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Abstract

Dengue virus serotypes 1-4 (DENV1-4) and Zika virus (ZIKV) are mosquito-borne flaviviruses 

that induce both virus-specific and broadly-reactive antibodies. A first DENV infection is thought 

to induce antibodies that wane over two years to titers that can subsequently enhance severe 
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dengue disease, causing large dengue epidemics. Secondary DENV infection with a different 

serotype is thought to induce stable, cross-serotype protective antibodies. Low dengue disease 

incidence following the recent Zika pandemic led to the hypothesis that ZIKV infection is 

also transiently cross-protective. We investigated antibody kinetics in 4189 children up to 11 

years after one and multiple DENV and ZIKV infections in longitudinal cohorts in Nicaragua. 

We used a DENV inhibition enzyme linked immunosorbent assay (iELISA), which measures 

antibodies associated with protection against dengue and Zika disease and with enhancement 

of dengue disease severity. Surprisingly, we found that overall DENV iELISA titers stabilized 

by 8 months post-primary DENV infection to a half-life longer than a human life and waned, 

although gradually, after secondary DENV infection. Similarly, DENV iELISA titers were stable 

or rose after primary ZIKV infection but declined in individuals with histories of DENV 

and ZIKV infection. In contrast, kinetics of anti-ZIKV antibodies post-ZIKV infection were 

similar regardless of prior DENV immunity. We observed heterogeneity in DENV iELISA titer, 

suggesting that individual antibody titer setpoint, rather than waning, is important for future 

dengue disease risk. Together, these findings change our understanding of anti-flavivirus antibody 

kinetics and have implications for measuring vaccine efficacy and for predicting future dengue and 

Zika outbreaks.

One sentence summary:

Unexpectedly, cross-reactive antibodies are stable or rise after primary dengue and Zika virus 

infection and wane slowly post-secondary infection.

INTRODUCTION

Measurement of the quantity, repertoire, and durability of humoral immunity against 

emerging viral diseases is critical for developing vaccines, introducing appropriate 

interventions, and predicting outbreaks. Flaviviruses, including dengue virus serotypes 1 

to 4 (DENV1-4) and Zika virus (ZIKV), have caused severe epidemics worldwide over the 

last fifty years (1). Prior infection with DENV induces antibodies that can be protective 

at high titers but at low to intermediate titers are capable of facilitating viral infection of 

target myeloid cells through the Fcγ receptor, a mechanism known as antibody-dependent 

enhancement (ADE). ADE increases the risk for Dengue Hemorrhagic Fever/Dengue Shock 

Syndrome (DHF/DSS) and other forms of severe dengue disease (2–8). ZIKV infection can 

also induce low to intermediate titers of anti-DENV antibodies that can enhance DENV2 

infection in animal models and increase risk of symptomatic and severe DENV2 infections 

in humans (8–11). Although it is known that the titer of pre-existing antibodies against 

DENV and ZIKV is associated with disease outcome, the actual kinetics of anti-DENV and 

anti-ZIKV humoral immunity remain poorly characterized.

Primary DENV infection is thought to induce cross-serotype reactive antibodies that are 

initially neutralizing but wane to enhancing titers over time, with only antibodies to the 

infecting serotype remaining at protective titers (12–18). Early challenge studies describe a 

period of cross-serotype protection of at least 2 to 9 months (12). Epidemiological studies 

observed that the time between a first DENV infection and a subsequent symptomatic 

heterologous DENV infection was two years, after which individuals are at risk of severe 
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disease (13, 14). Statistical models of dengue case data found that a two-year period of 

cross-serotype protection provided the best model fit (16). Spatiotemporal analyses have 

shown that dengue cases that occur within two years or within 1 kilometer of one another 

are more likely to be of the same serotype. In contrast, any two cases are more likely to be 

caused by different serotypes when they occur more than two years apart, an observation 

attributed to a two-year period of cross-protective immunity (17, 18). When the Americas 

experienced low dengue transmission for two years after the Zika pandemic followed by a 

continent-wide dengue resurgence in 2019 and 2020, it was proposed that ZIKV infection 

might also transiently cross-protect against dengue (19).

Unlike primary DENV infection, secondary DENV infection with a different serotype 

induces broadly protective, cross-serotype reactive anti-DENV antibodies that are associated 

with reduced risk of future dengue disease caused by any of the four serotypes (5, 6, 

8, 20–22). It is currently believed that antibodies induced by secondary DENV infection 

are maintained at high titers over long periods of time. Interestingly, when the second 

infection is with ZIKV rather than a different DENV serotype it does not provide protection 

against future dengue disease or severity (8). However, to date, the long-term kinetics 

of cross-reactive antibodies following secondary DENV or sequential DENV and ZIKV 

infection have not been well described.

Here, we tested the hypothesis that cross-reactive antibody titers wane after primary DENV 

and ZIKV infection but are stable after sequential DENV infection or after DENV and ZIKV 

infection in two pediatric cohort studies in Managua, Nicaragua. Instead, we observed the 

opposite: cross-reactive antibody titers were stable or increased after one DENV or ZIKV 

infection but waned more and for longer periods of time in those with multiple prior DENV 

infections or in those with DENV and ZIKV infections. Our investigations of the longest 

running pediatric dengue cohort studies provide a detailed characterization of the kinetics 

and magnitude of antibodies after one and multiple flavivirus infections.

RESULTS

Study population.

We have previously reported that pre-infection DENV and ZIKV iELISA titers (measured 

the year before infection) are associated with dengue and Zika disease outcome in this 

population (5, 8). In the present study, we describe the long-term antibody kinetics after 

distinct DENV and ZIKV infection histories in these cohorts. We followed children after 

one or multiple DENV and ZIKV infections in a community-based cohort (n=3981) and 

a hospital-based study (n=208) in Managua, Nicaragua (Table 1). In the community-based 

cohort study, ongoing since 2004, children ages 2 to 17 years provided a healthy blood 

sample upon enrollment for measurement of baseline immunity and annually thereafter. 

Children were followed for many years, making this cohort ideal for evaluating long-lived 

immunity. Samples were provided in March, generally 4 to 8 months after the peak 

arbovirus transmission season. Participants who experienced febrile disease (and after 2016, 

rash) visited the health center and were tested for symptomatic dengue or Zika disease by 

molecular biological, virological, and serological methods in paired acute and convalescent 

samples. Each year, annual samples from all participants were tested by three assays side-
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by-side with the previous year’s samples to determine which children experienced DENV 

or ZIKV infections. Complete infection histories were based on confirmed dengue and Zika 

cases as well as seroconversion or greater than or equal to a four-fold rise in DENV or ZIKV 

antibody titers between paired annual samples (8). In total, 8399 participants at the time of 

analysis had contributed at least one sample to the study. We measured antibody kinetics in 

3981 children for whom an infection history could be determined (fig. S1). This included 

all children who entered the cohort flavivirus-naïve and had one confirmed DENV or ZIKV 

infection as well as those who then experienced two sequential confirmed DENV infections 

(DENV-DENV) or DENV and ZIKV infections (DENV-ZIKV). We also followed children 

who experienced at least two confirmed DENV infections (2+DENV), including those with 

three or more confirmed DENV infections as well as those who entered DENV-immune and 

had one or more confirmed DENV infections. Some in the 2+DENV group experienced a 

subsequent ZIKV infection (2+DENV-ZIKV) and were analyzed separately.

All annual and acute and convalescent samples were tested for anti-DENV1-4 antibodies 

using the DENV inhibition ELISA (iELISA), which we have previously shown measures 

cross-reactive antibodies to DENV1-4 and ZIKV such as those targeting the envelope (E) 

protein fusion loop and the premembrane (prM) protein (5, 8, 23). The databases of DENV 

iELISA titers have been extensively characterized and shown to have low assay variability 

and to be highly reproducible (5). Starting in 2016, samples were also tested for antibodies 

to the ZIKV E domain III (EDIII) using a ZIKV iELISA as well as antibodies to ZIKV 

non-structural protein 1 (NS1) using a blockade-of-binding (BOB) ELISA, assays that have 

also been evaluated previously (24–26). The ZIKV iELISA, like the DENV iELISA, is a 

competition ELISA that detects heterotypic antibody titers (8), whereas the ZIKV NS1 BOB 

is highly specific to ZIKV.

In the hospital-based study, ongoing since 2005, children ages 6 months to 14 years enrolled 

upon disease presentation (days 1 to 7 post symptom onset) and were followed during 

treatment and recovery. Blood samples were collected during illness, at convalescence (days 

14 to 28), and at 3, 6, 12, and 18 months post-infection, making it ideal for investigating the 

early kinetics following infection. All samples were tested by the DENV iELISA. Primary 

versus secondary dengue disease was defined by convalescent DENV iELISA titer based 

on cut-offs developed for the gold-standard hemagglutination Inhibition assay (HAI) and 

evaluated previously (27–29).

Infection history is the strongest determinant of DENV iELISA titer magnitude and kinetics.

We first tested whether DENV iELISA titer magnitude and kinetics measured greater than 

0.5 years post-infection differed by age, sex, disease during prior flavivirus infection, and 

infection history using linear mixed models. In the community-based cohort, the strongest 

predictor of DENV iELISA titer was infection history (Fig. 1, fig. S2, data file S1). 

Compared to primary DENV infection, secondary DENV and sequential DENV and ZIKV 

infections induced higher magnitude titers and more rapid decay (p<0.001), whereas primary 

ZIKV infection induced lower magnitude titers but greater titer increase (p<0.001) (Fig. 

1A). Female sex (p<0.01), older age (p<0.01), and past symptomatic DENV infection 

(p<0.001) were associated with higher magnitude DENV iELISA titers (Fig. 1A). Older age 

Katzelnick et al. Page 4

Sci Transl Med. Author manuscript; available in PMC 2022 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(p<0.001) and past inapparent infection (p<0.01) were associated with more rapid decay 

(Fig. 1B). In 2012 and after, data on obesity and socioeconomic status were also available; 

however, neither variable was a determinant of antibody magnitude or kinetics (data file S2). 

Notably, even for the best-fit model, which explained 93% of the variance in DENV iELISA 

titers, these covariates explained only 53% of the heterogeneity in antibody magnitude and 

kinetics, suggesting many modifying factors remain unidentified.

Among symptomatic dengue cases in the cohort study, secondary dengue was also the 

strongest determinant of DENV iELISA titer magnitude (p<0.001) and was also associated 

with more rapid antibody decay (p<0.05) (data file S3). Female sex (p<0.05) and older 

age (p<0.05) were associated with modestly higher titers. In the hospital study, older age 

(10-17 years, p<0.001) was associated with higher magnitude titers, whereas secondary 

dengue was associated with more rapid decay (p<0.05) (fig. S3, data file S4). Disease 

severity (DHF/DSS or Dengue with Warning Signs/Severe Dengue) was not associated with 

a detected difference DENV iELISA titers in either the cohort or hospital studies (data file 

S3 and S4). In the cohort study, dengue cases that were negative by reverse transcription 

polymerase chain reaction (RT-PCR) (p<0.001) or caused by DENV3 (p<0.01) had lower 

magnitude titers, whereas antibodies after DENV2 infection (p<0.01) decayed more rapidly 

(data file S3). We did not observe any differences by infecting serotype in the hospital-based 

study (data file S4).

Anti-DENV antibodies reach stable setpoints after primary DENV infection.

To test whether anti-DENV antibodies waned from protective to enhancing titers in the 

first two years after a single DENV infection, we followed children after their first DENV 

infection in both the hospital-based study (n=101; 505 titers) and community-based cohort 

study (n=1201 children; 5117 titers). For all analyses, we modeled the log2 antibody titers 

as a function of time post-infection using generalized additive mixed models (GAMM) (Fig. 

2A and B). GAMMs are, by definition, flexible and do not incorporate specific assumptions 

about decay kinetics like exponential or power-law decay models; GAMMs were used to 

identify relevant inflection points in antibody kinetics (data file S5). We then modeled 

each ‘phase’ of decay using multi-phasic linear mixed models with bootstrap confidence 

intervals, which produce estimates of half-life that are easier to interpret and are more 

comparable across studies (Fig. 2C and D, accounting for various sources of error in time 

and titer estimates, fig. S4). A positive half-life indicates waning antibody titers, whereas 

a negative half-life indicates increasing antibody titers. Gradual antibody decay or growth 

correspond to half-lives around infinity, and confidence intervals that span infinity indicate 

no change in titer kinetics.

In the hospital study, DENV iELISA titers increased between 14 days and 4 months 

post-symptom onset (half-life [t1/2]: −0.050 years, 95% confidence interval [CI] −0.06- to 

−0.042) then declined between 4 and 8 months (t1/2: 0.33 years, 0.15 to 4.6) (Fig. 2A and 

C). However, between 8 and 18 months, DENV iELISA titers were stable, with a half-life of 

−33 years (1.3 to −1.3) (Fig. 2C, magnitude in fig. S5). Strikingly, in the community-based 

cohort, DENV iELISA titers were stable from 1 to 11 years post-infection, with a half-life 

far exceeding that of a human life (estimate: 130,000 years, 95% CI: 19 to −77 years) (Fig. 
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2B and D, fig. S6). Only 11% of children experienced rapid antibody decay (t1/2 of less 

than 2 years). Younger individuals and those with past inapparent DENV infections were 

significantly more likely to be in the rapid decay group (defined as less than 8.6 years based 

on k-means clustering analysis and logistic regression adjusted for age and sex, p= 0.007). 

Among symptomatic dengue cases, greater decay was observed following DENV2 infection 

(p=0.03) compared to DENV1 infections, but not by disease severity (data file S3).

Across all DENV iELISA titer measurements in the hospital-study and community-based 

cohort, children settled to antibody titers or ‘setpoints’ that were stable over time but 

were heterogenous across individuals. An analysis of equivalent timepoints in both cohorts 

(0.4 to 0.7 years and 1.4 to 1.7 years) showed that past symptomatic and severe dengue 

(p<0.001, compared with inapparent infections, which make up 74% of infections in the 

cohort study) and older age (p<0.05 for age greater than 10 years, which is more common 

in the hospital study) were determinants of higher titer magnitude (data file S6). In the 

community-based cohort, DENV iELISA titers differed by individual, with 53% of children 

settling to titers below 1:80 (Fig. 2E, fig. S7). Individuals with past inapparent infections 

were significantly more likely to have titers less than 1:80 (p<0.001). We and others have 

previously shown that DENV iELISA titers between 1:21 and 1:80 (or HAI titers of 1:10 

to 1:40) are associated with the highest risk of future severe dengue disease (5, 6, 8). Viral 

load may be a contributing factor: among symptomatic dengue cases in the cohort, as each 

log10 viral load was associated with a 1.2-fold difference in DENV iELISA titer (p=0.036, 

linear mixed model, accounting for day of symptom onset, age, sex, and disease severity, 

data file S7) (7). Past infecting serotype was also a predictor of antibody titer magnitude, 

with significantly lower magnitude titers for DENV3 (p=0.039) and RT-PCR negative cases 

(p<0.001) compared to DENV1 cases.

We further evaluated whether neutralizing antibody titers were stable for a subset of children 

in the cohort. Serum neutralizing antibodies were measured post-primary infection using 

DENV1-4 reporter virus particles in a flow cytometry-based neutralization assay using 

human Raji-DC-SIGNR cells (14, 30). In this group, cross-reactive neutralizing antibody 

titers (geometric mean of titers to the three non-infecting serotypes) also did not decline, and 

in fact significantly increased over time (P <0.001, Fig. 2F).

Primary DENV infection with a given serotype is thought to induce protective antibodies 

that transiently reduce individual risk of heterotypic disease as well as epidemics of other 

serotypes. These cross-reactive antibodies were thought to wane to enhancing titers by two 

years post-infection. We observed here that DENV iELISA titers were stable by about 8 

months after a first DENV infection, suggesting that individual immunity may not explain 

why disease risk is elevated across the population only after two years post-infection (12–

18). We hypothesized that perhaps lower probability of exposure to a different serotype due 

to temporal and spatial patterns of transmission, rather than individual antibody waning, may 

help explain the 2-year time-lag to dengue disease. We measured the spatial and temporal 

relationship between serotyped, RT-PCR-confirmed dengue cases in the community-based 

cohort. We observed that dengue cases in different individuals that occurred less 1.5 years 

apart were more likely to be caused by the same serotype, whereas cases that occurred 

greater than 2 years apart were more likely to be caused by different serotypes (Fig. 2G). 
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When we adjusted for temporal variation in cases, we did not observe strong evidence for 

spatial clustering, although cases that occurred closest together in time and space (less than 6 

months and less than 200m) were more likely to be homologous (fig. S8). Thus, a two-year 

gap between infections caused by different serotypes can be observed in a population with 

individual antibody waning only lasting 8 months.

Anti-DENV antibodies wane rapidly then gradually after secondary DENV infection.

We initially hypothesized that cross-reactive anti-DENV antibody titers are maintained at 

high titers after secondary DENV infection. To test this hypothesis, we measured DENV 

iELISA titers after secondary dengue in the hospital-based study (n=107; 535 titers) and 

after exactly two DENV infections (DENV-DENV) or two or more prior DENV infections 

(2+DENV) in the community-based cohort (n=1319; 5884 titers) (Fig. 3A to C). After 

hospitalized secondary dengue, DENV iELISA titers waned rapidly in the first 4 months 

(t1/2: 0.056 years, 0.048 to 0.064), followed by gradual waning up to 8 months (t1/2: 

0.14, 0.085 to 0.35) (Fig. 3A and D). Thereafter, DENV iELISA titers stabilized (t1/2: 

26 years, 1.3 to −1.6). In the community-based cohort, rapid waning was observed in the 

first year after exactly two DENV infections (t1/2: 0.30, 0.21 to 0.39) (Fig. 3B and E). 

Similar rates of waning were observed in those known to have experienced at least two 

prior DENV infections (t1/2: 0.23 years, 0.20 to 0.25) (Fig. 3C and F). Unexpectedly, 

between 1 and 8 years, DENV iELISA continued to gradually decline in both groups (t1/2: 

DENV-DENV, 6.8 years, 3.1 to 8.9; 2+DENV, 4.2 years, 3.2 to 4.4) (Fig. 3B and C, E 

and F). When the 2+DENV group was divided into smaller subgroups, those with three or 

more DENV infections had less long-term decay (t1/2: 17 years, 5.7 to −57), than those 

who entered immune and experienced one DENV infection (t1/2: 3.6 years, 2.7 to 4, fig. 

S9). Among symptomatic secondary dengue cases, we did not observe any differences by 

infecting serotype or viral load (data file S3 and S7); however, RT-PCR negative cases had 

significantly more rapid decay (p= 0.029, data file S3).

Others have previously described three periods of antibody kinetics, lasting from 0 to 1 year, 

1 to 3 years, and greater than 3 years (31, 32). We re-analyzed the post-secondary DENV 

infection data to test for intermediate versus long-term waning (fig. S10). At greater than 

3 years, we observed more gradual waning for the DENV-DENV group (t1/2: 18, 4.6 to 

39) and 2+DENV group (t1/2: 8.8, 7.0 to 18) than at earlier time points. The relationships 

between individual estimates of titer magnitude and kinetics for the long-term waning 

period were visualized in a two-dimensional plot, with contour shapes indicating the regions 

with the highest density of points for each infection history (Fig. 4). Both DENV-DENV 

and 2+DENV infection histories are shown; primary DENV infection is also shown for 

comparison. Radial guidelines indicate time at which individuals with that titer magnitude 

and half-life are expected to have titers below a serum dilution of 1:80. This type of diagram 

is similar to plots presented in other studies of long-lived protective antibodies (33). The 

majority (51%) of children with secondary DENV infection histories were predicted to 

sustain antibodies above enhancing titers (with enhancement defined here as less than 1:80 

based on previous observations (5, 6)) for a minimum of 10 years (Fig. 4). However, 21% 

were predicted to have titers drop into the enhancing range within 5 years (Fig. 4). For 

5.8% of children per year (CI: 2.4 to 9.2%), raw DENV iELISA titers dropped to the titers 
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observed immediately before their secondary DENV infection, although only 1% dropped 

more than 2-fold below pre-secondary titers.

Anti-DENV antibodies are stable or increase after primary ZIKV infection.

We have previously shown that ZIKV infection can induce antibodies detectable by the 

DENV iELISA and that these antibodies are associated with enhanced risk of future 

symptomatic and severe dengue (8). Here, we tested whether ZIKV infection initially 

induced high DENV iELISA titers that waned over time in 1530 children (4534 titers) 

in the three years following the Zika epidemic (2017 to 2019). Instead of waning, we 

found that DENV iELISA titers increased for multiple years after primary ZIKV infection 

(t1/2: −1.8 years, 95%CI: −2.2 to −1.7) (Fig. 5A). As a result, the fraction of children with 

DENV iELISA titers in the range associated with enhancement of DHF/DSS increased from 

46% to 77% between the Zika epidemic and the subsequent dengue epidemic. Older age 

was associated with higher magnitude (p<0.01) and modest increases in titer (p<0.001), 

whereas symptomatic ZIKV infections was only associated with more gradual titer increases 

(p<0.001) (data file S1). It is possible that re-exposures contributed to this rise in antibodies; 

however, rates of DENV and ZIKV infection were very low during this period, with only 

1.2% of flavivirus-naïve children seroconverting in 2017 and 0.3% seroconverting in 2018. 

Thus, we observed that anti-DENV iELISA titers increase after primary ZIKV infection, 

even in years with low DENV and ZIKV transmission.

Anti-DENV antibodies wane in individuals with prior DENV and ZIKV infection.

We previously showed that ZIKV infection does not act like a secondary DENV infection; in 

those with monotypic DENV immunity, a subsequent ZIKV infection fails to reduce future 

risk of severe dengue disease (8). Here, we tested whether antibody kinetics after sequential 

DENV and ZIKV infection differed compared to kinetics observed after secondary DENV 

infection. Our analyses included those with one DENV followed by one ZIKV infection 

(DENV-ZIKV, 478 children, 1324 titers) as well as two or more DENV infections followed 

by one ZIKV infection (2+DENV-ZIKV, n=152 children, 384 titers). Interestingly, antibody 

kinetics in the sequential DENV and ZIKV infection groups were similar to those seen after 

secondary DENV infection, with initially rapid decay (DENV-ZIKV, t1/2: 0.35 years, 0.25 

to 0.47; 2+DENV-ZIKV, t1/2: 0.52,0.24 to 0.90) followed by more gradual long-term decay 

(DENV-ZIKV, t1/2: 3.5 years, 3.2 to 69; 2+DENV-ZIKV, t1/2 1.5, 1.3 to 9.6) (Fig. 5B and C).

We previously found that in the year before the 2019 dengue epidemic, those with a history 

of DENV-ZIKV infection had higher DENV iELISA titers than those with DENV-DENV 

infection. A similar difference was observed between the 2+DENV-ZIKV group and the 

2+DENV group (8). This observation was unexpected because the high DENV iELISA titers 

induced by DENV-ZIKV infection did not translate into protection against future dengue 

disease. We revisited this observation and compared the DENV-ZIKV to DENV-DENV 

group using linear mixed effects models. Even after adjustment for age, sex, and past 

disease, the DENV-ZIKV group on average had DENV iELISA titers 4.0-fold higher than 

the DENV-DENV infection group (p<0.001); similarly, the 2+DENV-ZIKV group had 11.3-

fold higher titers than the 2+DENV group (p<0.001) (data file S1).
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Prior DENV infection does not affect the kinetics of ZIKV-specific antibodies following 
ZIKV infection.

Others have shown that ZIKV infection induces neutralizing antibodies that target ZIKV 

EDIII and ZIKV NS1, and both antigens are being used as Zika vaccine candidates and to 

measure ZIKV seroprevalence (24, 26, 34–36). Here, we measured the kinetics of antibodies 

that compete with an anti-ZIKV EDIII monoclonal antibody for binding to ZIKV virions 

using the ZIKV iELISA (25, 26) and antibodies that compete with an anti-ZIKV NS1 

monoclonal antibody for binding to ZIKV NS1 using the ZIKV NS1 BOB assay (24, 26). 

After both primary ZIKV and sequential DENV and ZIKV infection, ZIKV iELISA titers 

declined rapidly out to one year, then decreased gradually thereafter (Fig. 5D to F). ZIKV 

NS1 BOB inhibition increased modestly out to one year, then decreased very gradually 

after one year, again with similar kinetics across infection histories (Fig. 5G to I). The 

kinetics of ZIKV-specific antibodies were similar between those with and without prior 

DENV infections: infection history was not an important predictor of ZIKV iELISA titers 

or ZIKV NS1 BOB inhibition (fig. S11; data file S8). Female sex (p<0.05), younger age 

(p<0.001), and past inapparent ZIKV infection (p<0.001) were associated with slightly 

higher magnitude ZIKV iELISA, whereas older age (p<0.001) was associated with more 

gradual decay (fig. S11). Female sex (p<0.001), older age (p<0.05), and being overweight 

or obese (p<0.01) were associated with slightly higher ZIKV NS1 BOB percent inhibition, 

consistent with previous observations (fig. S11, data file S2 and S8) (37).

DISCUSSION

It was previously thought that after primary DENV infection or primary ZIKV infection, 

anti-DENV antibodies wane to enhancing titers that lead to subsequent dengue disease and 

large epidemics. Here, we evaluated the kinetics of cross-reactive anti-DENV antibodies 

up to 11 years after one or multiple DENV and ZIKV infections in thousands of children. 

Our findings suggest that, instead of waning over many years, each individual reaches a 

long-term antibody setpoint by about 8 months after primary DENV or ZIKV infection. 

In contrast, anti-DENV antibodies induced after secondary DENV or sequential DENV 

and ZIKV infection wane rapidly for 8 months and then gradually decay over longer 

periods. We also evaluated kinetics of ZIKV-specific antibodies and found that they undergo 

different kinetics compared to anti-DENV antibodies, suggesting that antibody kinetics 

to flaviviruses are specific to each infecting virus and viral antigen. Our findings also 

reveal extensive heterogeneity in individual titers, suggesting that individual setpoint, rather 

than time since prior infection, may determine future dengue and Zika disease risk (5, 

8) Together, these findings challenge existing theories about the relationship between the 

kinetics of anti-DENV and anti-ZIKV antibodies, disease outcomes, and DENV and ZIKV 

transmission dynamics.

Many viruses and viral vaccines stimulate long-lived plasma cells that continuously secrete 

antibodies and result in serum antibody titers with half-lives that are close to life-long 

(32, 38). These long-lived plasma cells neither divide nor require replenishment from 

the memory B cell population, suggesting that their fate is determined or ‘imprinted’ at 

the time of infection (39). The specific factors governing the germinal center reaction, 
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affinity maturation, and the induction of circulating memory B cells and long-lived plasma 

cells is complex and remains an active area of research (40). However, highly repetitive 

antigens, such as whole virions, effectively cross-link B cells and induce strong cellular 

signaling associated with very long-lived plasma cells and serum antibody titers (32, 41). 

The magnitude or setpoint of serum antibodies is thought to be a function of the initial 

viral or antigenic threshold (39). It is difficult to directly interrogate the long-lived plasma 

cells response, as it requires bone marrow samples; thus, here we examine serum antibodies, 

as done in other studies. We found that on average, anti-DENV antibodies measured using 

the DENV iELISA stabilize to long-term antibody titers, or setpoints, by 8 months after 

primary DENV infection. Although this observation is counter to the existing theory of the 

kinetics of anti-DENV antibodies, it is consistent with smaller, earlier studies showing that 

both anti-DENV binding and neutralizing antibody titers are stable and even increase after 

a first DENV infection (6, 30, 42, 43). Antibody ‘boosting’, or re-infections with either 

the same or different serotypes that stimulate immunity but fail to reach the cut-off to be 

defined as a new inapparent infection, may help maintain these titers (30, 43, 44). However, 

our observation that antibody titers are sustained across thousands of individuals in two 

distinct studies suggests that antibody stability may be a general feature of post-primary 

cross-reactive flavivirus immunity.

Unexpectedly, we also observe that anti-DENV antibodies measured using the DENV 

iELISA but induced by primary ZIKV infection increased up to a year and more after 

infection. A similar pattern was observed for cross-neutralizing antibodies induced by 

primary DENV infection. We have previously found that DENV iELISA titers (which are 

thought to correspond to cross-reactive antibodies) in the hospital-based study peaked later, 

at the three-month timepoint, than serotype-specific neutralizing antibodies, which peaked 

at convalescence (42, 45–47). Together, these findings suggest that antibody cross-reactivity 

and breadth are stable or even increase in the early period after primary flavivirus infection. 

These observations may be consistent with recent findings that the process of affinity 

maturation is longer than a few months. A recent study found yellow fever virus-specific 

memory B cells increase in binding affinity up to at least 9 months post-vaccination (48), 

whereas we and others have shown that memory B cell breadth also increases up to at least a 

year following primary DENV and ZIKV infections (49–51).

Although we observed that individual antibody waning after primary DENV infection lasted 

less than two years, we still found a two-year lag across the population in disease caused 

by heterologous serotypes. This may be in part related to local epidemiology and the 

dynamics of introduction of new DENV serotypes. Mechanistic transmission models fit 

to dengue epidemic data have generally considered immune interactions between DENV 

serotypes and include parameters that modulate enhancement or cross-protection (16, 52–

57). Although unexpected, DENV and ZIKV transmission models with individual cross-

protection lasting less than one year can produce epidemics two or more years apart (58). 

Further, models incorporating spatial heterogeneities alone can also convincingly reproduce 

natural DENV1-4 epidemic dynamics, without requiring parameters for antibody waning or 

enhancement (59). Alternatively, perhaps individual antibody kinetics following secondary 

DENV infection are an underappreciated factor modulating dengue epidemic periodicity 

and severity. In support of this hypothesis, we also observed that anti-DENV antibodies 
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rise in the years after primary ZIKV infection but wane after sequential DENV and ZIKV 

infection. These trends may have contributed to a greater proportion of individuals with 

enhancing quantities of anti-DENV antibodies two to three years after the Zika pandemic 

than immediately afterwards. Whether these changes in anti-DENV antibodies in this 

population help explain the later resurgence of dengue requires further modeling studies. 

Overall, our observations show that individual antibody kinetics following primary DENV 

infection do not directly predict population epidemic dynamics, an important consideration 

for vaccine evaluation and epidemic preparedness.

Secondary DENV infection induces broadly neutralizing antibodies that confer long-term 

protection against future dengue disease, although symptomatic and severe dengue can occur 

(14, 20, 22). After secondary DENV and sequential DENV-ZIKV infection, we observed 

that anti-DENV antibody titers were highest at convalescence, consistent with an early and 

rapid plasmablast response (60). Antibody titers waned rapidly out to 8 months, and then 

gradually waned thereafter. When we measured three periods of waning – 01 year, 1-3 years, 

and 3 years onward, we observed that titers waned even more slowly beyond three years, 

consistent with previous observations of long-lived antibody kinetics following vaccination 

(32). The observation that anti-DENV antibodies may wane for longer periods of time after 

secondary infection, in some individuals to titers seen before secondary infection, may mean 

that re-exposure to DENV is important for maintaining protective antibody titers in those 

whose ‘plateau’ or setpoint is below a protective titer (61). Alternatively, differences in 

antibody repertoire between primary and secondary DENV immunity, such as the presence 

of broadly neutralizing antibodies targeting the E-dimer epitope (EDE), may mean that 

post-secondary immunity is protective even if DENV iELISA titers are not higher than after 

primary DENV infection (20, 21). Consistent with this hypothesis, one DENV infection 

followed by ZIKV infection induced high titers of cross-reactive anti-DENV antibodies as 

measured by the DENV iELISA, similar to after sequential DENV infections, but without 

providing protection, suggesting differences in antibody quality (8). This observation is 

consistent with studies showing that antibodies cross-reactive to DENV and ZIKV strongly 

bind but only weakly neutralize DENV and ZIKV and that they primarily target flavivirus-

conserved epitopes associated with enhancement, such as the fusion loop (34, 62). Another 

possible explanation is that sequential DENV and ZIKV infection may fail to stimulate as 

strong of a T cell response as secondary DENV infection, leaving individuals unable to 

mount a rapid and effective cellular immune response against future DENV infection (63).

We also observed that the kinetics of ZIKV-specific antibodies were similar following 

primary ZIKV and sequential DENV-ZIKV infection. This finding is consistent with 

previous studies showing that in both DENV-naïve and DENV-experienced individuals, 

ZIKV-specific memory B cells, and in all likelihood, serum antibodies, arise from naïve 

B cells (34, 51, 62). We also found that type-specific antibody kinetics depend on the 

viral antigen, as antibodies to the ZIKV EDIII waned whereas antibodies to the secreted 

NS1 protein increased over time. Recent studies suggest that antibodies targeting epitopes 

present only on the ZIKV virion and that are virus-maturation state-insensitive, rather than 

antibodies targeting EDIII, are likely key determinants of protection (64, 65). These distinct 

antibody kinetics indicate differences in the quality of antibodies each antigen induces 
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and highlight the importance of measuring the relevant antibody populations in studies of 

immune correlates.

Even after accounting for similar kinetics by infection history, virus, and antigen specificity, 

we observe extensive heterogeneity in the magnitude of antibody setpoints, which can be 

associated with future dengue disease risk. These differences are only partially explained 

by other measured covariates such as age, sex, and the severity of the previous infection. 

Most individuals reached their long-term antibody setpoints by 8 months post-infection, 

which coincides with the timing of the loss of broad cross-serotype protection after the final 

vaccine dose in Phase 3 studies of the licensed dengue vaccine (66). The 8-month time-point 

may thus be useful for measuring immunity in vaccine studies; however, participants should 

still be followed for 4 to 5 years post-vaccination to detect changes in vaccine efficacy and 

safety (66).

Our study has several limitations. Although we modeled anti-DENV antibody titers in 

the longest-running cohort study of dengue available to date, our data still only followed 

individuals for a maximum of 11 years, which is far less than an average human life. 

Further, because we only followed a pediatric cohort, antibody kinetics may differ in an 

adult population or in a non-endemic population. Further studies are needed to measure 

the long-term antibody half-lives for DENV over decades to measure the true longevity 

of antibodies derived from long-lived plasma cells (38, 67). Another limitation of the 

cohort study was that we were only able to sample children once per year: more frequent 

sampling may reveal finer-scale kinetics, although frequent sampling often leads to greater 

loss to follow-up. Further, we only measured antibody kinetics with a limited set of assays: 

additional studies tracking the specificities of neutralizing antibodies or antibodies targeting 

specific protective epitopes are underway and will likely provide further information on 

long-lived protective immunity.

Here, we identified four key features of long-term antiviral humoral immunity, including 

differences in antibody kinetics by primary versus secondary infection, infecting virus 

(DENV versus ZIKV), antigen specificity, and individual, using the largest and longest 

running cohort study of individual DENV and ZIKV immunity. Collectively, this work is of 

broad relevance to ongoing efforts to evaluate DENV and ZIKV vaccines and predict the 

risk of future dengue and Zika epidemics, as well as to define the kinetics of antibodies to 

other emerging viral diseases.

MATERIALS AND METHODS

Study design.

The objective of this study was to quantify the magnitude and kinetics of anti-DENV and 

anti-ZIKV antibodies following sequential DENV and ZIKV infection. We conducted a 

retrospective analysis of serological data collected as part of two longitudinal observational 

cohort studies in Nicaragua, following the guidelines in the Strengthening the reporting 

of observational studies in epidemiology (STROBE) checklist. Participants were not 

randomized nor was blinding conducted as part of the study. In total, we measured anti-

DENV antibodies in 58,600 samples. Only individuals for whom DENV and ZIKV infection 
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histories could be classified (see infection history criteria below) were included in our 

analysis. In total, we studied 17,714 independent samples from 4,135 individuals. Each 

sample is titered at least twice for both anti-DENV and anti-ZIKV antibodies: once in the 

first year it is collected, paired with the previous year’s sample, and again the following 

year, paired with the next year’s sample. All samples are tested two or more times in 

independent experiments (5). Sample size for the initial cohort and inclusion criteria have 

been described previously (68). All data available at the time the manuscript was being 

prepared were included. The primary endpoint was individual and group antibody magnitude 

and kinetics following each infection history as measured using each assay used in the 

cohort (DENV iELSIA, ZIKV iELISA, ZIKV NS1 BOB assays).

Ethics statement.

The Pediatric Dengue Cohort Study was reviewed and approved by the institutional review 

boards of the University of California, Berkeley (protocol: 2010-09-2245), the University 

of Michigan (study ID: HUM00091606), and the Nicaraguan Ministry of Health (protocol 

NIC-MINSA/CNDR CIRE-09/03/07-008). The Pediatric Dengue Hospital-based Study was 

reviewed and approved by the institutional review boards of the University of California, 

Berkeley (protocol 2010-06-1649) and the Nicaraguan Ministry of Health (protocol NIC-

MINSA/CNDR CIRE-01/10/06-13). Parents or legal guardians of all participants provide 

written informed consent, and participants greater than 6 years old provide assent (68).

Community-based dengue cohort.

The Pediatric Dengue Cohort Study has followed an active cohort of about 3,800 

individuals, aged 2 to 14 years, since 2004 and up to age 17 by 2020 in Managua, 

Nicaragua. The average length of participation was 6.8 years (Standard deviation: 3.5 

years). Study participants provide a healthy blood sample each year. Each year, paired 

annual samples are tested for a rise in serum antibodies using the DENV inhibition ELISA 

(iELISA) to detect DENV infections. Since 2016, annual samples have also been tested 

by the ZIKV iELISA and the ZIKV NS1 blockade-of-binding (BOB) assay. During the 

year, children who present to the study health center meeting the clinical definitions for 

arboviral disease are laboratory-confirmed by: 1) RT-PCR/viral isolation in acute serum 

(and urine for Zika); 2) seroconversion by ZIKV, CHIKV, or DENV IgM capture (MAC)-

ELISA or 3) ≥4-fold increase in DENV, ZIKV, and CHIKV iELISA in paired acute and 

convalescent sera (25, 69–72). Ninety percent of acute samples are collected between days 

1 to 4 post-symptom onset and convalescent samples between days 14 to 28 post-symptom 

onset. For symptomatic DENV infections, time since infection is defined as the exact time 

since symptom onset; post-infection convalescent and annual samples were included in all 

analyses. For inapparent infections, the exact time of infection is unknown. We randomly 

sampled infection dates from the distribution of symptomatic infection dates, assigned 

infection dates to inapparent infections, and measured time relative to the assigned infection 

date. To account for sources of error in modeling cohort antibody titers, we considered 

random error in assay measurements. Resulting antibody kinetics remained similar (fig. S4).
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Hospital-based dengue study.

We measured the kinetics of DENV iELISA titers following hospitalized primary and 

secondary dengue for 208 children participating in our hospital-based dengue study, ongoing 

since 2005 (29, 73). Children were sampled at 14 to 28 days, and 3, 6, 12, and 18 months 

post-infection; exact time of sampling since infection is known for each study participant. 

Primary versus secondary DENV infection was defined based on convalescent DENV 

iELISA titer greater than 1:2560, a cut-off that has been previously established in this study 

and corresponds to cut-offs in the hemagglutination inhibition assay, the gold-standard assay 

used for this purpose (27–29).

Serological assays.

The methods for the DENV iELISA, ZIKV iELISA and ZIKV NS1 BOB have been 

described in detail elsewhere (5, 24, 25). Briefly, in the DENV iELISA, plates are 

coated with equivalent titers of DENV1-4 antigen of DENV prototype strains (KM204119, 

KM204118, KU050695, KR011349) (5, 28, 74, 75). Until first seroconversion, annual 

samples are tested at a 1:10 dilution. Thereafter, all samples are tested in 10-fold serial 

dilutions from 1:10 to 1:10,000. Sample antibodies are competed for binding with a 

peroxidase-labeled (EZ-Link Plus Activated Peroxidase Kit, Thermo Scientific, Waltham, 

MA) polyclonal mix of high-titer DENV-specific antibodies (in house preparation). 

Antibody titers are estimated using the Reed-Muench method (76). The ZIKV iELISA is 

based on the same principle as the DENV ELISA, except that sample antibodies compete 

for binding to ZIKV antigen (strain MR766 (28)) with conjugated monoclonal antibody 

(mAb) ZKA64 (Humabs Biomed SA) (26), a potent ZIKV-specific neutralizing antibody 

that targets ZIKV EDIII (25). In the ZIKV NS1 BOB assay, serum antibodies compete with 

mAb ZKA35 (HuMabs), a horseradish peroxidase-labeled or biotinylated anti-NS1 mAb, for 

binding to recombinant ZIKV NS1 protein (MR766 strain, Native Antigen Co.) (24, 26). 

Unlike the DENV and ZIKV iELISA, the ZIKV NS1 BOB is always run at a 1:10 dilution, 

and results are reported as negative (<50% inhibition) or positive (≥50% inhibition) relative 

to wells without sample.

Infection histories.

Children were grouped by infection history based on documented symptomatic dengue and 

Zika cases or observed DENV and ZIKV infections between annual samples, as described 

previously (8). Inapparent DENV infection is defined as seroconversion or a ≥4-fold rise 

in DENV iELISA titer between annual samples without seroconversion or ≥4-fold rise 

by either ZIKV serological assay (NS1 BOB or iELISA) or an observed dengue, Zika, 

or flavivirus case in that year. Inapparent ZIKV infection is defined as 1) seroconversion 

by ZIKV NS1 BOB, or 2) seroconversion or ≥4-fold rise in the ZIKV iELISA between 

paired annual samples and without an observed dengue, Zika, or flavivirus case in that 

year. We used these documented DENV and ZIKV infections to define infection histories. 

Primary DENV infection includes children who entered the study flavivirus-naïve and were 

observed to have exactly one DENV infection. Secondary DENV infection is split into 

two separate groups. Children who entered the cohort flavivirus-naïve and experienced 

exactly two distinct DENV infections are called DENV-DENV. Children who entered the 
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study flavivirus-naïve and had three or more observed DENV infections or who entered the 

study flavivirus-immune and had one or more observed DENV infections are called two or 

more prior DENV infections (2+DENV). Primary ZIKV infection (ZIKV) was defined as 

children who: 1) entered the study flavivirus-naïve and had one observed ZIKV infection 

(n= 1465), or 2) children who entered the study ZIKV NS1 BOB-positive (≥50%) or ZIKV 

iELISA-positive (≥1:10) but with low DENV iELISA titers (≤ 1:160) (n=65). Sequential 

DENV and ZIKV infections was also split into two groups. Children with one DENV 

infection followed by one ZIKV infection and children who entered the cohort ZIKV NS1 

BOB-positive or ZIKV iELISA-positive who also had high DENV iELISA titers (> 1:160), 

were grouped as DENV-ZIKV. Children with multiple documented prior DENV infections 

followed by ZIKV infection were labeled as 2+DENV-ZIKV.

Individual determinants.

For the Pediatric Dengue Cohort Study, all surveys were administered once a year orally 

during the annual sample, and answers were recorded on custom-built software through 

table computers or smartphones (68). Household and individual participant surveys were 

administered. The participant questionnaires included demographic information such as sex, 

age, and education. Questions on assets of the home were covered in the household survey, 

which served to determine a household’s asset-based socioeconomic status (SES) every year. 

The wealth index was based on: household construction material, dirt floor, number of fans, 

ownership of cars, and a refrigerator. We used principal components analysis (PCA) to 

define the weights for an index of the household asset variables based on the first principal 

component (PC1) score (77). The PC1 index was split into terciles, and households were 

categorized as Non-poor, Poor, and Poorest according to their terciles. These categories 

were used to reflect the general SES of the study area. We assigned the individual SES 

status to their corresponding household SES status and year of study. Each participant’s 

height and weight were also measured during each annual sampling in the Cohort Study 

(78). In the Hospital Study, demographic information and participant’s height and weight 

were collected during admission to the study. Body mass index (BMI)-for-age z-scores 

were calculated based on height and weight, accounting for age and sex and comparing 

them to the WHO reference populations (79, 80). BMI categories were defined using the 

WHO Child Growth Standards (81, 82). Overweight and Obese categories were merged 

so that children less than 5 years old whose BMI-for-age z-scores were greater than 2 

standard deviations, and children 5 to 19 years old whose z-scores were greater than 1 

standard deviation were categorized as Overweight/Obese. Otherwise, they were categorized 

as Non-Overweight/Obese.

Spatiotemporal clustering of dengue cases.

The distance between dengue cases of the same versus different serotypes as determined 

by serotyped RT-PCR in the community-based cohort was measured as the amount of time 

(years) and space (kilometers) between each pair of cases. Home Global Positioning System 

(GPS) coordinates were used to define location in space for the case; the day the child 

presented with symptoms to the clinic was defined as the time of the case.
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We estimated the proportion of all dengue case pairs caused by the same serotype that 

occurred within a given distance in a given time and space ‘bin’ (homologous cases). We 

separately estimated the proportion of all dengue case pairs caused by different serotype 

that occurred within a given distance in a given time and space ‘bin’ (heterologous 

cases). To isolate spatial clustering independent of annual variation in epidemic magnitude, 

we normalized homologous and heterologous space-time bins by the total cases in the 

corresponding time bin (as opposed to all bins). The two-way histogram plots (Fig. 1G, fig. 

S8) show the log-ratio of homologous to heterologous dengue cases, estimated by dividing 

the normalized space-time bins from homologous pairs by the corresponding space-time bin 

for heterologous pairs. Stars mark bins with ratios statistically different from 1 (|Z scores| 

>3.1, corresponding to p-values <0.001).

Statistical analyses.

We estimated the magnitude and half-life of log2 antibody titers in the years after primary 

and secondary DENV and sequential DENV and ZIKV infection. Magnitude is a measure 

of antibody titer at a given time point; magnitude is interchangeable with the term ‘setpoint’ 

when no significant antibody decay is observed. Half-life is estimated over a specific range 

of time and corresponds to: −1/(slope of the log2 antibody titers). Positive half-lives indicate 

antibody decay and negative half-lives are used to indicate antibody increase, or ‘doubling 

times’. For slope values near 0, the half-life approaches infinity; thus, slope estimates that 

span 0 (half-lives = infinity) indicate titer stability.

All statistical analyses were conducted using R 3.6.3 (R Foundation for Statistical 

Computing) (83). For each infection history, antibody titers were modeled as a potentially 

non-linear function of time using generalized additive mixed models (GAMM, gamm4 in 

the mgcv package in R (84)). We used mixed models so as to incorporate random effects 

accounting for clustering at the individual, enabling estimation of individual differences in 

titer magnitude/setpoints and half-lives, as is commonly performed for longitudinal analysis 

of antibody kinetics (33). We chose to start by modeling kinetics using generalized additive 

models, as opposed to generalized linear models, because they are non-parametric and 

thus do not impose model assumptions on estimates of antibody kinetics (85). Numerous 

papers have shown that antibodies likely have multiple phases of antibody decay resulting 

from distinct underlying processes, including 1) early phase decay resulting from loss 

of plasmablasts and physical decay of antibodies, 2) moderate-term decay resulting from 

loss of short to medium-lived plasma cells, and 3) long-term decay resulting from loss of 

long-lived plasma cells (31, 32). Thus, unsurprisingly, our preliminary analyses suggested 

that assuming exponential decay, power-law decay, or log-linear decay did not provide 

an accurate description of these kinetics. Smooth terms for the GAMM of each dataset 

were determined based on model Akaike’s Information Criterion (AIC), overall best fit 

(conditional R2), best performance in gam.check, and consistency of the resulting dynamics 

across a range of values (data file S5). The best-fit GAMM, with 95% confidence intervals, 

are shown for each dataset, overlayed on the plot of individual antibody trajectories (Figs. 2, 

3, and 5, fig. S4). For each dataset, we tested the significance of group antibody decay by 

estimating the instantaneous slope of the GAMM at each time point. We sought to use the 

estimation of slope to identify ‘cut-points’ or changes in the phase of antibody decay, similar 
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to approaches used previously (86). The time at which the instantaneous half-life plateaued 

to a non-significant half-live is shown in data file S5. Due to less frequent sampling in the 

community-based cohort, we are not able to observe high-frequency antibody dynamics, 

and the resulting times when titers plateau were later than in the hospital cohort. We 

used the cut-points estimated from these GAMMs to define periods of antibody change in 

multi-phasic linear mixed models of each dataset (lmer, with random intercepts and slopes 

from the lme4 package) (33, 86, 87). We used bootstrap sampling (n=1000) to construct 

95% confidence intervals for individual and group titer magnitude and half-lives from the 

multi-phasic linear mixed models for each period (vertical bars and points, with printed 

numeric estimates, fig. S5 to S7). Individual magnitude and half-lives are shown either 

separately as violin plots or combined as contour plots (Fig. 2 to 4, fig. S5 to S7). To test 

whether heterotypic anti-DENV neutralizing titers have distinct kinetics after primary and 

secondary DENV infection, we fit GAMMs to neutralizing antibody titer data previously 

collected on a subset of cohort participants (Fig. 1F) (14, 30).

We also built linear mixed models that incorporated covariates hypothesized to be related 

to individual antibody magnitude and kinetics, including: sex, age, overweight/obesity, 

socioeconomic status, and past symptomatic infection, disease severity, past infecting 

serotype, and viral load (tables S1 to S4 and S6 to S8). In these models, we only used annual 

sample data so as not to bias the magnitude estimates between symptomatic and inapparent 

groups. Each variable was included as a fixed-effect with an interaction term with years 

since infection, enabling estimation of how each variable modified both titer magnitude and 

half-life. We built a combined model for each antibody measure in which we adjusted for 

infection history (Fig. 1, fig. S11), as well as models of each infection history separately 

(fig. S2). The same method was used to determine variables associated with antibody 

magnitude and kinetics using DENV iELISA titer data from the hospital-based study (fig. 

S3, data file S2 and S4). We included sex, age, infection history, overweight/obesity and 

dengue severity as covariates. P-values were estimated using lmerTest (88). To determine the 

percent of explained heterogeneity in both antibody magnitude and kinetics by the observed 

covariates and the individuality, we calculated conditional and marginal R2 for the combined 

models and the models for each infection history (89).

We also conducted additional analyses of determinants of antibody decay to address specific 

hypotheses. We tested for factors to explain the difference in antibody titer magnitude 

among primary infections in the cohort and hospital. Given the difference in the timepoints 

of blood collection between the hospital and cohort studies, we built two separate models 

using the samples that were collected at equivalent times in the cohort and hospital study: 

0.4 to 0.9 years and 1.4 to 1.9 years. We built linear models of DENV iELISA titer as a 

function of disease severity (Inapparent, Dengue Fever, Dengue Hemorrhagic Fever/Dengue 

Shock Syndrome, OR Inapparent, Dengue without Warning Signs, Dengue with Warning 

Signs/Severe Dengue), age, sex, and time of sampling.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Anti-DENV antibody magnitude and kinetics are strongly determined by infection 
history.
(A and B) Fixed effects of covariates on antibody titer magnitude (A) and kinetics (B) in 

the community-based cohort. Effects for age, sex, prior symptomatic infection, and infection 

history were estimated using linear mixed models fit to DENV iELISA titer data collected 

greater than 0.5 years post-infection. Point shape, size, and shade represent significance of 

estimated effects. Ref., reference; NS, not significant; diff., difference.
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Fig. 2. Anti-DENV antibody titers after primary DENV infection reach stable setpoints.
(A and B) Individual trajectories of DENV iELISA titers (reciprocal serum dilution) in 

children following primary DENV infection in the hospital-based study (n=101; 505 titers, 

A) and community-based cohort (n=1201; 5117 titers, B). Group GAMM models (thick 

lines) with 95% confidence intervals (CIs, dashed lines) are shown. (C and D) Bootstrap 

sampling of multi-phasic linear mixed models of individual half-lives (violin plots, with 

quartiles marked as horizontal bars) and group half-lives (circles, 95% CI marked as vertical 

lines, with printed estimates) after primary DENV infection in the hospital-based study (C) 
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and community-based cohort (D) are shown. Inf indicates infinity (horizontal dashed line). 

(E) Bootstrap distributions from multi-phasic linear mixed models of individual DENV 

iELISA titer setpoints (violin plots, horizontal bars indicate quartiles) for the community-

based cohort are shown. Printed estimates indicate percent of children below versus above 

the indicated threshold (1:80; horizontal dashed line). (F) Heterotypic DENV neutralizing 

(neut.) titers for a subset of primary DENV infections in the community-based cohort 

(n=108) are shown, with GAMM fit and 95% CI, and printed half-life estimates from a 

linear mixed model. (G) Log-ratio of the pairwise difference in date of symptom onset and 

home location between symptomatic dengue cases of the same versus different serotypes 

in the community cohort is shown. Red indicates more homologous cases, purple more 

heterologous cases. Stars mark ratios statistically significantly different from 1 (p-values 

<0.001).
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Fig. 3. Anti-DENV antibody titers after secondary DENV infection wane rapidly, then gradually 
decline.
(A to C) Antibody kinetics are shown for children in the hospital-based study (n=107; 535 

titers, A), and with two prior DENV infections (n=363; 1330 titers, B) or two or more 

prior DENV infections (n=1022; 4554 titers, C) in the community-based cohort. Individual 

DENV iELISA titer trajectories (presented as reciprocal serum dilutions) and group GAMM 

fit (black line; 95% CI, dashed lines) are shown for children following secondary DENV 

infection. (D to F) Individual half-lives (violin plots) and group half-lives (vertical bars and 

circle, with printed estimates) are shown for children in the hospital-based study (D) and 

the community based study with two prior DENV infections (E) or with two or more prior 

DENV infections (F). Half-lives were estimated using bootstrap sampling and multi-phasic 

linear mixed model and are printed for each panel. Dashed horizontal lines infinity (no 

significant decay).
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Fig. 4. Contour plot summarizes long-term half-lives and antibody magnitude measured at 
greater than 3 years post-infection.
All individual estimates for primary and secondary DENV infections in the community-

based cohort are shown. Contour shapes mark regions with the highest density of points 

for each infection history. Black horizontal guide lines show previously estimated titers of 

protection and enhancement (5, 8), radial lines indicate expected time (years post-infection) 

to DENV iELISA titers dropping to enhancing titers (less than 1:80). Histograms show the 

distributions of half-lives (top) or magnitudes (right) for each infection history.
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Fig. 5. Anti-DENV and anti-ZIKV antibody titers display distinct kinetics after ZIKV infection.
Antibody kinetics in the community-based cohort, as measured using the DENV iELISA (A 
to C), ZIKV iELISA (D to F), and ZIKV NS1 BOB assay (G to I) are shown. Data are 

shown for 0 to 3 years following primary ZIKV infection (A, D, G, n= 1530 children, 4534 

titers), one DENV and one ZIKV infection (DENV-ZIKV, B, E, H, n=478 children, 1324 

titers), and two or more DENV infections followed by ZIKV infection (2+DENV-ZIKV, C, 
F, I, n=152 children, 384 titers). Individual trajectories and group GAMM fits (black line; 
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95% CIs, dashed lines) are shown. Brackets indicate group linear mixed model half-lives 

and 95% CIs.
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Table 1.

Characteristics of participants in the community-based cohort and hospital-based studies with documented 

infection histories.

Characteristics
Cohort study

N (%)
Hospital study

N (%)

Total participants 3981 208

Sex

 Female 2018 (51%) 96 (46%)

 Male 1950 (49%) 112 (54%)

Age (years, first infection)

 2 to 5 years 1233 (31%) 35 (17%)

 6 to 9 years 1542 (39%) 69 (33%)

 10+ years 1189 (30%) 90 (43%)

Infection history
1

 DENV/primary dengue 1201 101

 DENV-DENV 363

 2+DENV/secondary dengue 1022 107

 ZIKV 1530

 DENV-ZIKV 478

 2+DENV-ZIKV 152

1
Some individuals had more than one infection and contribute to multiple infection history groups.
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