Oxford Nanopore Technology (ONT)
Beckman Coulter
Symbio (Thermo Fisher Scientific)

Cat. No. 52906
Cat. No. 3B237

Cat.
Cat.
Cat.

No. E3010L
No. M0494L
No. E7546L

Cat.
Cat.
Cat.

No. SQK-NBD114.24
No. A63881
No. Q32854

Deposited data

DENV-2 Nanopore Sequenced data

GISAID EpiArbo database

GISAID: EPI_SET_250401uc
[https://doi.org/10.55876/gis8.250401uc]

Software and algorithms

Dorado
minimap?2
AlignTrim
Artic Mask

Clair3
bcftools

SnpEff
Augur align

Nextstrain

iTOL

GraphPad Prism 9
R4.3.2

NA
Lieta
NA
NA

|.91

Zeng et al.”?
NA

Cingolani et al.**

Huddleston et al.®

Hadfield et al.”
Letunic et al.®®
NA

NA

https://github.com/nanoporetech/dorado; RRID: SCR_025883
https://github.com/Ih3/minimap2; RRID: SCR_018550
https://github.com/rin0005/minlON_align

https://github.com/artic-network/
fieldbioinformatics/blob/master/artic/mask.py

https://github.com/HKU-BAL/Clair3; RRID: SCR_026063

https://samtools.github.io/bcftools/bcftools.html;
RRID: SCR_005227

https://pcingola.github.io/SnpEff/; RRID: SCR_005191

https://github.com/nextstrain/
augur/blob/master/augur/align.py

https://nextstrain.org/; RRID: SCR_018223
https://itol.embl.de/; RRID: SCR_018174
https://www.graphpad.com/
https://www.r-project.org/; RRID: SCR_001905

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sample collection and patient demographics

The research was carried out in line with the Helsinki Declaration and received approval from the ethics board of the Council of Sci-
entific & Industrial Research-Institute of Genomics and Integrative Biology in Delhi, India (Reference Number: CSIR-IGIB/IHEC/2023-
24/04). All participants provided their written consent before taking part in the study. For participants below 18 years of age, formal
written consent was obtained from the parent/legal guardian. The study utilized serum samples collected from symptomatic dengue-
suspected patients presenting at Max Super Speciality Hospital, New Delhi, India, between June and November 2023. Serum
samples from patients testing positive for NS1 antigen (NS1-Ag) were transported daily to the laboratory at the CSIR-Institute of Ge-
nomics and Integrative Biology (CSIR-IGIB), New Delhi, under controlled cold storage conditions. Upon arrival, the samples were
aseptically transferred into 2 mL tubes, assigned unique barcode identifiers, and stored at —20°C until RNA extraction.

The study cohort comprised 2,136 NS1-Ag-positive dengue patients (age 0-86 years) from the DENV Genomic Surveillance of
2023, Delhi, India, enabling an in-depth investigation of age- and sex-specific differences in dengue epidemiology. Additionally, clin-
ical data, including complete blood count (CBC) and liver function test (LFT) results, were retrieved for a subset of patients from the
hospital’s electronic health records. Among the 2,136 patients, CBC reports were available for 1,756 individuals, while LFT reports
were obtained for 790 patients. Based on the demographic and major confounding factors (age and sex), the study design has been
classified into four groups: 1) Adult vs. Child comprised 1844 adult patients (age >12 years); 2) With further stratification of the Adult
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group, Male vs. Female male (n = 1040) and female (n = 804) patients; 3) A study group of children as Boy vs. Girl (age <12 years)
(n = 292) with the boy (n = 178) and girl (n = 114); 4) In addition, to examine how intricate hormonal changes in premenopausal
and postmenopausal females impact dengue epidemiology, a subset of female patients (n = 804) was specifically selected. This
group was further taken as Premenopausal Female (PrF) vs. Postmenopausal Female (PoF) as follows: premenopausal females
(n = 676) and postmenopausal females (n = 128).

METHOD DETAILS

RNA isolation and DENV serotyping

The frozen serum samples were thawed on ice prior to RNA extraction. Total RNA was isolated from 150 puL of each serum sample
using the QlAamp Viral RNA Mini Kit (Qiagen, Cat. No. 52906) according to the manufacturer’s protocol. The extracted RNA was
stored at —80°C for further analysis. RNA quality and concentration were assessed using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, USA). A portion of the extracted RNA was used for DENV serotyping through qRT-PCR. The serotyping was per-
formed with a DENV serotyping kit (TRUPCR, Cat. No. 3B237), following the provided protocol, which included both positive and
negative controls. The serotyping results indicate DENV-2 as the only serotype detected across all 2136 samples.

Library preparation and whole genome sequencing of DENV-2

A total of 2,136 DENV-2-positive samples, identified through serotype-specific RT-PCR, were selected for whole-genome
sequencing utilizing Oxford Nanopore Technology (ONT). RNA isolated from these samples was reverse transcribed into comple-
mentary DNA (cDNA) using LunaScript RT Supermix (New England Biolabs, Cat. No. E3010L). Amplification of the DENV-2 genome
was carried out with a tiling PCR approach, employing 39 overlapping primer pairs, adapted with modifications from the protocol.””
The primers, synthesized by Integrated DNA Technologies, were validated for specificity and listed in Table S4.

To streamline amplification, the primers were divided into two pools: odd-numbered primers (pool 1) and even-numbered primers
(pool 2). Separate PCR reactions were conducted for each pool using Q5 High-Fidelity 2X Master Mix (New England Biolabs, Cat. No.
MO0494L). After amplification, products from pools 1 and 2 were combined, followed by purification using Ampure XP (AXP) beads
(Beckman Coulter, Cat. No. A63881). DNA concentrations of the purified PCR products were quantified using a Qubit 4.0 fluorimeter
(Invitrogen, USA). The pooled PCR products were processed for library preparation, beginning with end-repair and A-tailing using the
NEBNext Ultra Il End Repair/dA-Tailing Module (New England Biolabs, Cat. No. E7546L). Barcoding was performed with the Native
Barcoding Kit 24v14 (SQK-NBD114.24), and barcoded libraries were further purified with Ampure XP beads. Concentrations were
measured with a Qubit 4.0 fluorimeter before the ligation of native adapters, also using the Native Barcoding Kit 24v14. The final li-
braries underwent additional purification steps to ensure quality. The prepared libraries were loaded onto R10.4.1 flow cells and
sequenced using an ONT GridION platform. High-quality genome reads were generated, enabling downstream analyses to uncover
key features of the DENV-2 genome.

Analysis of sequencing reads

The sequencing data from the GridION device were processed on a high-performance computing (HPC) cluster. Initially, raw reads
underwent basecalling and demultiplexing using the Dorado basecaller using high accuracy basecaller (‘hac basecaller’), ensuring a
phred Q-score quality threshold of >9. The resulting high-quality reads were then mapped to the DENV-2 reference genome
(NC_001474) with minimap2,®' an advanced mapping tool designed for long-read sequences. This mapping ensured precise align-
ment of the sequencing data to the reference genome, enabling accurate downstream analysis. To enhance the quality of the aligned
data, primer sequences were trimmed using AlignTrim,°® which eliminates primers and facilitates cleaner datasets for variant anal-
ysis. Furthermore, Artic Mask®® was applied to identify and exclude low-quality reads and genomic regions, generating ‘coverage-
mask’ files that defined reliable areas for analysis while masking ambiguous or unreliable data.

Variant calling and groupwise SNVs analysis

Variant calling was performed on the primer-depleted high-quality reads using Clair3,°* a state-of-the-art, deep-learning-based
tool optimized for detecting SNVs and small indels in long-read sequencing data. Post-variant calling, the VCF files underwent
stringent filtering using BCFtools.®® Variants with a genotype quality below 3 or a read depth less than 20 were excluded (labeled
as ‘fail vcf’), while variants meeting the quality thresholds (genotype quality >3, depth >20) were retained in the ‘pass vcf’ file. For
generating the consensus sequence, positions marked as ‘fail vcf’ or included in the ‘coveragemask’ were masked, and the SNVs
from ‘pass vcf’ were incorporated into the reference genome using bcftools. Coverage metrics, including depth and breadth, were
assessed against the wild-type DENV-2 genome (Table S5). Samples achieving more than 50% genome coverage were merged.
Following the merging of multiple VCFs, preprocessing included ‘IndelGap’ correction and resolution of ‘multiallelic’ variants using
bcftools, ensuring that only a single variant was retained per genomic position. To streamline downstream analysis, we performed
variant normalization using ‘norm’ and ‘sort,” which enabled accurate SNVs merging while preserving a consistent positional order
from start to end. Further, SNV annotations were carried out using Snpeff.?® In line with the study design, the group-wise SNVs
were called [adult, child, male, female, boy, girl, premenopausal female, and postmenopausal female], and their frequencies
were tabulated in Table S6.

iScience 28, 112478, May 16, 2025 e2




¢? CellPress iScience
OPEN ACCESS

Phylogenetic analysis for the age/sex subgroups

The DENV-2 reference sequence (GenBank: NC_001474) was used to perform multiple sequence alignment with our cohort dataset
taken in categorically, Adult Vs Child, Male Vs Female, Boy Vs Girl and Premenopausal Female (PrF) Vs Postmenopausal Female
(PoF) through Augur align.®* Prior to phylogenetic analysis, genotypes of all the DENV sequences are identified through nextstrain.®
All are found to be cosmopolitan genotypes. In total, four phylogenetic trees were built using ‘augur tree’ using ‘ig-tree’ with the
'maximum-likelihood’ algorithm. The tree was visualized using iTOL.*®

Genetic diversity in age/sex

To compare the intra-group genome differences, we have inquired about common and unique SNVs in each group [adult vs. child,
male vs. female, boy vs. girl, and premenopausal female vs. postmenopausal female] using jvenn."° To further explore how these
intra-grouping differences help in altering the inter-host genetic diversity, Shannon entropy was applied for all the sub-groupings, and
statistical significance was assessed using the Wilcoxon rank-sum test, following the methodology outlined by®° (Table S7). Shannon
entropy and Wilcoxon rank-sum test was carried out in scipy.stats library in python.

Integrative analysis of SNVs across the DENV-2 genome and age/sex

Inter-host genetic diversity was observed in viral populations between the intra-subgroups, driven by the accumulation of single
nucleotide variations (SNVs). By analyzing genome-wide and gene-specific SNV distributions, it becomes possible to discern how
these SNVs influence genetic divergence and impact viral adaptation within subgroups. To investigate gene-wise differences within
the previously defined intra-group comparisons, the SNV burden across genes was analyzed. This involved tabulating the presence
and absence of SNVs for intra-group comparisons, including adult vs. child, male vs. female, boy vs. girl, and PrF vs. PoF (Table S8). A
Chi-square test was then applied to the resulting presence-absence contingency table. Further, p-values are adjusted using Bonfer-
roni correction. For genes identified as commonly burdened across all the intra-groups, the importance of SNVs making the burden
was determined. To achieve that, the nonparametric Fisher’s exact test was conducted to assess the independence of two categor-
ical variables and to compare SNV profiles across groups. Two-sided p-values were calculated, with a significant threshold set at
0.05. The direction and strength of the association between SNVs and group classifications were evaluated using the phi coefficient
(¢). The Chi-square, Bonferroni correction, and Fisher’s exact tests were performed using the scipy.stats and stats.model library in
Python, while phi correlation analysis was conducted with the psych library in R (Table S9).

Multivariate analysis for age/sex groups and gene-specific SNV burden

To evaluate the contribution of the multiple variants to the SNV burden within specific genes vis-a-vis corresponding their functional
relevance to the phenotype subgroups, we analyzed five phenotypes as demographics aligning the theme of our study: Male
[n=1040], Boy [n = 178], Girl [n = 114], Premenopausal Female (PrF) [n = 676], and postmenopausal female (PoF) [n = 128] as unique
groups since these are subset of Adult, Child and Female. The SNV burden was assessed for three key genes: E [n = 42], NS3 [n = 69],
and NS5 [n = 85], by normalizing the significant SNVs in each gene against the total SNVs observed in that gene. Normalization and
formatting done using pandas and numpy libraries in python. To investigate the association between SNV burden and demographic
factors, logistic regression was conducted using the statsmodels library, with genes set as dependent variables. Finally, the likeli-
hood-ratio estimates from the logistic regression model were visualized using forest plots generated with the seaborn library,
enabling a clear representation of associations between SNV burden and demographic variables.

QUANTIFICATION AND STATISTICAL ANALYSIS

A Mann-Whitney U-test was performed across age and sex-wise prevalence of DENV-2 infection to determine the significance of
deviations in clinical parameters from the normal range (both below and above range) across each grouping. Shannon entropy car-
ried out for determining genetic diversity. Further, Wilcoxon rank-sum test was performed to assess significance for inter-host ge-
netic diversity across different subgroups. Chi-square test was performed to analyze the SNV burden across genes by comparing the
presence-absence distribution of SNVs between intra-groups. Additionally, Bonferroni correction was used for the false positive sig-
nificance. Fisher’s exact test to assess the independence of SNVs across intra-groups, while the phi coefficient (¢) measured the
direction and strength of the association between SNVs and group classifications. GraphPad Prism was used to perform Mann-
Whitney U-test and their data visualization. Shannon entropy, Wilcoxon rank-sums test, Chi-square test of independence, Bonferroni
correction, Fischer exact test carried out in Python; data handling and formatting carried out using pandas and numpy, statistical
calculation using scipy.stats and stats.models. Visualization using matplotlib and seaborn. The phi-correlation coefficient test was
carried out in R; under Pshych library. Visualization of Bubble plot was done using SR-plot.
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