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Abstract

Dengue virus (DENV), comprising four distinct serotypes (DENV-1 to DENV-4), poses
a major public health challenge in tropical regions. Infection with one serotype con-
fers long-term immunity to that serotype alone, while subsequent heterologous infec-
tions are associated with increased risk of severe disease, necessitating vaccines
that induce durable, balanced immunity across all serotypes. However, achieving
such balance immunity remains a central challenge for dengue vaccine develop-
ment. Using passive surveillance data from Kamphaeng Phet, Thailand (2004-2022),
we characterized long-term serotype circulation and contributions to clinical den-

gue burden in a hyperendemic setting. We observed sustained co-circulation of all
four serotypes over nearly two decades, with periodic shifts in dominant serotype.
Among 6,840 PCR-confirmed dengue cases, the majority of which were hospital-
ized, DENV-1 through DENV-4 accounted for 32.8%, 25.9%, 24.8%, and 16.5% of
detected dengue cases, respectively. Compared with DENV-1, clinically-apparent
DENV-2 and DENV-4 infections were more likely to represent secondary infections
(odds ratio 4.94 and 5.24, respectively) and occurred at older ages, underscoring the
context-dependent clinical expression of different serotypes. Together, these find-
ings demonstrate that all four dengue serotypes contribute meaningfully to clinical
disease burden in Thailand and caution against de-emphasizing individual serotypes
based on transient epidemiologic patterns. These results reinforce the importance of
tetravalent vaccine strategies alongside continued evaluation of vaccine performance
in evolving epidemiologic settings.
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Author summary

Dengue is a mosquito-borne disease that infects millions of people every year.
The virus consists of four serotypes. Infection with one serotype does not
provide full protection against the others, and a second infection with a different
serotype can increase the likelihood of severe illness. For this reason, under-
standing which serotypes are circulating is important for designing and evaluat-
ing effective vaccines. Our analysis of nearly two decades of surveillance data
from Kamphaeng Phet, Thailand demonstrates that all four serotypes were con-
sistently present over time, each contributing a substantial number of cases. The
serotypes showed distinct age- and immunity-dependent epidemiologic patterns.
No single serotype could be considered unimportant. These findings highlight the
complex nature of DENV transmission in Thailand and emphasize the need for
vaccines that provide protection against all four serotypes. Continuous moni-
toring of circulating serotypes is essential to guide vaccine development and to
ensure their effectiveness in real-world settings.

Introduction

Dengue is a mosquito-borne disease endemic to tropical and subtropical regions,
placing billions of people at risk of infection. Dengue virus (DENV), a member of

the Flaviviridae family and Orthoflavivirus genus, comprises four antigenically dis-
tinct serotypes (DENV-1 to DENV-4), each independently capable of causing dis-
ease ranging from asymptomatic infection to life-threatening manifestations. Global
incidence of dengue has increased over recent decades; in 2024, reported cases
exceeded 10 million, more than doubling the 4.6 million cases recorded in 2023,
which itself represented a record year [1-3]. Climatic changes and rapid urbanization
are key drivers of this rise, with warming temperatures expanding the habitat range
of Aedes mosquitoes and facilitating viral transmission [4]. When dengue spreads
into new geographical areas, outbreaks often result in high mortality during the initial
phase [5]. Although supportive care with intravenous fluid management remains the
cornerstone of treatment and has been shown to reduce mortality [6], these trends
highlight the growing public health challenge posed by dengue and the urgent need
for effective prevention strategies, particularly vaccination.

DENV infection with one serotype induces durable homotypic immunity but only
transient protection against heterologous serotypes; subsequent heterologous infec-
tion is associated with increased risk for severe disease through antibody-dependent
enhancement (ADE) [7]. Additional immune factors—including original antigenic sin,
cell-mediated immunity, host genetic susceptibility, and viral genomic variation—may
further shape the pathophysiology during secondary infections [8]. This immuno-
pathologic complexity is particularly consequential in hyperendemic regions where
all four DENV serotypes co-circulate, and it demands that effective vaccines induce
balanced, durable immunity against all serotypes.
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Multitypic dengue vaccine development has proven challenging [9,10]. The first licensed dengue vaccine - tetravalent
dengue vaccine, CYD-TDV (Dengvaxia), demonstrated variable efficacy by serotype and increased the risk of severe dis-
ease in seronegative individuals [11]. More recent vaccine candidates have shown promise but continue to display uneven
performance across serotypes [12]. These limitations underscore the importance of understanding local serotype distri-
bution and transmission dynamics to guide vaccine design, evaluation, and implementation. With another live-attenuated,
tetravalent dengue vaccine, TAK-003 (Qdenga), now approved for use in multiple countries, including Thailand, and is
subject to ongoing post-marketing surveillance, alongside other dengue vaccines in development [13], country-specific
epidemiological data are increasingly critical for informing vaccination strategies [14]. This presents the need to under-
stand dengue epidemiology in settings with long-standing multi-serotype circulation.

Thailand represents a valuable case study for understanding dengue dynamics, as the country is hyperendemic with
long-standing circulation of all four serotypes [15]. A systematic review of Ministry of Public Health (MoPH) data from
2004-2010 reported broadly consistent serotype patterns nationwide, with DENV-1 and DENV-2 predominating, DENV-3
circulated at lower but persistent levels, and DENV-4 exhibiting greater temporal and spatial variability [16]. Historically,
many regions worldwide reported only one or two circulating serotypes; however, over subsequent decades there has
been a steady expansion in the number of co-circulating serotypes across the Americas and Caribbean [17]. This trend
suggests that Thailand’s long-standing hyperendemic profile may foreshadow the epidemiologic state that other regions
may be approaching. Understanding the serotype-specific epidemiology in hyperendemic contexts is therefore essential
for anticipating disease burden and guiding future surveillance and vaccine strategies.

As dengue epidemiology continues to evolve regionally, serotypes that are currently underrepresented in certain set-
tings may become more relevant as multi-serotype co-circulation becomes established. In regions experiencing sequential
serotype introduction, apparent differences in serotype importance may reflect transitional epidemiologic phases rather
than intrinsic differences in public health relevance. These dynamics may have contributed to perceptions that certain
serotypes, such as DENV-2, are more clinically consequential, whereas others, such as DENV-4, cause milder clinical
presentations in some settings [18,19]. However, such impressions are largely derived from regionally and temporally con-
strained datasets and may reflect differences in transmission intensity, population immunity, and surveillance practices.
Evidence from long-standing hyperendemic settings supports this interpretation. For example, a meta-analysis reported
differential associations between serotypes, infection sequence, and severe outcomes, while also noting substantial het-
erogeneity, limited representation of certain serotypes—particularly DENV-4—and potential publication bias [20]. Accord-
ingly, low observed prevalence should not be equated with low public health importance.

To address gaps in long-term serotype-specific epidemiology, we present nearly two decades of passive surveillance
data from Kamphaeng Phet, Thailand, spanning 2004—2022. The long duration of surveillance provides a unique oppor-
tunity to examine sustained serotype co-circulation, shifts in dominant serotypes, and the contribution of serotypes that
may appear infrequent in shorter-term or regionally limited datasets. Because passive surveillance preferentially captures
symptomatic infections that present to clinical care, the data reflects a direct measure of serotype-specific contributions
to clinically apparent dengue burden over time. By characterizing serotype-specific epidemiologic patterns across nearly
two decades, our study offers insight into how all four DENV serotypes contribute to dengue disease burden and provides
context relevant to regions currently undergoing epidemiologic transition toward hyperendemicity.

Methods
Ethics statement

The surveillance study was approved by Thailand Ministry of Public Health (MoPH) Ethical Research Committee
(#10/2558), Siriraj Ethics Committee on Research involving Human Subjects (#593/2557), Institutional Review Board for
the Protection of Human Subjects State University of New York Upstate Medical University (#2014-5), and Walter Reed
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Army Institute of Research Institutional Review Board (#2819). Written informed consent was obtained from all adult par-
ticipants, and from a parent or legal guardian for all pediatric participants.

Data were obtained from passive surveillance of patients presenting with acute febrile illness. All data received and
analyzed in this study were de-identified.

Passive surveillance:. Data were obtained from Kamphaeng Phet Hospital, a 410-bed provincial hospital in the lower
northern region of Thailand. Samples were collected from patients presenting to the hospital with suspected dengue
infection according to WHO case definitions in use at that time [5,21]. Majority of patients were recruited from inpatient
settings, with some recruited from outpatient department. Demographic information, including age, sex, and district of
residence, was recorded at the first visit. Blood samples were collected on presentation and at time of discharge for the
laboratory testing below.

PCR detection and serology:. All samples were tested using an RT-PCR assay to confirm dengue infection,
followed by nested PCR on positive samples to determine the infecting serotype [22]. Co-infection was defined as the
detection of two serotypes in the same sample. Dengue-specific IgM and IgG antibodies were measured by ELISA, and
paired samples collected at least five days apart were used to classify infections as acute primary or secondary infection
based on established serologic criteria and expert interpretation [23]. Cases without adequate follow-up specimens were
considered non-diagnostic, and those lacking serologic evidence of recent flavivirus infection by ELISA were categorized
as “ELISA negative” in the figures below.

Statistical analysis:. Descriptive analyses were performed using R software (version 4.4.2). Case characteristics
were summarized as percentages for categorical variables and as medians with interquartile ranges for continuous
variables, as appropriate. Differences in the proportion of infection types among the four dengue serotypes were
first assessed using the chi-square test for categorical variables or the Kruskal-Wallis rank sum test for continuous
variables. Follow-up analyses were conducted using multivariable logistic regression models, with DENV-1 used as
the reference serotype. To account for non-linear age effects in modeling dengue epidemiological patterns, we applied
generalized additive models (GAMs) with binomial family, comparing each serotype (DENV-2, DENV-3, and DENV-

4) individually against DENV-1. Models included a smooth term for age, fixed effects for infection type, and random
effects for calendar year to account for year-to-year variation in serotype distribution. P-values <0.05 were considered
statistically significant.

Results

Study population and surveillance overview. During the passive surveillance period from 2004 to 2022, 16,108 indi-
viduals were tested for dengue, among whom 6,841 (42.5%) PCR-confirmed dengue cases were identified. One case
representing a co-infection with DENV-1 and DENV-3 was excluded from subsequent analysis. Males and females were
represented in approximately equal proportions. The overall age distribution was left-skewed, with the highest burden
observed among older children, adolescents, and young adults aged 10-21 years, who accounted for approximately half
of all cases (Table 1). Age distribution varied by serotype, as described below.

Temporal patterns and serotype distribution. Dengue infections exhibited marked seasonality, peaking during Thai-
land’s rainy season (May-October), with the highest cumulative admitted case counts occurring in July (S1 Fig). All four
dengue serotypes circulated throughout the nearly two-decade study period, with substantial year-to-year variation in

the predominant serotype. Overall, DENV-1 through DENV-4 accounted for 32.8%, 25.9%, 24.8%, and 16.5% of cases,
respectively. Fig 1 depicts annual dengue case counts alongside the predominant serotype of each year.

Clinical burden and serotype-specific differences: Within this passive surveillance system, which predominantly cap-
tured patients from inpatient department, nearly all detected dengue cases across serotypes were hospitalized (96.0%-
97.6%). Among the 6,614 hospitalized dengue cases, DENV-1 through DENV-4 accounted for 32.7%, 25.7%, 24.9%, and
16.7% of cases, respectively.
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Table 1. Distribution of demographic among all dengue cases detected from passive surveillance by DENV serotype.

Overall Outpatient Inpatient
N=6,840 N=2262 N=6,6142
Age 15.0 (10.0, 21.0) 13.0 (9.0, 20.0) 15.0 (10.0, 21.0)
Sex
Female 3,424 (50.1%) 105 (46.5%) 3,319 (50.2%)
Male 3,416 (49.9%) 121 (53.5%) 3,295 (49.8%)
Serotype
DENV-1 2,242 (32.8%) 81 (35.8%) 2,161 (32.7%)
DENV-2 1,769 (25.9%) 70 (31.0%) 1,699 (25.7%)
DENV-3 1,697 (24.8%) 48 (21.2%) 1,649 (24.9%)
DENV-4 1,132 (16.5%) 27 (11.9%) 1,105 (16.7%)

aMedian (Q1, Q3); n (%).

https://doi.org/10.1371/journal.pntd.0014093.t001

A) Case Count

B) Proportion of Dengue Serotypes by Year
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Fig 1. Temporal trends of DENV serotypes in Kamphaeng Phet, Thailand, showing co-circulation of all four serotypes with alternating domi-

nance by year. A) Total case count by year and B) proportion serotypes detected among all cases detected via passive surveillance.

https://doi.org/10.1371/journal.pntd.0014093.9001

Among hospitalized cases with determined infection status, DENV-1 (54.0%) and DENV-3 (35.0%) accounted for the
largest proportions of primary infections. In contrast, serotype distribution among hospitalized secondary infections was
more evenly distributed, with DENV-1 through DENV-4 accounting for 29.4%, 25.0%, 26.5%, and 19.0% of cases, respec-
tively. Serotype distribution by admission status is shown in Fig 2.
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Distribution of DENV Serotype by Admission Status
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Fig 2. Proportions of DENV serotypes and infection types stratified by hospitalization status. PCR-confirmed infections were classified by paired
serology into primary or secondary. Undetermined serology status included both non-diagnostic from inadequate follow-up and ELISA-negative results.

https://doi.org/10.1371/journal.pntd.0014093.9002

Across serotypes, secondary infections comprised a greater proportion of hospitalized cases, accounting for 59.3%,
64.0%, 70.1%, and 75.0% of hospitalized cases for DENV-1 through DENV-4, respectively. Confirmed primary infections
represented a smaller fraction of hospitalized cases for each serotype (8.7%, 1.5%, 7.3%, and 1.2%, respectively).

Table 2 presents serotype-specific distributions restricted to cases with determined infection status (primary or secondary).
Association between infection sequence and serotype. All four dengue serotypes were detected in both primary and
secondary infections; however, secondary infections predominated across all serotypes, ranging from 58.5% in DENV-1 to

Table 2. Serotype distribution among hospitalized dengue cases with determined infection
sequence status.

Serotype Primary Secondary

N=226° N=6,614*
DENV-1 191 (12.7%) 1,311 (87.3%)
DENV-2 25 (2.2%) 1,106 (97.8%)
DENV-3 124 (9.6%) 1,172 (90.4%)
DENV-4 14 (1.6%) 847 (98.4%)
n (%).

Percentages are calculated among cases classified as primary or secondary infection. Cases with non-
diagnostic serology or no serologic evidence of recent infection were excluded from these denominators.

https://doi.org/10.1371/journal.pntd.0014093.t002
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74.8% in DENV-4 (Fig 3). While descriptive analysis suggested a higher proportion of secondary infection for DENV-3 and
DENV-4, multivariable regression adjusted for age and calendar year—restricted to cases with known infection sequence
status and excluding non-diagnostic and no-evidence categories—demonstrated that only DENV-2 and DENV-4 were
associated with significantly greater odds of secondary infection compared with DENV-1 (odds ratio [OR]: 4.94 and 5.24,
respectively; Table 3). DENV-3 did not differ significantly from DENV-1.

Age demonstrated a non-linear association with secondary infection status (estimated degrees of freedom [edf] = 2.13,
p<0.001), with the probability of secondary infection increasing more steeply at younger ages and stabilizing through adulthood
(Fig 4). Confidence intervals widened at older ages, reflecting the smaller number of infections observed in these age groups.
Age distribution and serotype-specific associations. Age distributions differed by dengue serotype. The median age
and interquartile range were higher for DENV-2, DENV-3, and DENV-4 compared with DENV-1. This pattern is illustrated
in Fig 5, which shows increasing proportions of DENV-2 and DENV-4 among older age categories.

In multivariable generalized additive models adjusting for infection sequence and calendar year, age demonstrated a
significant non-linear association with the odds of DENV-2 versus DENV-1 infection (edf=2.43, p<0.001). Similarly, the
odds of DENV-4 infection increased non-linearly with age (edf=1.59, p<0.001). Secondary infection status was inde-
pendently associated with higher odds of DENV-2 (OR: 4.65, 95% CI: 2.95-7.35) and DENV-4 (OR: 5.58, 95% CI: 2.81-
11.1) relative to DENV-1 (S1 Table).

Distribution of ELISA-defined infection sequence
among PCR-confirmed DENV infections, by serotype

1.00
0.75
| | <

IS \ Infection sequence
= ELISA negative
8_ 050 Non-diagnostic
o Primary
o M Secondary

0.25

0.00

DENV-1 DENV-2 DENV-3 DENV-4
DENV serotype

Fig 3. Distribution of ELISA-defined infection sequence among PCR-confirmed DENV infections. Higher proportion of secondary infections noted
among DENV-3 and DENV-4 infections. Higher proportions of primary infection noted among DENV-1 and DENV-3 infections.

https://doi.org/10.1371/journal.pntd.0014093.g003

Table 3. Odds ratios for secondary infection among those with clinically-apparent disease by dengue serotype from generalized additive
model.

Predictor Category OR 95% ClI P-value

Serotype DENV-2 vs DENV-1 4,94 3.14-7.76 <0.001
DENV-3 vs DENV-1 1.01 0.70-1.46 0.94
DENV-4 vs DENV-1 5.24 2.88-9.52 <0.001

Note: DENV-1 serves as the reference serotype (OR = 1.0). Models adjusted for age using smooth terms and included calendar year as random effects.
OR, odds ratio; Cl, confidence interval.

https://doi.org/10.1371/journal.pntd.0014093.t003
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Effect of Age and Serotype on Probability of Secondary Dengue Infection

Serotype = DENV-1 = DENV-2 = DENV-3 DENV-4

Predicted probability of secondary infection
o o
= >

0.2

0 25 50 75
Age (years)

Fig 4. Predicted probability of secondary infection by age and serotype. Predicted probabilities from generalized additive models marginalized over
year-specific outbreak effects Models showing the non-linear association between age and probability of secondary infection for each dengue serotype.
Lines represent DENV-1 through DENV-4 with 95% confidence intervals (shaded regions).

https://doi.org/10.1371/journal.pntd.0014093.g004

In contrast, DENV-3 demonstrated an age association (edf=1.18, p<0.001) but no independent association with sec-
ondary infection status (p=0.83), consistent with findings from the prior model. Significant heterogeneity across calendar
years was observed, consistent with temporal variation in serotype-specific circulation. Fig 6 shows the predicted probabil-
ity of each serotype by age, stratified by infection sequence.

Discussion

Using nearly two decades of passive surveillance data, we demonstrate that all four DENV serotypes contributed mean-
ingfully to the clinical burden of dengue illness in Thailand. Although the overall burden was shared across serotypes, their
relative contributions varied by age distribution and infection sequence, reflecting heterogeneity in epidemiologic patterns.
These findings have important implications for dengue surveillance, vaccine implementation, and disease control strate-
gies in hyperendemic settings.

Throughout the surveillance period, all four DENV serotypes co-circulated in Kamphaeng Phet, with periodic shifts
in the predominant serotype. Importantly, clinically apparent dengue cases presenting to the healthcare system were
distributed across all four serotypes, challenging the notion that any serotype can be considered less clinically relevant.
Although each serotype was detected annually, oscillations in outbreak dominance were observed, underscoring the
importance of sustained, long-term surveillance. Shorter observation periods or gaps in surveillance could easily miss cir-
culation of less dominant serotypes and lead to the false impression that certain serotypes are absent or epidemiologically
unimportant.

The predominance of secondary infections among hospitalized cases across all serotypes supports the established role
of sequential heterotypic infections in dengue pathogenesis. This finding is consistent with prior studies linking secondary
infection to increased risk for severe dengue [19] and with the immunological evidence implicating cross-reactive immune
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increasing proportion of DENV-4 infections observed in older age groups. (B) Highlights a higher burden of infection among younger individuals.

https://doi.org/10.1371/journal.pntd.0014093.g005

responses and antibody-dependent enhancement in severe outcomes [7]. While our study was not designed to assess
severity outcomes directly, the higher representation of secondary infections among clinically apparent cases reinforces
the importance of infection history in shaping disease presentation.

We further observed that, although all serotypes contributed to clinically apparent dengue, DENV-2 and DENV-4 were
more frequently detected in older individuals and were more strongly associated with secondary infections, even after
accounting for year-to-year variation in serotype predominance. In this highly endemic setting, age and infection sequence
were strongly correlated—primary infections were rarely observed beyond early adulthood—precluding formal evaluation
of interaction effects. Nonetheless, the persistence of these associates suggests that age- and immunity-dependent fac-
tors may influence the clinical expression of different serotypes.

The association between DENV-2 and DENV-4 and older age groups warrants cautious interpretation. One potential
explanation involves cohort effects or population aging; however, the observed associations persisted after adjusting for
calendar year. Alternative hypotheses include viral evolution. DENV-4 has been reported to exhibit a relatively higher
evolutionary rate compared with other serotypes, which could facilitate emergence of new DENV-4 lineages capable of
escaping preexisting immunity [24]. Prior studies have documented genotype replacement events associated with den-
gue epidemics in Puerto Rico (1994), Nicaragua (2006), and South India (2017), including clade emergence involving
DENV-4 [25,26]. Another possibility is differential durability of serotype-specific immunity, which could leave older individ-
uals more susceptible to certain serotypes over time. Although speculative, these observations raise important questions
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Age trends in probability of infection by dengue serotype
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Fig 6. Predicted probability of DENV-2, DENV-3, and DENV-4 infection by age compared to DENV-1. Predicted probabilities from generalized
additive models stratified by infection type marginalized over year-specific outbreak effects: primary infection (left panel) and secondary infection (right
panel). Confidence intervals for predicted probabilities are not shown due to wide uncertainty after marginalization over calendar year. DENV-1 proba-
bility (dotted line) is approximated as 1 minus the maximum predicted probability among the other three serotypes at each age and shown for reference
only.

https://doi.org/10.1371/journal.pntd.0014093.9006

about whether age-related differences in serotype distribution translate into variation in clinical risk, particularly in aging
populations.

These findings have direct relevance for dengue vaccine development and evaluation. Effective vaccines must elicit
balanced and durable immunity to all four serotypes, particularly given that vaccine efficacy has varied by serotype
in clinical trials. For example, TAK-003, which is now approved for use in Thailand, demonstrated no efficacy against
DENV-3 among dengue-naive participants and inconclusive efficacy against DENV-4 in phase 3 trials [27]. Although
overall efficacy was reported across serotypes among baseline seropositive participants, this group was heterogeneous
and may not fully capture risks associated with secondary infections. Moreover, the trial population was limited to children
and adolescents, leaving uncertainty regarding vaccine performance in older age groups. The dynamic nature of serotype
predominance further emphasizes the need for ongoing serotype-specific vaccine effectiveness assessments and contin-
ued surveillance to identify potential gaps in protection.

Several limitations should be considered. Restriction to PCR-confirmed cases limited detection to the sensitivity of the
assay and to the timing of sample collection, which often occurred at first clinical presentation. A substantial proportion of
cases were classified as non-diagnostic for infection sequence due to incomplete follow-up sampling, likely related to early
discharge among less severe cases. Although these cases were retained for analyses of serotype distribution, missing
infection sequence data may bias estimates if primary infections were disproportionately underrepresented. We anticipate,
however, that such bias would be relatively consistent across serotypes.

As with all passive surveillance systems, asymptomatic and mild infections that did not present for clinical care were
not captured. Additionally, Kamphaeng Phet Hospital serves as a tertiary referral center, which may enrich the cohort
for more clinically significant disease. Accordingly, beyond descriptive admission proportions, we did not attempt to infer
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serotype-specific differences in disease severity. Despite these limitations, the use of passive surveillance provides a clear
view of the serotypes contributing to clinically relevant dengue burden, which was the primary objective of this study. Inte-

gration of active surveillance in future work would allow a more complete characterization of the full spectrum of serotype-

specific dengue infection, from asymptomatic infection to severe disease.

In summary, our findings demonstrate that all four DENV serotypes contribute substantially to clinically apparent den-
gue illness in a hyperendemic setting, with distinct age- and immunity-dependent epidemiologic patterns. Among clinically
apparent cases, DENV-2 and DENV-4 infections were more likely to represent secondary infections compared with DENV-
1. In contrast, DENV-1 and DENV-3 accounted for the largest proportions of clinically apparent primary infections. At the
population level, overlooking any serotype risks undermining vaccine effectiveness and compromising broader control
strategies. Together, these results reinforce that context matters in interpreting serotype-specific dengue burden and high-
light the importance of comprehensive surveillance and truly tetravalent vaccine approaches.
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freedom (edf) and p-values are shown for smooth terms.

(DOCX)

S$1 Fig. Monthly distribution of dengue cases from 2004-2022 passive surveillance data. Infections peaked during
the rainy season in Thailand (May-October).
(TIFF)

Acknowledgments

We acknowledge the contributions and support from Kamphaeng Phet hospitals for providing access to the data used in
this analysis. Their efforts in study design, data collection, and laboratory testing were essential for this work.

Material has been reviewed by the Walter Reed Army Institute of Research. There is no objection to its presentation
and/or publication. The opinions or assertions contained herein are the private views of the author, and are not to be
construed as official, or as reflecting true views of the Department of the Army or the Department of Defense. The investi-
gators have adhered to the policies for protection of human subjects as prescribed in AR 70-25.

Author contributions

Conceptualization: Ruchira R. Khosavanna, Sopon lamsirithaworn, Albert I. Ko, Kathryn B. Anderson, Darunee
Buddhari.

Data curation: Ruchira R. Khosavanna.

Formal analysis: Ruchira R. Khosavanna.

Funding acquisition: Kathryn B. Anderson, Darunee Buddhari.

Investigation: Soontorn Pinpaiboon, Kanyarat Phutthasophit, Taweewun Hunsawong, Darunee Buddhari.
Methodology: Sopon lamsirithaworn, Albert I. Ko, Kathryn B. Anderson, Darunee Buddhari.

Project administration: Soontorn Pinpaiboon, Kanyarat Phutthasophit, Taweewun Hunsawong, Darunee Buddhari.

Resources: Sopon lamsirithaworn, Soontorn Pinpaiboon, Kanyarat Phutthasophit, Taweewun Hunsawong, Kathryn B.
Anderson, Darunee Buddhari.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0014093 May 22, 2026 11713



http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0014093.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0014093.s002

PLO“- Neglected Tropical

Diseases

Supervision: Albert I. Ko, Kathryn B. Anderson, Darunee Buddhari.

Visualization: Ruchira R. Khosavanna.

Writing — original draft: Ruchira R. Khosavanna.

Writing — review & editing: Ruchira R. Khosavanna, Kathryn B. Anderson, Darunee Buddhari.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Suwanmanee S, Surasombatpattana P, Soonthornworasiri N, Hamel R, Maneekan P, Missé D, et al. Monitoring arbovirus in Thailand: surveillance
of dengue, chikungunya and zika virus, with a focus on coinfections. Acta Trop. 2018;188:244-50. https://doi.org/10.1016/j.actatropica.2018.09.012
PMID: 30248317

The Lancet. Dengue: the threat to health now and in the future. Lancet. 2024;404(10450):311. https://doi.org/10.1016/S0140-6736(24)01542-3
PMID: 39067890

llic I, llic M. Global patterns of trends in incidence and mortality of dengue, 1990-2019: an analysis based on the global burden of disease study.
Medicina (Kaunas). 2024;60(3).

Ebi KL, Nealon J. Dengue in a changing climate. Environ Res. 2016;151:115-23. https://doi.org/10.1016/j.envres.2016.07.026 PMID: 27475051

World Health Organization. Dengue: Guidelines for Diagnosis, Treatment, Prevention and Control: New Edition. Geneva: World Health Organiza-
tion; 2009.

Wills BA, Nguyen MD, Ha TL, Dong THT, Tran TNT, Le TTM, et al. Comparison of three fluid solutions for resuscitation in dengue shock syndrome.
N Engl J Med. 2005;353(9):877-89. https://doi.org/10.1056/NEJMoa044057 PMID: 16135832

Halstead SB. Dengue antibody-dependent enhancement: knowns and unknowns. Microbiol Spectr. 2014;2(6).

Wang L, Huang AT, Katzelnick LC, Lefrancg N, Escoto AC, Duret L, et al. Antigenic distance between primary and secondary dengue infections
correlates with disease risk. Sci Transl Med. 2024;16(744):eadk3259. https://doi.org/10.1126/scitransimed.adk3259 PMID: 38657027

Lee MF, Long CM, Poh CL. Current status of the development of dengue vaccines. Vaccine X. 2024;22:100604. https://doi.org/10.1016/].
jvacx.2024.100604 PMID: 39830640

Anderson KB, Gibbons RV, Edelman R, Eckels KH, Putnak RJ, Innis BL, et al. Interference and facilitation between dengue serotypes in a tetrava-
lent live dengue virus vaccine candidate. J Infect Dis. 2011;204(3):442-50. https://doi.org/10.1093/infdis/jir279 PMID: 21742844

Sridhar S, Luedtke A, Langevin E, Zhu M, Bonaparte M, Machabert T. Effect of dengue serostatus on dengue vaccine safety and efficacy. N Engl J
Med. 2018;379(4):327—40.

Biswal S, Reynales H, Saez-Llorens X, Lopez P, Borja-Tabora C, Kosalaraksa P, et al. Efficacy of a tetravalent dengue vaccine in healthy children
and adolescents. N Engl J Med. 2019;381(21):2009-19. https://doi.org/10.1056/NEJMoa1903869 PMID: 31693803

Pintado Silva J, Fernandez-Sesma A. Challenges on the development of a dengue vaccine: a comprehensive review of the state of the art. J Gen
Virol. 2023;104(3):001831. https://doi.org/10.1099/jgv.0.001831 PMID: 36857199

Shen J, Kharitonova E, Tytula A, Zawieja J, Aballea S, Biswal S, et al. Vaccination strategies, public health impact and cost-effectiveness of den-
gue vaccine TAK-003: a modeling case study in Thailand. PLoS Med. 2025;22(6):e1004631. https://doi.org/10.1371/journal.pmed.1004631 PMID:
40526690

Pongsiri P, Themboonlers A, Poovorawan Y. Changing pattern of dengue virus serotypes in Thailand between 2004 and 2010. J Health Popul Nutr.
2012;30(3):366-70. https://doi.org/10.3329/jhpn.v30i3.12300 PMID: 23082638

Limkittikul K, Brett J, L'Azou M. Epidemiological trends of dengue disease in Thailand (2000-2011): a systematic literature review. PLoS Negl Trop
Dis. 2014;8(11):e3241. https://doi.org/10.1371/journal.pntd.0003241 PMID: 25375766

Messina JP, Brady OJ, Scott TW, Zou C, Pigott DM, Duda KA, et al. Global spread of dengue virus types: mapping the 70 year history. Trends
Microbiol. 2014;22(3):138—46. https://doi.org/10.1016/}.tim.2013.12.011 PMID: 24468533

Vicente CR, Herbinger K-H, Froschl G, Malta Romano C, de Souza Areias Cabidelle A, Cerutti Junior C. Serotype influences on dengue severity:
a cross-sectional study on 485 confirmed dengue cases in Vitoria, Brazil. BMC Infect Dis. 2016;16:320. https://doi.org/10.1186/s12879-016-1668-y
PMID: 27393011

Fried JR, Gibbons RV, Kalayanarooj S, Thomas SJ, Srikiatkhachorn A, Yoon I-K, et al. Serotype-specific differences in the risk of dengue hemor-
rhagic fever: an analysis of data collected in Bangkok, Thailand from 1994 to 2006. PLoS Negl Trop Dis. 2010;4(3):e617. https://doi.org/10.1371/
journal.pntd.0000617 PMID: 20209155

Soo K-M, Khalid B, Ching S-M, Chee H-Y. Meta-analysis of dengue severity during infection by different dengue virus serotypes in primary and
secondary infections. PLoS One. 2016;11(5):e0154760. https://doi.org/10.1371/journal.pone.0154760 PMID: 27213782

Tangsathapornpong A, Bunjoungmanee P, Pengpris P, Khawcharoenporn T. Comparison of the 1997 and 2009 WHO classifications for determining
dengue severity in Thai patients. Southeast Asian Journal of Tropical Medicine and Public Health. 2017;48:75-82.

PLOS Neglected Tropical Diseases | https://doi.org/10.137 1/journal.pntd.0014093 May 22, 2026 12/13



https://doi.org/10.1016/j.actatropica.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30248317
https://doi.org/10.1016/S0140-6736(24)01542-3
http://www.ncbi.nlm.nih.gov/pubmed/39067890
https://doi.org/10.1016/j.envres.2016.07.026
http://www.ncbi.nlm.nih.gov/pubmed/27475051
https://doi.org/10.1056/NEJMoa044057
http://www.ncbi.nlm.nih.gov/pubmed/16135832
https://doi.org/10.1126/scitranslmed.adk3259
http://www.ncbi.nlm.nih.gov/pubmed/38657027
https://doi.org/10.1016/j.jvacx.2024.100604
https://doi.org/10.1016/j.jvacx.2024.100604
http://www.ncbi.nlm.nih.gov/pubmed/39830640
https://doi.org/10.1093/infdis/jir279
http://www.ncbi.nlm.nih.gov/pubmed/21742844
https://doi.org/10.1056/NEJMoa1903869
http://www.ncbi.nlm.nih.gov/pubmed/31693803
https://doi.org/10.1099/jgv.0.001831
http://www.ncbi.nlm.nih.gov/pubmed/36857199
https://doi.org/10.1371/journal.pmed.1004631
http://www.ncbi.nlm.nih.gov/pubmed/40526690
https://doi.org/10.3329/jhpn.v30i3.12300
http://www.ncbi.nlm.nih.gov/pubmed/23082638
https://doi.org/10.1371/journal.pntd.0003241
http://www.ncbi.nlm.nih.gov/pubmed/25375766
https://doi.org/10.1016/j.tim.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24468533
https://doi.org/10.1186/s12879-016-1668-y
http://www.ncbi.nlm.nih.gov/pubmed/27393011
https://doi.org/10.1371/journal.pntd.0000617
https://doi.org/10.1371/journal.pntd.0000617
http://www.ncbi.nlm.nih.gov/pubmed/20209155
https://doi.org/10.1371/journal.pone.0154760
http://www.ncbi.nlm.nih.gov/pubmed/27213782

PLO\Sﬁ\\ Neglected Tropical

22.

23.

24,

25.

26.

27.

Diseases

Lanciotti RS, Calisher CH, Gubler DJ, Chang GJ, Vorndam AV. Rapid detection and typing of dengue viruses from clinical samples by using
reverse transcriptase-polymerase chain reaction. J Clin Microbiol. 1992;30(3):545-51. https://doi.org/10.1128/jcm.30.3.545-551.1992 PMID:
1372617

Innis BL, Nisalak A, Nimmannitya S, Kusalerdchariya S, Chongswasdi V, Suntayakorn S, et al. An enzyme-linked immunosorbent assay to charac-
terize dengue infections where dengue and Japanese encephalitis co-circulate. Am J Trop Med Hyg. 1989;40(4):418-27. https://doi.org/10.4269/
ajtmh.1989.40.418 PMID: 2540664

Stica CJ, Barrero RA, Murray RZ, Devine GJ, Phillips MJ, Frentiu FD. Global Evolutionary History and Dynamics of Dengue Viruses Inferred from
Whole Genome Sequences. Viruses. 2022;14(4):703. https://doi.org/10.3390/v14040703 PMID: 35458433

Choi ANX, Gubler DJ, Ooi EE. Genetics of dengue epidemics. Trends Microbiol. 2025;33(10):1099-109. https://doi.org/10.1016/}.tim.2025.05.007
PMID: 40480856

Sharmila PF, Vanathy K, Rajamani B, Kaliaperumal V, Dhodapkar R. Emergence of dengue virus 4 as the predominant serotype during the out-
break of 2017 in South India. Indian J Med Microbiol. 2019;37(3):393—400. https://doi.org/10.4103/ijmm.IJMM_19_338 PMID: 32003339

Tricou V, Yu D, Reynales H, Biswal S, Saez-Llorens X, Sirivichayakul C, et al. Long-term efficacy and safety of a tetravalent dengue vaccine (TAK-
003): 4-5-year results from a phase 3, randomised, double-blind, placebo-controlled trial. Lancet Glob Health. 2024;12(2):e257-70. https://doi.
0rg/10.1016/S2214-109X(23)00522-3 PMID: 38245116

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0014093 May 22, 2026 13/13



https://doi.org/10.1128/jcm.30.3.545-551.1992
http://www.ncbi.nlm.nih.gov/pubmed/1372617
https://doi.org/10.4269/ajtmh.1989.40.418
https://doi.org/10.4269/ajtmh.1989.40.418
http://www.ncbi.nlm.nih.gov/pubmed/2540664
https://doi.org/10.3390/v14040703
http://www.ncbi.nlm.nih.gov/pubmed/35458433
https://doi.org/10.1016/j.tim.2025.05.007
http://www.ncbi.nlm.nih.gov/pubmed/40480856
https://doi.org/10.4103/ijmm.IJMM_19_338
http://www.ncbi.nlm.nih.gov/pubmed/32003339
https://doi.org/10.1016/S2214-109X(23)00522-3
https://doi.org/10.1016/S2214-109X(23)00522-3
http://www.ncbi.nlm.nih.gov/pubmed/38245116

	The need for balanced dengue vaccine protection: Insights from Thai surveillance data on four serotypes
	Introduction
	Methods
	Ethics statement
	Passive surveillance:. Data were obtained from Kamphaeng Phet Hospital, a 410-bed provincial hospital in the lower northern region of Thailand. Samples were collected from patients presenting to the hospital with suspected dengue infection according to WH
	PCR detection and serology:.  All samples were tested using an RT-PCR assay to confirm dengue infection, followed by nested PCR on positive samples to determine the infecting serotype [22]. Co-infection was defined as the detection of two serotypes in the
	Statistical analysis:.  Descriptive analyses were performed using R software (version 4.4.2). Case characteristics were summarized as percentages for categorical variables and as medians with interquartile ranges for continuous variables, as appropriate. 


	Results
	Discussion
	Supporting information
	References


