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Infants less than 1 y of age experience high rates of dengue disease in dengue virus
(DENV) endemic countries. This burden is commonly attributed to antibody-dependent
enhancement (ADE), whereby concentrations of maternally derived DENV antibod-
ies become subneutralizing, and infection-enhancing. Understanding antibody-related
mechanisms of enhanced infant dengue disease risk represents a significant challenge
due to the dynamic nature of antibodies and their imperfect measurement processes.
Further, key uncertainties exist regarding the impact of long-term shifts in birth rates,
population-level infection risks, and maternal ages on the DENV immune landscape
of newborns and their subsequent risks of severe dengue disease in infancy. Here, we
analyze DENV antibody data from two infant cohorts (N = 142 infants with 605 blood
draws) and 40 y of infant dengue hospitalization data from Thailand. We use mathe-
matical models to reconstruct maternally derived antibody dynamics, accounting for
discretized measurement processes and limits of assay detection. We then explore possible
antibody-related mechanisms of enhanced infant dengue disease risk and their ability to
reconstruct the observed age distribution of hospitalized infant dengue cases. We find
that ADE mechanisms are best able to reconstruct the observed data. Finally, we describe
how the shifting epidemiology of dengue in Thailand, combined with declining birth
rates, have decreased the absolute risk of infant dengue disease by 88% over a 40-y period
while having minimal impact on the mean age of infant hospitalized dengue disease.
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Dengue virus (DENV) is a mosquito-borne flavivirus with four serotypes (DENV1-4). As
in many tropical regions, DENV is hyperendemic throughout South-East Asia. While primary
DENV infections are typically mild or asymptomatic, secondary infections are associated
with an increased risk of severe disease. Primary infections are believed to provide long-lasting
protection against reinfection with that serotype and shorter-term protection against heter-
ologous serotypes through the generation of cross-reactive antibodies (1). The increased disease
risk associated with secondary infections is thought to be mediated by a mechanism known
as antibody-dependent enhancement (ADE), whereby preexisting heterologous antibodies
bind but do not neutralize infecting virions (2—4). Both antibody specificity and concentration
are therefore thought to be key determinants of ADE and give rise to the idea of a titer-related
“window” of risk. The risk window is believed to arise when cross-reactive antibody titer
concentrations become low enough that they cannot effectively neutralize virions but high
enough that they can enhance heterologous infections (3-5). Binding of nonneutralizing
antibodies to the infecting serotype is believed to facilitate virus entry into Fe-receptor-bearing
cells and subsequently, increase viral burden in the host (2, 6, 7).

ADE is also believed to occur in young infants when experiencing their primary infec-
tion if maternally derived anti-DENV antibodies are present (8—12). The placental transfer
of IgG antibodies from mother to infant is an important mechanism for protecting young
infants from infectious pathogens while the neonatal immune system is still developing
(13). These transplacentally acquired antibodies decay within the first year of life, initially
providing protection against infection, and subsequently waning over time to subneutral-
izing levels that have the potential to mediate ADE (illustrated in S/ Appendix, Fig. S1).
As antibody levels decay further, the ability to enhance the severity of heterologous infec-
tions is thought to be lost, though infants remain at risk of DENV infection. Peaks in
reported dengue hospitalizations among infants less than 1 y of age are consistently
observed in DENV-endemic countries and are widely attributed to maternal
antibody-facilitated ADE (8, 12, 14). However, the specific concentrations of maternally
derived DENV antibodies that may place infants at increased risk of severe disease have
not been well characterized.
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Significance

Our analysis represents a formal
comparison of possible antibody-
related mechanisms of severe
infant dengue disease. We find
that antibody-dependent
enhancement mechanisms are
best able to reconstruct age-
specific patterns in infant dengue
hospitalizations and quantify the
titer-related relative risks of
hospitalized infant disease. These
estimates provide a path to
monitoring age-specific dengue
disease risk profiles in infants
and can inform public health
decisions and preventative
measures. Further, we quantify
the impact of changing dengue
epidemiology and fertility trends
in Thailand on maternal and
infant dengue immune profiles
and subsequent infant disease
risks.
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Quantifying the dynamics of maternally derived antibodies and
associated risks of severe dengue disease requires carefully designed
cohort studies with regular blood draws. However, very large cohort
sizes are required to observe a sufficient number of severe dengue
outcomes with which to directly investigate titer-associated risks. A
further complication to our understanding of the relationship
between preexisting DENV antibodies and risk of severe disease
upon infection is that any antibody concentration-associated window
of risk may be masked by lower limits of assay detection (typically a
dilution of 1:10). For example, a previous study in Vietnam found
that DENV-neutralizing antibodies declined to undetectable levels
in >90% of infants by 6 mo of age (15). In addition, many assays
measure antibody concentration as endpoint titers defined as the
reciprocal of the highest sample dilution that gives a measurable
effect. Typically conducted using twofold serial dilutions, this dis-
cretized measurement process obscures the true underlying contin-
uous concentration values, adding to the challenge of disentangling
antibody titer dynamics and associated risks.

Mathematical modeling can aid our understanding of these
unobserved mechanisms. By accounting for assay characteristics
such as the lower limit of detection and discretized measurements,
the underlying temporal trends in antibody titers can be inferred.
Given the immunological vulnerability of infants in their first year
of life, there is a clear need to characterize the timing and duration
of periods when they are at greatest risk of severe outcomes as well
as to understand the mechanisms that mediate their risk. In this
study, we use data from two longitudinal cohort studies conducted
in Thailand which recruited infants at birth and measured DENV
antibody levels at regular follow-up visits. We combine these data
with the age distribution of infant dengue cases reported in local
hospitals over a 40-y time period to explore the potential
antibody-related mechanisms of infant risk of dengue hospitali-
zation. Finally, we explore how changing trends in age-specific
fertility rates and DENV transmission intensity in Thailand over
the past 40 y may influence infant dengue disease risk profiles.

Results

We used longitudinal serological data from mother—infant cohorts
in Bangkok (2000 to 2001) and Kamphaeng Phet (2015 to 2021),
Thailand. We excluded all infant samples that had evidence of a
DENYV infection during the first year of life, as defined by an
increase in mean DENV titers across serotypes at sequential blood
draws. After exclusion of postinfection samples, any infant with
>3 blood samples taken in the first year of life was included in our
analysis (100 infants in Bangkok and 42 infants in Kamphaeng
Phet, with a combined total of 605 blood draws). Geometric mean
cord blood titers at the time of birth across the four serotypes in
the Bangkok cohort were 316.7 (95% CI: 256.0 to 391.8) as
measured by the plaque reduction neutralization test (PRNT)
and 34.9 (95% CI: 31.2 to 39.1) as measured by the hemagglu-
tination inhibition (HI) assay (Fig. 1 A and B). Geometric mean
PRNT,, titers fell to 47.8 (95% CI: 40.8 to 56.0) by 3 mo and
t0 9.3 (95% CI: 8.5 to 10.3) by 6 mo, by which time 63.1% of
PRNT;, titers were below the limit of detection. Mean HI titers
fell to 13.8 (95% CI: 12.5 to 15.1) at 3 mo and to 6.9 (95% CI:
6.4 to 7.3) at 6 mo. By 12 mo, 98.9% of PRNT,, and 100% of
HI measurements were below the limit of detection. A similar
pattern was observed in the Kamphaeng Phet cohort, with
geometric mean cord blood HI titers of 92.4 (95% CI: 75.2 to
113.5), falling to a mean of 33.2 (95% CI: 25.1 to 44.0) by 3 mo
and 10.0 (95% CI: 8.3 to 12.1) by 6 mo (Fig. 1C). At 6 mo,
57.3% of titers were below the limit of detection, rising to 93%
at 12 mo. Antibody titers in mothers’ sera were strongly correlated
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Fig. 1. Infant DENV antibody titer trajectories by serotype. Measured DENV
antibody titers by infant age observed in the Bangkok cohort (A and B) as
measured by PRNT;, and Hl assays, respectively, and in the Kamphaeng Phet
cohort (C) measured by a Hl assay. Titer values are shown on a log-linear scale
in all panels. Colored points and lines show the observed titer trajectories
of individual infants. Black points and lines represent the serotype-specific
geometric mean titers and 95% Cls across infants in each age group. The black
dashed line shows the trajectory of geometric mean titers across infants by
age. The gray shaded area highlights the lower limit of assay detection (titers
< 10) of the HI and PRNT assays.

with cord blood titers (Pearson correlation coefficient, R = 0.94
in Bangkok for PRNT,;,, and 0.87 for HI in Bangkok)
(SI Appendix, Fig. S2). Cord blood titers were also strongly cor-
related with infant serum titers at ages <6 mo, though the corre-
lation decreased with increasing infant age (S/ Appendix, Fig. S2).

We developed a mathematical model to reconstruct maternally
derived antibody titers over the first 12 mo of life in the two cohorts
and explored a range of model parameterizations. The best-fitting
model, as assessed by the widely applicable information criterion
(WAIC), assumed time-constant antibody decay rates and estimated
independent decay rates for each assay and cohort (87 Appendix,
Table S1). We estimated a median half-life of 28.1 d [95% credible
interval (Crl): 27.1 to 29.1] for PRNTY, titers in the Bangkok
cohort, a half-life of 47.0 days (95% Cirl: 44.7 t0 49.5) for HI titers
in the same cohort and a half-life of 38.5 days (95% Crl: 35.6 to
41.4) for HI titers in the Kamphaeng Phet cohort. For the remainder
of the results, we focus on estimates from this best-performing
model. The estimated population-level maternally derived antibody
dynamics are shown by the solid green lines in Fig. 2 A-C. We com-
pare these estimates to the observed data at each time point, account-
ing for the discretized measurement process of the assay (HI) and
the lower limits of assay detection, shown by the black (observed)
and green (estimated) points in Fig. 2 A—C. Observed vs. predicted
titers and model fit to serotype-specific data are shown in ST Appendix,
Figs. S3 and S4. We observe significant heterogeneity in antibody
titer concentrations across serotypes, with no clear trends by cohort
orassay (Fig. 2D). We conducted sensitivity analysis on the exclusion
criteria of possible infant infections, where infant samples with
increases in serotype-specific titers were additionally excluded from
the analysis. We find that 79 infants had increases in serotype-specific
titers, compared to 40 when looking at increases in mean titers across
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Fig.2. Observed and predicted population DENV antibody titers in infants. Panels A-C show model-reconstructed infant population DENV titers for the Bangkok
(A and B) and Kamphaeng Phet (C) cohorts. The black points and lines show the mean and 95% Cl of observed infant titers by age. Green points and vertical
lines show model median and 95% Crl estimates of mean infant titers by age, where estimated titers were transformed to match the discretized measurement
process and lower limit of detection truncation. The green lines and shaded ribbons represent the median and 95% Crl estimates of the underlying continuous-
scale population mean DENV titers. Gray dashed lines and shaded ribbons show the median and 95% Crl estimates of population mean DENYV titers using the
“naive” cohort model, where the discretized measurement process and lower limits of assay detection are not accounted for. The Insets in panels A-C show the
same model fits using a log-linear scale for antibody titers. Grey shaded regions represent titer values below the assay limits of detection. The mean titer of
each serotype, relative to DENV1, by cohort and assay are shown in panel D where the black points and lines show the observed mean and 95% Cl, and colored

points and lines represent the model median and 95% Crl estimates.

serotypes. We found no significant differences in antibody half-life
estimates using these different exclusion criteria, shown in
SI Appendix, Fig. S5 and Table S2.

A total of 1,434 infant dengue cases <12 mo of age were reported
at Queen Sirikit National Institute of Child Health (QSNICH) in
Bangkok between 1974 and 2014 and 84 cases at Kamphaeng Phet
(KPP) hospital between 1994 and 2019 (S7 Appendix, Figs. S6 and S7).
The mean age of reported infant (<12 mo) dengue hospitalizations
was 7.3 (95% CI: 7.1 to 7.4) mo in QSNICH and 7.7 (7.0 t0 8.3)
mo in KPP hospital. Using the risk of infant hospitalization in
12-mo-olds as a reference point and assuming a constant risk of
exposure for all infants <12 mo, we estimate the relative risk (RR)
of infant hospitalization with dengue to range from 0.2 (95% CI:
0.1 to 0.1) in 1-mo-old infants to 4.4 (95% CI: 3.2 to 6.1) in
8-mo-old infants (Table 1). There was no significant difference in
the mean age of infant dengue cases by sex or by month of hospital-
ization (S Appendix, Fig. S8), though the mean age of infant
DENV-4 cases was lower than that of other serotypes (8] Appendix,
Fig. S8).

To explore the potential mechanistic relationships between mater-
nal DENV titers and enhanced infant dengue disease risk, we use
the previously estimated maternally derived DENV titers on a con-
tinuous scale to reconstruct expected numbers of age-specific hospi-
talized infant dengue cases using a range of model parameterizations.
We consider two main scenarios for the relationship between mater-
nally derived DENV antibodies and risk of hospitalized dengue
disease. We first consider a mechanism consistent with ADE,
whereby infant risk of hospitalized dengue disease, given a DENV

PNAS 2023 Vol.120 No.41 e2308221120

infection, varies as a function of DENV antibody concentration,
following either a normal or lognormal functional form. In the sec-
ond scenario, we consider a threshold mechanism where DENV
antibody concentrations determine only susceptibility to infection.
Here, infants with DENV antibody concentrations above a threshold
are protected from infection. Below the threshold, all infants are
equally susceptible to infection and have a constant risk of hospital-
ized dengue disease upon infection, independent of antibody

Table 1. RR of infant dengue hospitalization by month
of age, relative to the risk in 12-mo-old infants

Age (months) Relative risk (95% Cl)
1 0.19 (0.09 to 0.40)
2 0.47 (0.27 to 0.79)
3 0.98 (0.64 to 1.48)
4 1.95(1.36 t0 2.82)
5 2.93(2.01 to 4.13)
6 4.00 (2.87 t0 5.57)
7 3.67 (2.63t0 5.13)
8 4.42 (3.18t0 6.14)
9 3.44 (2.46 to 4.82)
10 2.33(1.63t03.32)
11 1.81(1.25t0 2.63)
12 1.00

https://doi.org/10.1073/pnas.2308221120 3 of 9
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concentrations (non-ADE scenario). For both of these scenarios, we
also consider model versions where infant vulnerability to hospital-
ized disease given a DENV infection declines exponentially from
birth as a function of infant age, consistent with underlying frailty
decreasing over the first year of life (16, 17). We find that the ADE
scenario is able to reconstruct the observed age distribution of hos-
pitalized infant dengue cases, both with and without an age-specific
disease vulnerability effect (S7 Appendix, Table S3 and Fig. 3 A-C).
The performance of the ADE models, as assessed by the WAIC,
increased with decreasing values of 6 (the monthly rate of decline in
age-specific vulnerability to hospitalized disease), resulting in increas-
ing estimates of mean risk titers (S/ Appendix, Table S3). The ADE
models with no age-specific disease vulnerability effect performed
better than those with the effect (S Appendix, Table S3). While both
the normal and lognormal ADE functional forms were able to recon-
struct age-specific trends in hospitalized dengue cases (Fig. 3 A-C),
the lognormal distribution was consistently preferred by the WAIC
(SI Appendix, Table S3 and Fig. S9). This is consistent with the
observed relationship between the number of age-specific hospital-
ized infant cases and the expected mean titers at the corresponding
ages, which are approximately lognormal distributed (S7 Appendix,
Fig. $10). For the non-ADE threshold scenario, we find that this
mechanism could broadly reconstruct observed age-specific hospi-
talized disease trends only with the addition of the age-specific disease
vulnerability effect (Fig. 3 and S/ Appendix, Fig. S9). 'The
best-performing non-ADE model estimated a 6 of 0.21 (0.19 to
0.22) per month (S Appendix, Table S3). However, the non-ADE
threshold models were consistently outperformed by the ADE mod-
els as compared by the WAIC (Fig. 3 and SI Appendix, Table S3).
Finally, we explore the potential effects of long-term changes in
the epidemiology of DENV and shifting demography in Thailand
on age-specific infant dengue risk profiles. We focus on the ADE
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scenario that assumes a lognormal functional form with no
age-specific disease frailty effect. A decline in the force of DENV
infection over the last 40 y has led to an increasing mean age of
reported dengue cases in Bangkok from 8.2 y in 1981 to 29.7 y in
2017 (Fig. 4A4). However, the mean age of infant dengue hospitali-
zations (aged <1 y) has remained stable over this same time frame
(P-value from linear regression for trend = 0.95). During this 40-y
period, fertility rates in Thailand have declined from an average of
3.4 children per woman in 1980 to 1.3 per woman in 2020, while
the mean age of childbirth has remained relatively stable from 28.7
in 1980 to 28.1 y in 2020 (18). Using annual age-specific fertility
rate data (Fig. 4B) and assuming a linear decline in DENV trans-
mission intensity from 0.4 in 1980 to 0.04 in 2020 (18-20), we
simulate the expected trends in infant dengue risk profiles over this
40-y period. We estimate a 13.2% reduction in the proportion of
mothers who have experienced 22 DENV infections at the time of
birth—from an estimated 99.7% of mothers in 1980 to 86.5% of
mothers in 2020 (S/ Appendix, Fig. S11).

We show that under these assumptions, the cumulative probability
of experiencinga DENV infection by 1 y of age declined from 0.33
in 1980 to 0.04 in 2020. However, the mean age of infant infection
increased only slightly, from 5.6 to 5.9 mo over the same period
(Fig. 4C). We further estimate that the reduced immune levels in
birthing women, driven by decreasing force of infection (FOI) and
minor demographic shifts, had a limited effect on the mean age of
infant titer-related risk of hospitalized dengue disease, from 7.2 mo
in 1980 to 7.1 mo in 2020 (Fig. 4D). Subsequently, this combination
of reduced mean age of hospitalized disease risk and increased mean
age of infection led to a stable mean age of infant hospitalized dengue
disease occurrence during this 40-y period (mean age of 7.1 mo
between 1980 and 2020) (Fig. 4£). Despite the stable mean age of
hospitalized disease among infants, we estimate an 87.7% reduction
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Fig. 3. Antibody-related mechanisms of infant disease and associated age-specific risk profiles. Panel A shows model estimates of DENV titer-related relative
risks and risk thresholds for hospitalized infant dengue disease in each of the cohorts and assays. The pink lines and shaded ribbons show the median and
95% Crl titer-risk estimates from the model assuming a log-normal relationship between DENV titers and enhanced risk of hospitalized infant dengue disease
upon infection. The blue vertical lines and shaded ribbons show the median and 95% Crl protective titer threshold estimates from the threshold model, while
the green vertical lines and ribbons show median and 95% Crl estimates of the protective titer threshold from the threshold model with estimated age-specific
disease frailty (5). Panel B shows the observed and predicted age distribution of hospitalized infant dengue cases, between 0 and 12 mo of age, for each of the
considered models. The gray bars show the cumulative number of reported infant dengue hospitalizations by age across the two hospitals. Colored points and
lines show the median and 95% Crl estimates of age-specific hospitalized infant dengue cases reconstructed by each model.
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in absolute risk of hospitalized infant dengue disease between 1980
and 2020 under these assumptions (Fig. 4E). This is consistent with
reported dengue case data over this same time period where the
proportion of all dengue cases in Bangkok attributed to infants <1
y of age has declined significantly from 3.2% in 1981 to 0.6% in
2017 (SI Appendix, Fig. S12).

Discussion

We use mathematical models to investigate the relationship
between infant maternally derived DENV antibody titers and the
associated risks of hospitalized dengue disease, using detailed lon-
gitudinal serological data and dengue hospitalization data. By
probabilistically reconstructing maternally derived DENV anti-
body titer distributions at the ages of enhanced risk of infant
dengue hospitalization, our analysis provides an improved under-
standing of the possible mechanisms that underpin this relation-
ship and their respective quantitative correlates of risk.

Our analysis highlights the valuable role that mathematical
models can play in scenarios of poorly observed processes. Our
results show the substantial inferential biases that can occur when
discretized measurement processes and lower limits of assay detec-
tion are not accounted for. Even in the case of the PRNTj, assay
that measured antibody concentrations on a continuous scale, not
accounting for the lower limit of assay detection where the
observed data become truncated results in large biases in antibody
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half-life estimates as well as poor fits to the observed data (Fig. 24
and SI Appendix, Table S1). Accounting for these measurement
processes, we infer the underlying dynamics of maternally derived
mean DENV antibody titers in Thai infants and find that constant
exponential decay models are best able to capture the observed
infant antibody dynamics in this setting (Fig. 2 A-C and
SI Appendix, Table S1 and Fig. S13). Our estimates of infant
DENYV antibody half-lives, ranging from a median of 28 to 47 d
across cohorts and assays, are consistent with previous estimates
of 41 d estimated in Thai infants (21), serotype-specific antibody
half-lives ranging from 33 to 53 d in Thai infants (22), and in
Vietnamese infants with an estimated half-life of 42 d (14).

We find that mechanisms of infant dengue disease enhancement
directly driven by maternally derived DENV antibody concentra-
tions (ADE scenario) give rise to age-specific patterns in infant
hospitalizations that are consistent with observed data. We show
that the threshold (non-ADE) scenario alone could not recon-
struct observed age patterns of infant dengue hospitalizations.
However, with the addition of an age-specific infant disease vul-
nerability effect in the non-ADE model, the reconstructed age
distribution becomes more similar to observed trends, though is
consistently outperformed by ADE models as compared by the
WAIC (81 Appendix, Table S3). Further, the non-ADE models
estimate protective titer thresholds below 40, though DENV
infections have been shown to frequently occur at much higher
titer concentrations (23). It is important to note that our analysis
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focuses on DENV antibody concentration using mean titers across
serotypes and is not able to investigate the potential role of anti-
body specificity in infant disease risk. The roles of DENV antibody
concentration and serotype specificity are highly intertwined with
antibodies against one serotype able to effectively neutralize other
serotypes at high enough concentrations. Disentangling the roles
of DENV antibody concentration and specificity in disease risk
therefore represents a significant challenge in endemic settings
such as Thailand, where all four serotypes cocirculate and where
a majority of exposures are not observed. Further research will be
needed to understand the representativeness of our findings to
other settings, particularly in nonendemic regions, and to inves-
tigate the varying roles of antibody concentration and specificity
in infant dengue disease risk.

Our estimated distribution of HI titer concentrations in the
ADE scenario that are associated with the ages of enhanced risk
of infant hospitalization in the Kamphaeng Phet cohort is similar
to the HI titers estimated to enhance the risk of hospitalization
in older children and adults experiencing postprimary infections,
with slightly lower risk-associated concentrations estimated for
infants (S7 Appendix, Fig. S14) (5). Further studies are needed to
understand whether the differences between the two estimated
distributions in this setting are true differences in immune
responses or are perhaps explained by assay noise or differences in
the antigenic properties of the circulating viruses in the two
cohorts, which occurred at different time periods (2015 to 2021
and 1998 to 2003) (5, 24, 25). We note that unlike older children
and adults experiencing postprimary infections, infants lack pre-
existing B cell or T cell immunity, suggesting a potendially different
role of antibodies in immune response to infant DENV infections.
While PRNTs measure neutralization, HI assays measure anti-
bodies that bind to virions and inhibit hemagglutination but are
not necessarily neutralizing. However, we observe a good correla-
tion between PRNTS, and HI titer values with a Pearson correla-
tion coefficient, r = 0.62 (S Appendix, Fig. S15), and find largely
consistent titer-associated risk windows inferred independently
from the PRNT,, and HI data. We also observed a trend of an
increasing HI:PRNT ratio with increasing infant age in the
Bangkok cohort, suggesting a potentially increased role of binding
and HI as neutralization capabilities decrease, though further work
is needed to understand the drivers of this trend (S Appendix,
Fig. §16).

Our study highlights the complications caused by the nonstand-
ardization of antibody assays, where differences in the estimated
titer windows of risk across cohorts/locations may be due to dif-
ferences in the antigenic properties of the specific viruses included
in each assay rather than due to fundamental differences in risk
by serotype-specific titers (26, 27). This presents a significant chal-
lenge when comparing inferences across locations and studies
where both differences in the circulating lineages and differences
in reference viruses used in the assay can impede direct compari-
sons of results. We note that infant cases caused by DENV-4 had
alower mean age compared to cases caused by other serotypes and
that DENV-4 also had the lowest neutralization titers (but highest
HI titers). However, given the reliance of titer measurements on
the virus used in the assay, we cannot draw any mechanistic con-
clusions with these data alone. We also note that despite the sea-
sonality of DENV transmission in Thailand, we observe no
significant differences in the mean age of infant dengue hospital-
izations by month (P-value for linear trend = 0.63), suggesting
minimal effects of seasonal transmission intensity on infant disease
risk (87 Appendix, Fig. S8).

A steady decline in DENV force of infection in Thailand over
the last 40 y has been well documented (19, 20, 28), leading to
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an increasing mean age of dengue cases. This trend has been
driven, at least in part, by simultaneously decreasing fertility rates,
which has led to reduced numbers of susceptible individuals in
the population (19). We demonstrate how reduced transmission
intensity of DENV over time has also shifted the immune land-
scape such that women of childbearing age have experienced fewer
DENYV infections than in previous decades, leading to reduced
levels of transplacentally transferred DENV antibodies in new-
borns. We show how these demographic changes have had a neg-
ligible impact on the mean age of infant hospitalized cases, despite
a substantial reduction in DENV transmission. However, we find
that reduced transmission intensity, coupled with declining fer-
tility rates, has driven a large reduction in the absolute risk of
hospitalized dengue disease posed to infants. It remains critical,
however, to shield infants at ages where they are at enhanced risk
of severe dengue disease, for example, through limiting exposure
to mosquitoes by placing screens on doors/windows and/or the
use of long-sleeved clothing (29, 30). Further, careful considera-
tion should be given to the risk profile of young infants when
planning the implementation of any future DENV vaccines. The
potential long-term effects of DENV vaccines on infant risk of
severe disease, through both changes in mothers’ antibody levels
and changes in transmission intensity, should be assessed, particu-
larly in the case where vaccines induce lower titers than natural
infection (31).

The cohort studies used in this analysis were not designed to
investigate individual-level infant risk of severe dengue disease.
Doing so would require very large cohort sizes in order to observe
a substantial number of severe outcomes. Our estimates of titer
concentrations associated with increased risk of hospitalized den-
gue are derived from population-level probabilistic inferences
rather than individual-level observations, assuming that the infants
recruited to the cohort studies are representative of the wider
infant population. In addition, uncertainty from model estimates
of maternally derived DENV antibody concentrations was not
propagated through to the models estimating titer concentrations
associated with the age of enhanced hospitalization risk. The Crl
estimates from this model therefore do not reflect the full under-
lying uncertainty. We also assume the population age distribution
of infants aged <1 y to be uniform by month. Despite these sim-
plifying assumptions, our findings are consistent with a study of
13 Thai infants with dengue hemorrhagic fever or dengue shock
syndrome that were estimated to have PRNTj titers <10 at the
time of infection (12). In the simulation analysis, we assume the
mother—infant cohorts to be representative of the wider Thai pop-
ulation. However, the mean age of birthing women in the two
cohorts are slightly younger (25.0 in Bangkok and 25.2 in
Kamphaeng Phet) than that of the wider Thai population at 27.5
y (81 Appendix, Fig. S17). Our study highlights the need for addi-
tional focused mother—infant cohort studies with more frequent
antibody measurements as well as active surveillance of DENV
infections and associated illness occurring in the first year of life.

Our analysis has allowed an increased understanding of the
dynamics of infant dengue disease risk, including the potential
epidemiological and demographic drivers that shape these risk
profiles. By probabilistically reconstructing the distribution of
dengue antibody titer concentrations that place infants at enhanced
risk of hospitalized disease given infection, we have provided an
estimate of antibody-based correlates of risk that can inform con-
trol and prevention efforts. As age-specific risks of infant dengue
disease depend on local DENV transmission and immune dynam-
ics, the characterization and monitoring of local maternal DENV
immune profiles in endemic countries will be crucial for informing
maximal preventative and control measures.
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Methods

Cohort Data. We use DENV serological data from two longitudinal cohort
studies in Thailand. The first study was an infant cohort study conducted in
Bangkok from 2000 to 2003 (32). A total of 219 mother-infant pairs attend-
ing the Rajavithi Hospital in Bangkok between November 2000 and March
2001 were enrolled in the cohort (32, 33). Mother and cord blood samples
were collected at the time of birth. Of these 219 infants, 138 (63%), 116
(53%), 118 (54%), and 115 (53%) infants were followed up at 3, 6, 9, and
12 mo of age, respectively, where blood was drawn for serological testing.
All blood samples were tested using DENV serotype-specific HI and 50%
PRNTS, assays (32). PRNT; titers were measured on a continuous scale with a
lower limit of detection of 10, while HI titers were measured on a discretized
scale using twofold serial dilutions with a lower limit of 1:10. Mothers with
a history of immune deficiency, who received immunosuppressive treatment
in the previous month, or those who received blood in the previous 3 mo
were excluded from study participation. Premature infants, twins, or
infants with severe congenital anomalies were also excluded from the
study (32).

The second cohort study is an ongoing family cohort in Kamphaeng Phet,
Thailand (25). Mother-infant pairs enrolled between September 2015 and July
2021 were included in our analysis. Blood was drawn from each mother prior to
giving birth as well as cord blood at the time of birth. Infants were followed up
atapproximately 1y of age where blood samples were taken. Additional blood
samples were collected from a subset of infants in the first year of life as part of
household-illness investigations within the cohort. DENV antibody titers were
tested using serotype-specific Hl measured on a discretized scale using twofold
serial dilutions with a lower limit of detection of 1:10.

To account for possible infection-related increases in antibody titers, the
time atwhich any mean titer increase (mean across serotypes) was observed in
aninfant was marked as a potential DENV infection. Titer measurements from
these and any subsequent samples of the same infant were then excluded
from the main analysis. Sensitivity analyses were conducted where infant
samples with serotype-specific titer rises were additionally excluded from
the analysis. Samples with measured concentrations below the lower limit
of assay detection (1:10) were assigned a value of 5 for the calculation of
geometric mean titers by age. Infants who provided at least three samples
within the first 13 mo and who had no evidence of a DENV infection were
included in the final analysis. A total of 142 infants were included in the
final analysis, with 42 infants from the Kamphaeng Phet cohort and 100
infants from the Bangkok cohort representing a combined total of 605 blood
samples.

Dengue Hospitalization Data. To explore the age-specific risks of hospi-
talized infant dengue disease, we used reported hospitalized dengue case
data from QSNICH, located in Ratchathewi, Bangkok, reported between 1974
and 2014, as well as from Kamphaeng Phet hospital, located in Kamphaeng
Phet province, between 1994 and 2019. Hospitalized cases with any dengue
diagnosis (dengue fever or dengue hemorrhagic fever) confirmed by PCR
or serological testing and with age information were included in the analy-
sis. Both hospitals are large, tertiary care facilities that accept patients from
throughout their respective provinces.

Estimating Infant Maternally Derived Antibody Titers. We model the
decay of maternally derived DENV antibody titers from birth until 13 mo of age.
To account for the discretized measurement process of the HI assay as well as
the lower limit of detection truncation of both the Hl and PRNT assays, we con-
sider "true” unobserved continuous-scale antibody titers as distinct but related
quantities to the measured antibody titers. Twofold dilutions of 1:10, 20, 40, 80,
160, and so on were used for Hl assay measurements. As Hl antibody concen-
trations are reported as the lower bound of the dilution (e.g., antibody concen-
trations in the range of 1:80 to 1:159 will be reported as 1:80), we consider the
"true” antibody concentration, 4, ,, foran individual,  , to serotype, 5, at age, a,
ona continuous scale that underlies the discretized observed concentration,A;fS’a,
measured by the assay (5, 31). Analysis of titers was conducted on an adjustedlog,

scale; 1+ log <A;f5,a /10) /1og(2), such that a measured titer of 1:10 = 1, 1:20
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=2,1:40 = 3,and so on. We define the probability of the observed titer concen-
tration, given the true concentration as shown in Eq. 1, where f(x)is a cumulative
probability density function of a normal distribution, with estimated SD &.

Af53+1
P{A Afsa ZJ h f(X)dX,
(s 140) ., (1]
Aisa =Aisamo EXP(—7va), 2]
If(a < T) Ai,s,,; = Ai,s,a=0 exp( — }/1'[), [3]
ifla>1) Aisa=Aisam0 E'Xp( -7 1-) eXp( —7,a —T)), 4]
is,az
L= 2 P(Af,s,a,z |Ai,s,a,z)~ [5]

The initial “true” (unobserved) antibody titer of each infant was estimated,
and the "true” titers of each subsequent sample (including those below the lower
limit of detection) were inferred on a continuous scale assuming either constant
or biphasic rates of decay. Where a constant rate of decay was assumed, "true”
antibody titers were calculated as shown in Eq. 2, where y is the estimated rate
of decay and ais infant age at the time of sample collection. For biphasic decay
dynamics, the age at which the rate of decay changes, z, was additionally esti-
mated, and "true"” titers were estimated as shown in Eqs. 3 and 4.The full model
likelihood was evaluated by summing the probability of observed titers given
the estimated "true” titers across individuals, , serotypes, s, ages, a, and cohorts
and assays, z, as shown in Eq. 5.

We consider a number of model parameterizations. We consider a "base”
model, where rates of antibody decay are assumed to be constant across differ-
entassays and cohorts, and a “cohort” model where rates of antibody decay are
allowed to vary by assay and cohort. In addition, we consider model versions with
constant decay rates across the four serotypes and with serotype-specific decay
rates. Finally, we also consider a "naive” model, where the discretized measure-
ment processes and lower limits of assay detection are not accounted for in the
model. The WAIC was calculated for each model specification to compare model
performance. We fit exclusively to infant samples taken between birth (cord blood)
and 13 mo of age. All model fitting was conducted in CmdStanR version 0.3.0.
Each model was run with four chains of 5,000 iterations each, with a warm-up
period of 1,000 iterations.

Modeling Titer-Related Mechanisms of Enhanced Infant Dengue Disease
Risk. We combine the median estimates of “true” continuous-scale infant anti-
body titers with the observed age distribution of reported hospitalized infant
dengue cases to explore potential titer-related mechanisms of disease risk. Here,
we assume that dengue antibody titer measurements within the two cohorts are
representative of their respective populations. We consider two main mecha-
nisms that relate antibody titers to disease risk. First, we consider a mechanism
consistent with ADE, whereby infant risk of hospitalized dengue disease given
a DENV infection peaks at some intermediate antibody concentrations and
declines at concentrations above and below this value. This relationship was
modeled assuming either normal or lognormal function forms. For the second,
alternative non-ADE scenario, we consider a threshold mechanism where DENV
antibody concentrations determine only susceptibility to infection. Here, infants
with antibody concentrations below a threshold will be equally susceptible to
infection and have a constant risk of hospitalized dengue disease given a DENV
infection independent of antibody concentration. For both of these scenarios, we
also consider model versions with an added effect of age-specific vulnerability to
severe disease (16, 17), where infant vulnerability to hospitalized disease declines
exponentially from birth with rate 6.

For each considered scenario, we calculate the expected number of hospital-
ized infant dengue cases by month of age, €, as shown in Eqs. 6 and 7. Eq. 7
represents the model version assuming age-specific frailty to severe dengue
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disease given a DENV infection. Here, 4 is the monthly DENV transmission inten-
sity which we assume to be endemicand constant in time with a rate of 0.01 per
month (0.12 per year).f() represents a probability density function of a normal or
lognormal distribution in the ADE scenario and a cumulative normal distribution
forthe non-ADE threshold scenario, with estimated mean, 4, and SD o Probability
density values were rescaled to RR density values by dividing by the distribution
mode. B is the cumulative infant population size, and N is the number of infants
included in the cohort study. Models were fit with fixed values of § at 0.05, 0.15,
and 0.25 and with an estimated §.

Ea = % Z L_1 (1—=e) f(Aaln o), (6]

C=p X[ (=) (Al o) 7]

N /C\acaexp< - /C\a>

L= HT' (8]

a=1

Age-specific counts of hospitalized infant dengue cases were assumed to fol-
low a Poisson distribution with the model likelihood calculated as shown in Eq.
8. Modelfitting was conducted in CmdStanR version 0.3.0. Each model was run
with four chains of 5,000 iterations each including a warm-up period of 1,000
iterations. The WAIC was used to compare model performance.

Modeling Temporal Trends in Infant Risk of Hospitalized Dengue Disease.
We use data on annual age-specific fertility rates in Thailand for the years 1980
to 2020 from the United Nations World Population Prospects (18). We assume
that the transmission intensity of DENV in Thailand declines linearly from 0.4 to
0.04 between 1980 and 2020, as estimated in previous analyses (19, 20), and
that it was constant at 0.4 in years prior to 1980. Given the age-specific number
of birthing women each year, we calculate their probabilities of being susceptible,
monotypic, and multitypic to DENV as shown in Egs. 9 and 10.

;
P(Susceptible) = exp< —4 Z A,),
= (9]

T T
P(Monotypic)=4exp<—3 At> (1—exp<— /lr>>. [10]
T-a T-a

Here, A, is the DENV serotype-specific transmission intensity in year t, assuming
all four serotypes to circulate with equal intensities (34).T is the year at the time
of giving birth and T — athe year the mother was born, with a representing the
age of the mother.The probability of having experienced =2 DENV infections by
year T is simply calculated as 1 — P(Susceptible) — P(Monotypic). For each
mother, we calculate a weighted mean expected DENV titer at the time of giving
birth. We assume that DENV antibody titers are drawn from normal distributions,
truncated between 0 and infinity. We assume that DENV PRNT titers of susceptible
mothers have a mean of 20 and SD of 20, that monotypic titers have a mean of
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150 and SD of 100, and that multitypic titers have a mean of 500 and SD of 200.
As quantifying the specific titers linked to each serostatus is largely unknown and
will differ by assay and cohort, we focus on the trends in titers in mothers and
infants overtime. We assign each birthing mothera mean DENV titer by drawing
arandom value from each of the three distributions and calculating the weighted
mean titer, with weights equal to the respective probabilities of being susceptible,
monotypic, and multitypic to DENV. We assume this titer to be equal to the mater-
nally derived DENV antibody titer present in their infants at birth and subse-
quently model the decay of these titers in each infant assuming a constant
exponential rate of decay as before (Eq. 2). We use estimates of PRNT antibody
half-life from the best-performing model as described above. Considering the
same titer-related mechanisms of hospitalized infant dengue disease described
above, the joint probability of an infant experiencing a DENV infection and risk
of hospitalized disease given titer levels was calculated by age for each infant.

All codes used in the analyses are publicly available at https://github.com/
meganodris/InfantDENV (35).

Ethics Statement

The cohort study in Kamphaeng Phet was approved by Thailand
Ministry of Public Health Ethical Research Committee, Siriraj
Ethics Committee on Research Involving Human Subjects,
Institutional Review Board for the Protection of Human Subjects
State University of New York Upstate Medical University, and
Walter Reed Army Institute of Research Institutional Review
Board (protocol #2119). The Bangkok cohort study protocol was
approved by the Ethics Committee of the Ministry of Public
Health of Thailand. Our analysis is based on deidentified antibody
titer data as well as deidentified hospital case data only.

Material has been reviewed by the Walter Reed Army Institute
of Research. There is no objection to its presentation and/or pub-
lication. The opinions or assertions contained herein are the pri-
vate views of the authors 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 investigators have adhered to the
policies for protection of human subjects as prescribed in AR
70-25.

Data, Materials, and Software Availability. Anonymized (simulated data)
data have been deposited in https://github.com/meganodris/InfantDENV (35).

ACKNOWLEDGMENTS. This work was funded by the NIH (Grant Number
PO1AI034533 and 1RO1AI175941 - 01) and the European Research Council
(Grant Number 804744).

Author affiliations: *Department of Genetics, University of Cambridge, Cambridge CB23EH,
United Kingdom; "Department of Virology, Armed Forces Research Institute of Medical
Sciences, Bangkok 10400, Thailand; “Department of Microbiology and Immunology, State
University of New York Upstate Medical University, Syracuse, NY 13210; Department of
Disease Control, Ministry of Public Health, Nonthaburi 11000, Thailand; *University of
California, San Francisco, CA 94143; ‘Department of Cell and Molecular Biology, Institute
for Immunology and Informatics, University of Rhode Island, Providence, RI 02903;
8Faculty of Medicine, King Mongkut's Institute of Technology Ladkrabang, Bangkok
10520, Thailand; "Department of Medicine, State University of New York Upstate Medical
University, Syracuse, NY 13210; 'Coalition for Epidemic Preparedness Innovations,
Washington, DC 20006; and 'Department of Biology, University of Florida, Gainesville, FL
32611

8. S.B.Halstead etal., Dengue hemorrhagic fever in infants: Research opportunities ignored. Emerg.
Infect. Dis. 8, 1474-1479 (2002).

9. D.H.Libraty etal., A prospective nested case-control study of Dengue in infants: Rethinking and
refining the antibody-dependent enhancement dengue hemorrhagic fever model. PLoS Med. 6,
€1000171(2009).

10. N.T.Hung et al., Association between sex, nutritional status, severity of dengue hemorrhagic
fever, and immune status in infants with dengue hemorrhagic fever. Am. J. Trop. Med. Hyg. 72,
370-374(2005).

11, S.B. Halstead, S. Udomsakdi, J. E. Scanlon, S. Rohitayodhin, Dengue and chikungunya virus
infection in man in Thailand, 1962-1964.V. Epidemiologic observations outside Bangkok. Am. J.
Trop. Med. Hyg. 18,1022-1033 (1969).

pnas.org


https://github.com/meganodris/InfantDENV
https://github.com/meganodris/InfantDENV
https://github.com/meganodris/InfantDENV

12.

13.
14.
15.

16.

17.
18.
19.
20.
21.

22.

23.

PNAS 2023 Vol. 120 No. 41

S. C.Kliks, S. Nimmanitya, A. Nisalak, D. S. Burke, Evidence that maternal dengue antibodies are
important in the development of dengue hemorrhagic fever in infants. Am. J. Trop. Med. Hyg. 38,
411-419(1988).

A.M. Ciobanu et al., Benefits and risks of IgG transplacental transfer. Diagnostics (Basel) 10, 583
(2020).

C.P.Simmons et al., Maternal antibody and viral factors in the pathogenesis of dengue virus in
infants. J. Infect. Dis. 196, 416-424 (2007).

T.N. B. Chau et al., Dengue virus infections and maternal antibody decay in a prospective birth
cohort study of Vietnamese infants. J. Infect. Dis. 200, 1893-1900 (2009).

M. Guillot, J. Romero Prieto, A. Verhulst, P. Gerland, Modeling age patterns of under-5 mortality:
Results from a log-quadratic model applied to high-quality vital registration data. Demography 59,
321-347(2022).

C.J. E. Metcalf et al., Comparing the age and sex trajectories of SARS-CoV-2 morbidity and mortality
with other respiratory pathogens. R Soc. Open Sci. 9, 211498 (2022).

World Population Prospects - Population Division - United Nations. https://population.un.org/wpp/
Download/Standard/Fertility/ (June 30, 2022).

A.T.Huang et al., Assessing the role of multiple mechanisms increasing the age of dengue cases in
Thailand. Proc. Natl. Acad. Sci. U.S.A. 119, 2115790119 (2022).

D.A.T.Cummings et al., The impact of the demographic transition on dengue in Thailand: Insights
from a statistical analysis and mathematical modeling. PLoS Med. 6, €1000139 (2009).

V. Watanaveeradej et al., Transplacentally transferred maternal-infant antibodies to dengue virus.
Am. J. Trop. Med. Hyg. 69,123-128 (2003).

A.Guignard, F. Haguinet, S. Wéry, P. Kerdpanich, Prevalence and persistence of maternal dengue
neutralizing antibodies in infants from Central and Southern Thailand: A retrospective cohort study.
Asia. Pac. J. Public Health 31,288-295(2019).

L. C. Katzelnick, M. Montoya, L. Gresh, A. Balmaseda, E. Harris, Neutralizing antibody titers against
dengue virus correlate with protection from symptomatic infection in a longitudinal cohort. Proc.
Natl. Acad. Sci. U.S.A. 113,728-733(2016).

€2308221120

24.

25.

26.

27.

28.

30.

31

32.

33.

34.

35.

L. C. Katzelnick et al., Antigenic evolution of dengue viruses over 20 years. Science 374, 999-1004
(2021).

K. B.Anderson et al., An innovative, prospective, hybrid cohort-cluster study design to characterize
dengue virus transmission in multigenerational households in Kamphaeng Phet, Thailand. Am. J.
Epidemiol. 189, 648-659 (2020).

S.J.Thomas et al., Dengue plaque reduction neutralization test (PRNT) in primary and secondary
dengue virus infections: How alterations in assay conditions impact performance. Am. J. Trop. Med.
Hyg. 81,825-833(2009).

H. Salje et al., Variability in dengue titer estimates from plaque reduction neutralization tests poses a
challenge to epidemiological studies and vaccine development. PLoS Negl. Trop. Dis. 8, 62952 (2014).
. Rodriguez-Barraquer et al., Revisiting Rayong: Shifting seroprofiles of dengue in Thailand and
their implications for transmission and control. Am. J. Epidemiol. 179, 353-360 (2014).

. J.Orshorne et al., Personal protection of permethrin-treated clothing against Aedes aegypti, the

vector of dengue and zika virus, in the laboratory. PLoS One 11, 0152805 (2016).

G. Ribeiro dos Santos et al., Individual, household, and community drivers of dengue virus infection
risk in Kamphaeng Phet Province, Thailand. J. Infect. Dis. 226, 1348-1356 (2022).

H. Salje et al., Evaluation of the extended efficacy of the Dengvaxia vaccine against symptomatic and
subclinical dengue infection. Nat. Med. 27, 1395-1400(2021), 10.1038/s41591-021-01392-9.

K. Pengsaa et al., Dengue virus infections in the first 2 years of life and the kinetics of
transplacentally transferred dengue neutralizing antibodies in thai children. J. Infect. Dis. 194,
1570-1576 (2006).

W. G.van Panhuis et al., Decay and persistence of maternal dengue antibodies among infants in
Bangkok. Am. J. Trop. Med. Hyg. 85, 355-362 (2011).

N. M. Ferguson, C.A. Donnelly, R. M. Anderson, Transmission dynamics and epidemiology of
dengue: Insights from age-stratified sero-prevalence surveys. Philos. Trans. R. Soc. Lond. B Biol. Sci.
354,757-768(1999).

M. 0'Driscoll, Code and data for InfantDENV analysis, InfantDENV. GitHub. https:/github.com/
meganodris/InfantDENV. Deposited 5 August 2023.

https://doi.org/10.1073/pnas.2308221120 9 of 9


https://population.un.org/wpp/Download/Standard/Fertility/
https://population.un.org/wpp/Download/Standard/Fertility/
https://doi.org/10.1038/s41591-021-01392-9
https://github.com/meganodris/InfantDENV
https://github.com/meganodris/InfantDENV

	Maternally derived antibody titer dynamics and risk of hospitalized infant dengue disease
	Significance
	Results
	Discussion
	Methods
	Cohort Data.
	Dengue Hospitalization Data.
	Estimating Infant Maternally Derived Antibody Titers.
	Modeling Titer-Related Mechanisms of Enhanced Infant Dengue Disease Risk.
	Modeling Temporal Trends in Infant Risk of Hospitalized Dengue Disease.

	Ethics Statement
	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 23



