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Materials and Methods

Pediatric Dengue Cohort Study (PDCS).

The Nicaraguan PDCS (August 2004-present) has an active age-balanced cohort of ~3,500
children 2-14 years old. For this study, 6,684 cohort participants were included. Participants
were recruited from neighborhoods served by the Health Center Socrates Flores Vivas in District
IT of Managua, Nicaragua (20). Children were withdrawn when they turned 15, and new 2-year-
old children were enrolled every year; additional children were recruited to balance the age
distribution of the cohort. Parents or legal guardians of all subjects provided written informed
consent, and subjects >6 years old provided assent (20). The PDCS was approved by the
Institutional Review Boards of the Nicaraguan Ministry of Health, the University of California,
Berkeley, and the University of Michigan.

Overview of annual sample collection and DENV-Ab measurement.

Each year, a healthy blood sample was collected from each participant. Anti-dengue virus
binding antibody (DENV-AD) titers were measured in paired annual samples (previous year and
current year on the same plate) using an Inhibition ELISA (iELISA), in which serum or plasma
antibodies were tested for their ability to block binding of DENV-specific peroxidase-conjugated
IgG to a balanced mixture of DENV1-4 antigens (34) (described in detail below). Samples were
tested for DENV-Abs by a single dilution (1:10) iELISA upon entry into the study or until
DENV-Abs were observed. At that point, a serial dilution iELISA was performed on positive
paired annual samples to estimate the 50% iELISA titer. For our analyses, iIELISA titers derived
from serial dilution always replaced single-dilution titers in our data set. The geometric mean of
all serial dilution iELISA titers for a given sample (see section: “Reproducibility of the Inhibition
ELISA”) was used to reduce the effect of assay variability. Inapparent infections were defined as
seroconversion (primary infection) or a >4-fold rise (secondary infection) in DENV-AD titers
between sequential annual samples. From August 2004 to April 2016, 8,002 children were
enrolled in the PDCS and provided at least one blood sample to the cohort; 6,684 children had at
least one DENV-ADb titer measurement at the time of analysis for this manuscript and were
included in our study. The median number of annual samples each child contributed to the PDCS
was 6 (IQR: 3-9). Approximately half of all samples had undetectable titers by iELISA (<1:10,
50.67%). Of those with detectable iELISA titers, the median titer was 1:201 (IQR: 1:60-1:514,
distributions shown in in fig. SIA). Example trajectories of the iELISA for individual children
are shown in fig. S1B.

Background on the inhibition ELISA (GELISA).

High-throughput, sensitive tools for measuring DENV-specific antibodies are needed for
conducting seroprevalence surveys, confirming suspected DENV infections, and identifying
inapparent DENV infections in longitudinal cohort studies. The traditional, gold-standard
method for confirming DENV infections from paired acute-convalescent samples was the
hemagglutination inhibition assay (HI) (22), but with the invention of enzyme-linked
immunosorbent assays (ELISA), other methods were developed, including those directly
measuring DENV-specific IgM and IgG antibodies. The advantage of the HI over assays that
directly measure DENV-specific IgG by virtue of an OD reading is that it produces an antibody
titer and measures ‘functional’ antibodies that prevent virion-mediated agglutination of red blood
cells. The iELISA was developed as an alternative to the HI for DENV antibody measurement




and like the HI, also produces an antibody titer and measures how well antibodies in the test
sample compete with antibodies known to strongly bind to DENV. The iELISA is easier than the
HI in that primary chick or goose erythrocytes are not required, complex pH manipulations are
not necessary, and the format is a standard ELISA format. Both the iELISA and the HI produce
high cross-reactivity to all four DENV types and thus are not considered useful for identifying
the previous or currently infecting DENV type. The plaque reduction neutralization test (PRNT,
also focus reduction neutralization test, FRNT) is preferred for measuring neutralizing DENV
antibodies and for confirming the infecting DENYV type but is much more tedious, expensive, and
time-consuming than either the HI or iELISA, and remains difficult to standardize (35). The
IELISA is an ideal candidate for the high-throughput needs of many DENV cohort studies as
well as Ministries of Health in low-resource countries, as it does not require primary
erythrocytes, cell culture, or infectious virus, and most of the reagents can be made
inexpensively in-house.

The iELISA was originally developed at the Instituto de Medicina Tropical “Pedro Kouri” in
Havana, Cuba (22) (the technical manual can be found on the Pan American Health Organization
website (36)). The iELISA, among other assays, is recommended for dengue case identification
by the World Health Organization (2, 37) as well as in prominent review papers (38). Further,
the iIELISA is more sensitive than the HI for identifying dengue cases and for primary/secondary
case identification (22, 39). The Nicaraguan Ministry of Health has used the iELISA for
confirming primary and secondary dengue cases in research investigations since 1995, routine
DENYV case identification as part of the National Epidemiologic Dengue Surveillance Program,
in the Nicaraguan Dengue Hospital Study since 1998, for seroprevalence estimation of a school-
aged cohort from 2001-2003, and for serological diagnosis of cases and for annual

seroprevalence and seroconversion measurement in the Pediatric Dengue Cohort Study since
2004 (20, 24, 26, 29, 34, 40-60).

DENV1-4 antigen production for the iELISA.

As for the HI (61), iIELISA antigen was prepared using the classical method of sucrose-acetone-
treatment (62) of antigen derived from intracranial DENV inoculation of suckling mice,
conducted according to the manual of the Instituto de Medicina Tropical “Pedro Kouri” (36).
DENV prototype strains (DENV-1 Haw [Hawaii, 1944, Accession #: KM204119], DENV2 NGC
[New Guinea, 1944, Accession #: KM204118], DENV3 HS87 [Philippines, 1956, Accession #:
KU050695], and DENV4 H241 [Philippines, 1956, Accession #: KR011349]) originated from
the Center for Disease Control in Puerto Rico. Brain tissue was homogenized under cold
conditions with 4 times the volume of tissue in distilled water with 8.5% sucrose. Cold acetone
(10mL) was added to each antigen suspension in 8.5% sucrose, shaken vigorously, and left on
ice for 15 minutes. The acetone was aspirated and removed, then replaced with 10mL of cold
acetone and re-homogenized by shaking. The antigen suspension was stirred for 1 hour and
allowed to sediment on ice for 30 minutes. Acetone was aspirated with a vacuum pump (10°mB)
until the antigen suspension was completely dry (about 2 hours). The suspension was rehydrated
with tris-borate-saline with 5% sucrose. For DENV4 antigen, half the volume of solution was
added, and for DENV1, DENV2, and DENV3 antigen, the equivalent volume was added. The
suspension was centrifuged for 30 minutes at 4°C at 3500 rpm. The supernatant containing the
antigen was then aliquoted, inactivated for 40 minutes at 56°C, and stored at -70°C. The DENV
type of each antigen was confirmed using specific primers for each DENV type (63) by RT-PCR.
Equal volumes of the individually produced DENV1-4 antigen were mixed to produce the final




combined antigen. To confirm that equal amounts of the DENV1-4 antigens were present in the
final antigen mixture, we used the antigen/conjugated antibody titration protocol (see section:
“Titration of DENV1-4 antigen and the conjugated competition antibody used in the iELISA”) to
titrate each of the DENV1-4 antigens separately (1:10 starting dilution, four-fold serial dilutions
to 1:640; a wider range of dilutions than the standard protocol was used to ensure detection of
any differences) with different concentrations of the conjugated competition antibody (1:2000 —
1:8000). All antigens achieved similar optical density values at the same antigen and conjugated
antibody dilutions.

Conjugated competition antibody used for the iELISA.

The conjugated competition antibody reagent was generated from a pool of de-identified human
serum samples, each found to have iELISA titers of 1:10,000 to 1:100,000 during regular
screening for DENV infections as part of the Nicaraguan Ministry of Health National
Epidemiologic Dengue Surveillance program. The majority were convalescent samples (day 14-
21 post-infection) from individuals who had symptomatic secondary DENV infections. All
samples were collected before the introduction of Zika into Nicaragua in 2016. Only samples
found to be IgM-negative by the IgM ELISA (41, 64) were included in the pooled serum.

For antibody purification, 2mL of the high-iIELISA titer serum pool was mixed with 2mL of PBS
(pH 7.4) and stirred as 4mL of saturated ammonium sulfate solution was slowly added; the
solution was stirred continuously for 45 minutes at room temperature, then centrifuged at 5000
rpm for 30 minutes at 4°C. The supernatant was discarded and the process repeated two more
times. The final supernatant was re-suspended in 1mL PBS at pH 7.4, and the protein
concentration was measured using a spectrophotometer at optical density of 260nm and 280nm.
Using a molecular pore membrane, ImL of the purified immunoglobulins at a concentration of
10mg/mL (diluted in 1X PBS) was dialyzed overnight in 1L carbonate-bicarbonate pH 9.5 at
4°C. Separately, 8mg of horseradish peroxidase VI fraction (5KU) was diluted in 1 mL of
distilled water, added to 0.2mL sodium periodate (21mg/mL), and stirred slowly for 20 minutes
at room temperature (covered to protect it from light). The peroxidase mixture was then dialyzed
in 1L of sodium acetate (pH 4.4) at 4°C overnight. The dialyzed peroxidase solution was
adjusted to pH 9.5 with carbonate-bicarbonate pH 9.5, mixed with the extracted antibody
solution, and stirred at room temperature for 2 hours. Sodium borohydride (0.1 mL, 4mg/mL)
was added to the solution and again stirred for 2 hours at 4°C. The conjugated antibody was
precipitated with 2mL of saturated ammonium sulfate solution and stirred for 30 minutes at 4°C.
The mixture was centrifuged at 3000 rpm for 30 minutes at 4°C, and the supernatant was
discarded. The precipitate was resuspended in 0.3mL of PBS and dialyzed in 1L of 1X PBS at
pH 4.5 for one day, with the PBS replaced three times. Following dialysis, 1% BSA and a 1:1
proportion of 99% glycerol was added to the conjugated antibody, and the stock was frozen at -
20°C, protected from light.

Titration of DENV1-4 antigen and the conjugated competition antibody used in the iELISA.

Polystyrene plates (96 wells/plate) were treated with 100uL/well of anti-DENV polyclonal
human IgG (in-house preparation derived from a pool of serum samples with high anti-DENV
IELISA titer) at a protein concentration of 10ug/mL in carbonate-bicarbonate buffer at pH 9.6
(1.59 grams Na,CO;, 2.39 grams NaHCO,, 1000 mL of distilled water). Plates were incubated
overnight at ambient temperature in an incubator. Plates were then washed three times each with




280uL Phosphate Buffer Saline + 0.05% Tween 20 at pH 7.4 (PBS-T; 8.00g NaCl, 0.20g KClI,
0.14g KH,PO,, 091g Na,HPO,, 1000mL distilled water, 0.05% Tween 20). Wells were then
blocked with 150uL of 1% Bovine Serum Albumin fraction V (BSA) in PBS-T and incubated 30
minutes at 37°C in an incubator. Plates were removed from the incubator, the blocking buffer
removed, and 100uL/well was added of DENV1-4 antigen mixture diluted in PBS-T at serial
dilutions from 1:50 to 1:200 of the initial antigen stock. Plates were incubated at 37°C for one
hour and then washed four times with 280 pL/well PBS-T. The conjugated antibody was serially
diluted from 1:2000 to 1:8000 in PBS-T with 1% normal human serum, and 100uLL was added to
each well, ensuring that for each antigen dilution there was a well of each conjugated
competition antibody dilution. A negative control consisting of 1X PBS was added to wells with
the serially diluted antigen to measure the level of background. Wells were incubated at 37°C for
30 minutes and washed four times with 280uL/well of PBS-T. Peroxidase substrate 3,3',5,5'-
tetramethylbenzidine (TMB, Sigma-Alderich, 50uL/well) was added and incubated for 30
minutes at ambient room temperature, with plates covered to protect them from light. The
reaction was stopped with SOuL of sulfuric acid, 2N solution, and plates were read on an ELISA
reader at a wavelength of 450/630nm using ELISA Software version 1.09. The antigen titer and
conjugated competition antibody titer used for the iIELISA was the dilution at which the binding
of conjugated antibody achieved an optical density (OD) value close to 1 and the greatest
difference between the OD of the bound conjugated antibody and the PBS-only negative control
(OD close to 0) was observed.

Protocol for the iIELISA (derived from the Standard Operating Procedure).

The inhibition ELISA was performed as initially proposed by Ferndndez and Vazquez (22, 39)
with slight modifications. Anti-DENV polyclonal human IgG (10pg/mL) in carbonate-
bicarbonate buffer at pH 9.6 (100uL/well) was added to 96-well polystyrene plates and incubated
overnight at ambient temperature. Plates were washed three times with 280uLL Phosphate Buffer
Saline + 0.05% Tween 20 at pH 7.4 (PBS-T). Wells were blocked with 150uLL of 1% BSA in
PBS-T and incubated for 30 minutes at 37°C. Plates were removed from the incubator, the
blocking buffer was removed, and 100uL/well was added of DENV1-4 antigen mixture diluted
in PBS-T at the concentration determined in the antigen/conjugated competition antibody
titration (see section: “Titration of DENV1-4 antigen and the conjugated competition antibody
used in the iELISA”). Plates were incubated at 37°C for one hour, then washed four times with
280 pL/well of PBS-T. Serum samples were prepared either as a single 1:10 dilution (if the child
was DENV-negative in the previous years) or a titration (if the child had been observed to have
seroconverted in the past) consisting of ten-fold serial dilutions from a starting dilution of 1:10 to
a dilution of 1:10,000 (for samples with iELISA titers found to be >1:10,000, the titration was
repeated to include a 1:100,000 serum dilution). All samples were prepared in a total volume of
100uL/well of PBS-T with 0.5% BSA. A negative control consisting of normal human serum
was added to four wells on the plate. The positive control consisted of high iELISA titer serum
was diluted at a starting dilution of 1:100 to a dilution of 1:100,000 in four wells (see section on
“Quality control of the iIELISA”, figs. S2, C to E). The plates were incubated for 2 hours at 37°C,
then washed 4 times with 280uL/well of PBS-T. The conjugated antibody (100uL/well) was
diluted in PBS-T with 1% normal human serum according to the titer obtained in the
antigen/conjugated competition antibody titration protocol (see section: “Titration of DENV1-4
antigen and the conjugated competition antibodies used in the iIELISA”). Plates were incubated
at 37°C for 30 minutes, then washed four times with 280uL/well of PBS-T. Peroxidase substrate




TMB (50uL/well) was added, and plates were incubated for 30 minutes at ambient room
temperature (covered to protect them from light). The reaction was stopped with S0uL of sulfuric
acid, 2N solution. Plates were read on an ELISA reader at a wavelength of 450/630nm using
ELISA Software version 1.09.

The mean of the absorbance values for negative controls was defined as 100% absorbance. The
percent inhibition used for the single-dilution iELISA was calculated as 100*(1-[Sample
absorbance/average negative control absorbance]). Paired samples (e.g., Year 1 and Year 2) in
which Year 1 has <50% absorbance and Year 2 =50% absorbance at a 1:10 dilution were
classified as a seroconversion. For samples in which <50% inhibition was achieved, the iELISA
titer was reported as <1:10. For participants who had seroconverted in the past, a serum titration
of paired annual samples was used to estimate iELISA titers (fig. S2, A and B). Percent
absorbance for the serum sample dilutions was measured relative to the negative control using
the Reed-Muench method (65):

Eq. 107(log;o[T.s0s] + [D.spe— 501/[D.s09, - Dsor])

where D, is the percent inhibition of the last serum dilution with =50% inhibition, T.s, is the
last serum dilution at which =50% inhibition is observed, and D_s, is the percent inhibition of
the first serum dilution with <50% inhibition.

For example, a child with 70% inhibition at a 1:10 serum dilution and 20% inhibition at a 1:100
serum dilution would have an iELISA titer of 107(log,,[10] + [70 - 50]/[70 - 20]) = 25.11886,
which would be rounded to 25 and reported as 1:25.

Quality control for the inhibition ELISA.

Proficiency panels provided by the Instituto de Medicina Tropical “Pedro Kouri” were used to
assess the performance of the iIELISA. Further, on each plate and for each time the iIELISA was
run, a positive control and negative control were included. The negative control was composed
of DENV-naive normal human serum and was run in quadruplicate. The mean of the absorbance
values for negative controls had to have an optical density =0.8 and <1.5 for the experiment to be
valid; data were discarded and samples repeated if values outside this range were observed (fig.
S2C). The positive control was from an individual with an iELISA titer of >1:10,000 identified
through screening for dengue as part of the Nicaraguan Ministry of Health National
Epidemiologic Dengue Surveillance program. The positive control was tested in each experiment
at dilutions of 1:100 to 1:100,000 (fig. S2D), and the measured iELISA titer in each experiment
had to be >10,000 or else the results were not deemed valid and the data were discarded.
Multiple times per year, eight antisera with established IELISA titers were titrated to ensure that
the assay was producing consistent values (within two-fold of the established titer). We tested for
systematic deviations in iELISA titers by measuring the difference between individual iELISA
titers and the geometric mean titer (GMT) for that sample according to day of titration. We found
that deviations in iELISA titers by day of titration were rarely more than two-fold (fig. S2E);
further, we found no evidence for systematic differences over the period of the cohort (slope = -
0.00042 [95%CI:-0.0010-0.00019]).




Reproducibility of the Inhibition ELISA.

In the PDCS, DENV-specific seroconversion is measured each year using paired annual samples;
thus, the majority of samples are titrated at least twice, and on different days, by the iELISA.
Additionally, each year, a random 20% of paired annual samples are tested twice. All children
are screened by single-dilution iELISA titer upon entry into the cohort study and until they are
observed to be positive by single-dilution IELISA. In total, 31,341 samples were tested by
single-dilution iELISA, and half (n=19,856) did not have detectable DENV-Abs. Once a child
seroconverted, iIELISA titrations (1:10 to 1:10,000) were conducted on the seroconverted sample
and on all subsequent samples (n=22,373). The majority of these samples (66%) were titrated
two or more times by iELISA on different days (fig. S3A). Differences between repeat iELISA
titrations were mostly (65%) <2-fold; 87% differed by <4-fold and 95% by <8-fold (fig. S3B).
The vast majority (75-93%, depending on the bin) of individual iELISA titers fell within the
same bin as the average iELISA titer for that sample (fig. S3C).

Comparison of iELISA titers to hemagglutination inhibition assay titers.

The HI assay is a classic assay traditionally used in the flavivirus field for measuring total anti-
DENYV antibody responses. In this assay, test sera are serially diluted and each dilution is
evaluated to determine its ability to inhibit agglutination of goose red blood cells. It was
established decades before what we now know about the structure and biology of flaviviruses.
When we initiated our clinical and epidemiological studies in Nicaragua in 1998, the HI assay
was considered a standard and accepted serological method in the flavivirus field, and thus was
used as a benchmark for the iELISA, which is a simplified version that measures the ability of
serial dilutions of test sera to inhibit binding to DENV antigen. The HI is used for measuring
serological responses in multiple cohort studies in Asia (67, 66). In a school-aged cohort
conducted in Managua, Nicaragua from 2001-2003, the iELISA measurement of seropositivity
was compared to seropositivity measured by the HI using the Clarke and Casals method (62) for
197 samples (21.2% of all samples collected), yielding a sensitivity of 98.9% and specificity of
100%. Antibody titers as measured by the iIELISA and HI were also compared for 106 samples
(11.4% of the study population), resulting in a Pearson’s correlation of 0.80. HI titers were found
to be a two-fold dilution lower than iELISA titers (24).

Comparison of iELISA titers to neutralizing antibody titers from a flow-cytometry based assay.
A subset of children from the PDCS (n=112) was selected for in-depth serological analysis with
a flow-cytometry based neutralization assay based on infection of Raji-DC-SIGN cells with
reporter virus particles (RVPs) of DENVI1-4 (DENV1 Western Pacific 74, Accession # =
AY145121; DENV2 S16803, Accession # = GU289914; DENV3 CH53489, Accession # =
DQ863638; and DENV4 TVP360, Accession # = KU513442), as described previously (29, 43).
Neutralizing antibodies were measured in annual serum samples from 18 children with one
DENYV infection, 62 children with two DENV infections, and 32 children with three DENV
infections. Neutralizing antibody titers (NTso) were measured as the reciprocal serum dilution in
which 50% of viruses were neutralized relative to wells in which no serum is present.

We compared iELISA titers to the NTs, titers for each DENV type, as well as the mean and
median of the NTj, titers against the DENV1-4 for each sample. We use the leiv package in R
(Bivariate Linear Errors-in-Variables Estimator (67)) to estimate the relationship between
iIELISA titers and NTj, titers, allowing for measurement error in both variables. There was a
strong relationship between iELISA titers and NTs, titers to each individual DENV type (fig. S4,



table S3A), with slopes close to 1 for DENV1, DENV2, and DENV3. The strongest correlation
was between iELISA titers and the mean of the four NTj, titers for any sample (Pearson’s
correlation of 0.803 [95%CI: 0.776 - 0.827]); iELISA titers were also strongly correlated with
the median of NT, titers to DENV1-4 (0.796 [95%CI: 0.768 - 0.82]).

Comparison of iELISA titers to percent neutralization in the Plaque Reduction Neutralization
Test.

In some cohort studies, a single-dilution or two-dilution PRNT is conducted to estimate
neutralization against each DENV type (4, 68, 69). Two data sets from our previous studies were
available for analyzing the relationship between the IELISA and the single-dilution PRNT and
were pooled for this analysis. First, a random 10% of PDCS participants (n=371) from 2004-
2007 were tested for neutralizing antibodies using a single-dilution plaque reduction
neutralization test (1:30 serum-dilution, n=1484 samples). An additional 299 cohort participants
who experienced a DENV infection based on annual iELISA seroconversion in 2004-2008 had
percent PRNT reduction against DENV1-4 measured before and after their purported infection
(total of 598 paired annual samples). The PRNT was conducted with BHK21 cells in 12-well
plates using reference strains for DENV1-4 (DENV1 West Pac, DENV2 16681, DENV3 3009,
DENV4 TVP 360). After pre-incubation of the serum-virus mixture for 1 hour at 37°C (150uL
serum, 150uL containing 40 pfu virus), the serum-virus mixture was added to cells to allow
infection for 1 hour at 37°C. An overlay medium with low melting-point (LMP) agar and 2X
MEM was added, and plaques were allowed to grow for 5-7 days at 37°C. Plates were fixed
with 10% formaldehyde, and plaques were visualized with crystal violet. As we found for the
NT,, titers obtained using the flow-cytometry assay, means and medians of percent PRNT
reductions were strongly correlated to iELISA titers (Pearson’s r=0.727 [0.706 - 0.747]) (table
S3B).

Background on DENYV enhancing antibodies.

Most neutralizing anti-DENV monoclonal antibodies (mAbs) at sub-neutralizing concentrations
are capable of enhancing DENV in vitro (70), but the extent to which they enhance varies
greatly. The majority of human mAbs derived from memory B cells after primary DENV
infection are subclass IgG1 and target cross-reactive epitopes, specifically the fusion loop on DII
of the E protein (7/) and the pr portion of the prM/M protein (70, 72, 73). The enhancing
component of the cross-reactive serum antibody repertoire is also dominated by anti-E fusion
loop and anti-prM antibodies that target distinct epitopes and thus both anti-fusion loop and anti-
prM antibodies may independently contribute to ADE (23). Antibodies directed to the E fusion
loop are varied; some can potently neutralize in vitro, and in general these antibodies have a
wide range of concentrations over which they enhance both mature and immature DENV
infection of K562 cells (which contain FcyRIla) (70). Anti-prM antibodies poorly neutralize
even partially immature virus and most also enhance over a wide range of concentrations (72).
During infection, human DENV virions are thought to be mostly mature (DENV grown in
human B cells are mostly mature (72)), and thus the extent to which prM antibodies are relevant
to ADE in human infections remains an unanswered question. The composition of the Fc portion
of antibodies is also likely important for ADE. The majority of anti-DENV antibodies are 1gG1
and IgG3, which both bind FcyRIla. Host polymorphisms that modify affinity for FcyRIla have
been associated with symptomatic dengue and ADE of infection (6, 74-76), and differences in
antibody affinity to FcyRIIIa have also been associated with disease severity (6).
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Comparison of iELISA titers to neutralization titers from children with known infection

histories.

We also compared iELISA titers to neutralization titers (NTs,) to DENV1-4 in samples from
children with previous primary DENV1 or DENV?2 infections (fig. S5, A and B; not enough
primary DENV3 or DENV4 infections were available for analysis). For children with primary
DENV1 infections, NTj, titers to DENV1-4 were strongly related to iELISA titers (slopes 0.8-
1.51), but DENV1 NT;, titers were consistently higher than iELISA titers, while DENV2 and
DENV3 NT,, titers were about the same as the iELISA, and DENV4 titers were lower. A similar
scenario was observed with primary DENV?2 responses: the NTy, to DENV2 was systematically
higher than the iELISA titers, while the NT,to DENV1, DENV3, and DENV4 were about the
same or slightly lower than the iELISA titers. That the strongest correspondence (i.e. closest to
slope=1, intercept=0) was between iELISA titers and NTj, titers to heterotypic DENV types
suggests that the iIELISA is most related to cross-reactive neutralizing responses following
primary DENV infection.

Characterization of DENV antigen used in the iELISA using a panel of mAbs.

To characterize the epitopes recognized using the iIELISA with sucrose-acetone treated antigen, a
panel of human and mouse mAbs targeting type-specific and cross-reactive enhancing epitopes
were titrated in the iELISA at high concentrations (dilutions: 0.1 mg/mL, 0.01 mg/mL, 0.001
mg/mL, 0.0001 mg/mL) in two independent experiments (table S2). Even at mAb concentrations
of 0.1 mg/mL and 0.01 mg/mL, only a subset of the mAbs was inhibitory. This included mAbs
4G2 (fusion loop (77)) and 2H2 (prM (78)), which target epitopes that are primarily associated
with ADE in vitro and in vivo; antibodies targeting potently neutralizing quaternary epitopes
(both type-specific and cross-reactive, including anti-DENV1 1F4 (79), anti-DENV2 2D22 (80),
anti-DENV3 5J7 (81), cross-reactive EDE (82)) were not inhibitory. MAbs 1C19 (BC loop,
adjacent to fusion loop (83)), 1IM7 (fusion loop (83)), DV2-87 (EDIII CC loop (84)), and E1D8
(NS3 (85)) were also inhibitory. Based on these observations, we believe the iELISA primarily
measures antibodies binding to cross-reactive epitopes, some of which are associated with
enhancement in vitro.

Dengue case identification.

Children in the PDCS who became febrile visited the Health Center Sécrates Flores Vivas and
were clinically screened for dengue using the WHO case definition. Acute and convalescent
blood samples were collected from children with suspected dengue or undifferentiated febrile
illnesses. Paired samples with seroconversion by IgM ELISA, and/or seroconversion, and/or a
>4-fold rise in DENV-Abs by IE, and/or acute samples positive for DENV by RT-PCR, and/or
virus isolation were documented as symptomatic dengue cases.

Severe vs. non-severe dengue definitions.

Children were monitored throughout their illness, and those who developed signs of severe
dengue disease were admitted to the study hospital, the National Pediatric Reference Hospital in
Managua. Disease severity was classified using: the 1997 WHO criteria (DF, DHF, and DSS)
(3); the revised 2009 WHO criteria (“Dengue without Warning Signs”, “Dengue with Warning
Signs”, and “Severe Dengue”) (2); and a clinical management score to define severe disease
(tables S4 and S5) (26, 27). In the latter, Category I cases were treated in the outpatient clinic;
Category II cases were hospitalized and given intravenous fluids for rehydration; and Category
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IIT cases were hospitalized and/or treated in the intensive care unit (26). Due to low numbers, we
analyzed the outcomes as ‘severe dengue’ and ‘non-severe dengue’ for each criterion: DHF/DSS
vs. DF (1997 WHO Criteria), Denguet+Warning Signs/Severe Dengue vs. Dengue without
Warning Signs (2009 WHO criteria), and Hospitalized (Category II/III) vs. Non-hospitalized
(Category I) (clinical management score).

Immune history.

Dengue cases were defined as secondary infections if the child had a previous documented
symptomatic infection or seroconverted or had an iELISA titer >1:10 at any point in the years
leading up to his/her dengue case. Dengue cases were identified as primary infections if the child
had no evidence of prior DENV infection or immunity as measured in annual samples for all
years prior to the dengue case. Some children entered the cohort DENV-immune and thus it is
not known how many previous infections they have had.

Inclusion criteria for dengue cases.

Between August 30, 2004 and April 1, 2016, there were 645 dengue cases. Twenty-four cases
did not have a DENV-Ab titer measured within the previous year, and three cases had
symptomatic infections but no information on disease severity; these were excluded. In total, 618
cases (295 primary and 323 secondary) were included in our analyses. The number of children
with one, two or three observed dengue cases was 573, 21, and one, respectively.

Longitudinal analyses of severe and symptomatic primary and secondary dengue.

All analyses were conducted with R 3.3.2 (R Foundation for Statistical Computing). Cox
proportional hazards models (R survival package (25)) were used to estimate the hazard ratios
and cumulative hazard of severe or symptomatic dengue in the PDCS by pre-existing DENV-Ab
titer. Sex, epidemic season, age (2-4, 5-9, 10-14) and number of previous infections (0, 1, >2)
were included as covariates (covariate coefficients in tables S6, S9 to S11). DENV-AD titer was
analyzed as a time-dependent covariate constant between DENV-AD titer measurements or from
the last titer measurement to exit from the cohort. DENV-AD titers were binned by four-fold
dilution in the iELISA assay (<1:21, 1:21-1:80, 1:81-1:320, 1:321-1:1280, >1:1280), with
DENV-naive-children as the reference group. We estimated a cluster variance to control for
correlation within subjects. Sensitivity analyses include: models controlling for either age or
number of previous infections (fig. S6) and models in which DENV-AD titer were binned by
quartiles, quintiles, or sextiles of all DENV-AD titers for non-naive children in the PDCS (fig.
S7). To evaluate whether model results would have differed if any individual iELISA titer, rather
than the geometric mean titer (GMT), were selected for analyses, we randomly sampled one of
the repeat iELISA titrations for each sample to create 50 data sets made up of different iELISA
titrations each time to estimate hazard ratios for severe and symptomatic dengue. Overall,
estimates with randomly sampled iELISA titers as predictors (fig. S8) were similar to those
acquired with GMTs (Fig. 1), including statistically significant enhancement of DHF/DSS at
DENV-AD titers of 1:21-1:80 and protection against symptomatic dengue at high (>1:80)
DENV-AD titers.

We used the particular epidemiology of Nicaragua to test whether pre-infection DENV-AD titers
in a population not previously exposed to DENV3 predicted disease outcome during the re-
introduction of DENV3 into Nicaragua in 2008-2011 after an absence (no virologically
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confirmed cases) of DENV3 since 1998 (57). We excluded children who had documented
evidence of two or more infections as well as any samples taken after the child experienced a
DENYV infection (inapparent or symptomatic) between 2008-2011. Simple logistic regression
was used to estimate odds ratios of dengue disease severity by iELISA titers. Although the
sample size is relatively small, we find similar trends to those for hazard ratio estimates for the
full cohort, including elevated hazard ratios for DHF/DSS at titers of 1:21-1:80 (fig. S9).

We also created spline-based hazard ratio curves for DENV-AD titers analyzed as a continuous
predictor (smoothHR package (28)), using high DENV-AD titers (1:1280) as the reference. We
created separate models that included all children and were adjusted for sex, epidemic season,
age and with and without adjustment for number of previous infections (Fig. 2) as well as a
model that included only non-naive children and was adjusted for sex, epidemic season, age and
number of previous infections (fig. S10). We also identified the iELISA titer corresponding to
the highest point on the predicted hazard ratio curve and expressed this as the peak enhancement
titer.

Kinetics of DENV-Abs over time following DENYV infection.

We estimated the rate of antibody decay over time between DENV infections according to the
disease severity of the subsequent DENV infection. We used a linear mixed-effects model (Ime4
and merTools packages in R (86, 87)), controlling for number of previous infections, with
random effects to account for differences in individual intercepts and slopes, and an interaction
term for antibody decay and subsequent disease severity. We selected this model based on
previous research suggesting that linear models of logged antibody titers are sufficient for fitting
long-term immune responses (>4 months), consistent with the period of time between most
DENYV infections and annual serum sampling in the PDCS (88). We found that children who
developed dengue disease had lower DENV-AD titers (log, -0.89 [95%CI: -1.71--0.08] lower for
DHF/DSS, table S8) immediately after their infection than those who did not. However, we did
not observe significant differences in decay by subsequent severe disease (log, -0.01 [-0.15-0.14]
for DHF/DSS, table S8), suggesting that DENV-AD titers do not decay more quickly in those
who subsequently develop severe dengue. We also used simple linear models to estimate the
slopes and intercepts for each child separately, and obtained similar results: intercepts differed
significantly between those who did and did not develop severe dengue (p<0.05), but decay rates
did not (p>0.05).

We also estimated rates of antibody decay in the cohort as well as the proportion of children
expected to have DENV-AD titers of 1:21-1:80 (enhancement window) or >1:80 (protective
range) by the number of years after their previous infection (table S7). We observe an antibody
half-life (1/,,, [decay rate]) of 4.00 years [95%CI: 3.81-4.20]. By three years post-infection, 71%
of children had DENV-AD titers in the protective range while 22% had DENV-AD titers within
the enhancing window.

Nested case-control analyses for secondary severe and non-severe dengue.

A nested case-control design was used to evaluate whether pre-existing DENV-ADb titers were
associated with odds of being a severe or non-severe secondary dengue case. Controls (5 controls
per case, distributions shown in fig. S11) had evidence of prior DENV infection and were
matched to cases by birth year (within one year of the birthdate of the case), sex, and year of
sampling (samples drawn within 1-2 months of the sample for the case) but either did not have a
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dengue case that year (Fig. 3) or did not have a dengue case during the cohort (fig. S12). We
used conditional logistic regression (R survival package (25)) to compare pre-existing DENV-Ab
titers binned by four-fold dilution in the iELISA assay (<1:21, 1:21-1:80, 1:81-1:320, >1:320,
with >1:320 as reference group—Ilow numbers precluded analyzing 1:321-1:1280 and >1:1280
groups separately) between non-severe or severe secondary dengue cases and their matched
controls. We also estimated distributions of DENV-AD titers for these groups and tested for
significant differences in medians with the Wilcoxon signed rank test (1 control/case) with a
continuity correction. Wilcoxon rank sum test was used to compare severe and non-severe
secondary dengue cases.

Analyses of severe vs. non-severe dengue cases.

Logistic regression was used to estimate the odds ratios of severe as compared to non-severe
dengue (analyzed separately for each disease severity classification scheme) controlling for sex,
epidemic season, DENV type, age, and number of previous infections (tables S12 to S14). Pre-
existing DENV-AD titers were binned by four-fold dilution in the iELISA assay (<I1:21, 1:21-
1:80, 1:81-1:320, and >1:320), with DENV-naive children as the reference group.

Potential implications of enhancement on transmission.

The potential effect of antibody-dependent enhancement on DENV transmission has been
explored with multiple theoretical and statistical models, with some showing that it could help
explain the dynamics of the four DENV types (89, 90) and others finding that enhancement was
not necessary to explain these dynamics (97, 92). Based on empirical data, peak viremia is
significantly higher in children with DHF than DF, and viral clearance is more rapid in
secondary dengue cases (93—-95). Within-host models of these time-resolved viremia
measurements have been used to test competing hypotheses of the immunological mechanisms
that control viremia levels and differences between severe and non-severe patients, observing
that models incorporating ADE as well as T-cell mediated protection are consistent with
observed viral kinetics (96, 97). A study measuring transmission to Aedes aegypti mosquitoes
observed that the magnitude of viremia correlates with the proportion of infected mosquitoes,
duration of transmissibility to the mosquito, and proportion of mosquitoes with infectious saliva
at day 14 post-feeding (98). Others have found that at a given viremia level, asymptomatic
individuals may be more infectious than symptomatic individuals, but symptomatic dengue cases
overall have higher viremia (99). A better understanding of the relationship between duration and
magnitude of viremia and overall transmission probability is critical for building more accurate
and predictive DENV transmission models (100, 101). Index-cluster studies provide a direct way
to measure the relationship between disease and probability of transmission (49, 102); however,
to our knowledge, no studies have explicitly measured transmissibility in severe versus non-
severe dengue cases.
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Figures

Fig. S1.

Inhibition ELISA (iELISA) titers in the Pediatric Dengue Cohort Study (PDCS). (A) Number of
samples in each IELISA two-fold titer bin for all 12 years of the PDCS studied. (B) Examples of
IELISA titer trajectories over the course of the PDCS for a random selection of children
(sampled from those with =5 annual samples collected to enable visualization of trajectories).
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Fig. S2.

Raw iELISA titration data and iELISA quality control. (A) Representative optical density (OD)
data from iELISA titrations for paired annual samples (Year-1 and Year-2) for two children (S1,
previously immune, no infection between Year-1 and Year-2; and S2, seroconversion between
Year-1 and Year-2). (B) Corresponding percent inhibition estimated from the optical density
data in A, with estimated iELISA titers. (C-D) Ranges of the negative (C) and positive (D)
controls over a period of time at the National Virology Laboratory, National Center of
Diagnostics and Reference, Nicaraguan Ministry of Health. (E) Boxplots showing fold-deviation
in individual iELISA titers from the geometric mean titer for that sample by day of titration. The
red line is a linear regression of the median fold-deviations by day of titration (slope = 0.00042

[95%CI:-0.0010-0.00019]).
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Fig. S2 continued.
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Fig. S3.

Reproducibility of the iELISA. (A) Distribution of the number of repeat iELISA titrations for
each sample. Singlets often occur in the year when children enter the cohort or in the year before
they leave the cohort, as the sample is only tested once in paired annual samples. (B) Distribution
of fold-differences in IELISA repeats. Percentages indicate proportion of samples with iELISA
titers less than the fold-difference indicated on the x-axis. (C) Distributions of iELISA titers by
the bin of the GMT for that sample. Percentages indicate the number of individual iELISA titers
that fall into the same bin as the GMT for that sample.
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Fig. S4.

Comparison of DENV-AD titers for samples (n=762) in which both the binding (iIELISA) and
neutralizing (Raji-DCSIGN RVP assay) antibodies were measured. Figures show comparisons of
iELISA titers to the neutralizing antibody (NTs) titer to each DENV type (DENV1, DENV2,
DENV3, or DENV4), or the mean and median NTs, titers to DENV1-4. Black line shows
bivariate linear-errors-in-variables regression line. Slope (s) and intercept (i) with 95%

probability intervals are shown.
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Fig. S5.

Comparison of DENV-AD titers for samples (n=762) in which both binding (iELISA) and
neutralizing (Raji-DCSIGN RVP assay) antibodies were measured, stratified by primary
infecting DENV type. Neutralizing responses to DENV1-4 for individuals with post-primary
DENV1 infections (A) and post-primary DENV2 infections (B). Dots show titer measurements;
lines are linear-error-in-variables regression lines: DENVI, yellow; DENV2, red; DENV3,
purple; and DENV4, blue.
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Fig. Se.

Longitudinal analyses of the hazard of severe dengue disease or any dengue case by pre-existing
DENV-AD titer in the Pediatric Dengue Cohort Study, controlling for either age or number of
previous infections. Hazard ratios with 95% confidence intervals (A,C,E,G) and cumulative
hazard (B,D,F,H) for an average child with severe dengue disease or any dengue case by pre-
existing DENV-AD titer. Cox proportional hazard models were adjusted for sex, epidemic
season, and age (Age only model) or for sex, epidemic season, and number of previous DENV
infections (Number of previous infections only model). Average child = female, 2007-2008
epidemic season, age 5-9, and one previous DENV infection.
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Fig. S7.

Longitudinal analyses of the hazard of severe dengue disease or any dengue case by pre-existing
DENV-AD titer in the full Pediatric Dengue Cohort Study, with alternative GMT binning
methods. Hazard ratios with 95% confidence intervals (A,C,E,G) and cumulative hazard
(B,D,F,H) for an average child (female, 2007-2008 epidemic season, age 5-9, one previous
DENYV infection) with severe dengue disease or any dengue case, by pre-existing DENV-Ab
titer, binned by quartiles, quintiles, or sextiles of all DENV-AD titers for non-naive children in
the Pediatric Dengue Cohort Study. Cox proportional hazard models were adjusted for sex,
epidemic season, age, and number of previous DENV infections. For the quartiles analysis, the
‘enhancing’ window (1:21-1:80) is split between the first and second quartile.
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Fig. S7 continued.
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Fig. S8.

Longitudinal analyses of the hazard of severe dengue disease or any dengue case by pre-existing
DENV-AD titer in the full Pediatric Dengue Cohort Study, with random sampling of repeat
titrations. Shown are hazard ratios and 95% confidence intervals of severe and symptomatic
dengue by pre-infection DENV-Ab titer for 50 iELISA titer data sets created by randomly
sampling from repeat titrations. Primary infection status was re-classified based on the randomly
sampled iELISA titers for each data set.
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Fig. S9.

Analyses of the relationship between DENV-Ab titer and disease outcome with DENV3
infection, excluding individuals with possible prior exposure to DENV3. (A) Logistic regression
was used to estimate the odds of severe or symptomatic dengue upon DENV3 infection between
2008-2011, by pre-existing DENV-Ab titer. We excluded children born before 1998 (last
documented DENV3 circulation), with evidence of two or more infections, or with samples
taken after the child experienced a DENV infection between 2008-2011.
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Fig. S10.

Spline-based hazard ratio curves for severe dengue disease or any dengue case by pre-existing
DENV-AD titer, including only non-naive children in the Pediatric Dengue Cohort Study, i.e.,
children with at least one previous DENV infection. Spline-based hazard models were adjusted
for sex, epidemic season, age, and number of previous DENV infections.
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Fig. S11.

Comparison of pre-existing DENV-AD titers in severe or non-severe secondary dengue cases to
matched controls drawn randomly from the Pediatric Dengue Cohort Study. Distributions of
DENV-AD titers for severe and non-severe secondary dengue cases and matched controls. The
five controls for each case were of the same sex and age, had evidence of prior DENV infection,
provided a blood sample within 1-2 months of the case’s pre-infection sample, but did not have a
dengue case that year. Error bars show one standard deviation, and triangles show distribution
medians.
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Fig. S12.

Comparison of pre-existing DENV-AD titers for severe or non-severe secondary dengue cases to
matched controls drawn randomly from the Pediatric Dengue Cohort Study. (A-C) The five
controls for each case were of the same sex and age, had evidence of prior DENV infection,
provided a blood sample within 1-2 months of the case’s pre-infection sample, but did not have a
dengue case during their time in the cohort. Conditional logistic regression was used to compare
pre-existing DENV-AD titers of severe cases to those of matched controls and non-severe cases
to matched controls, with titers >1:320 as reference. (D-F) Distributions of pre-existing DENV-
Ab titers in severe and non-severe secondary dengue cases and matched controls (1 control per
case). Error bars show one standard deviation, triangles show distribution medians, and brackets
indicate significant differences in medians (severe and non-severe cases compared using the
Wilcoxon rank sum test, black bracket).
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Tables

Table S1.

Baseline characteristics of the longitudinal cohort.

Active cohort IE\I:;islaAbi[:: r Dengue cases
N (%) N (%) N (%)
Total 8002 (100%) 6684 (100%) 645 (100%)
Sex
Female 3978 (49.7%) 3332 (49.9%) 334 (51.8%)
Male 4024 (50.3%) 3352 (50.1%) 311 (48.2%)
Year of birth
1993-1998 1937 (24.2%) 1790  (26.8%) 188 (29.1%)
1999-2004 3012 (37.7%) 2737  (40.9%) 359 (55.7%)
2005-2010 2203 (27.5%) 1758  (26.3%) 96 (14.9%)
2011-2015 850 (10.6%) 399 (6.0%) 2 (0.3%)
Year in cohort
2004-2005 3712 3396 21
2005-2006 3681 3643 62
2006-2007 3556 3681 13
2007-2008 3675 3574 63
2008-2009 3934 3836 22
2009-2010 3837 3778 174
2010-2011 3685 3629 95
2011-2012 3363 2826 29
2012-2013 3741 3527 88
2013-2014 3676 3181 33
2014-2015 3912 3237 13
2015-2016 3733 2994 32

29



Table S2.
Screening for monoclonal antibodies that compete with the conjugated antibody in the iIELISA.

Monoclonal DENYV type iELISA
antibody (Ref)) specificity Protein, domain, epitope positive*
1C19 (83) D1,2,3 E, DIIL, BC loop ++
1M7 (83) D1,2,3 E, DII, fusion loop ++

1F4 (79) Dl E, DI -

1F4 Fab (79) Dl E, DI -
2B7(7) DI1,2,3,4 NST1 (inhibits TEER) -

2D22 (80) D2 E, DI/DII/DII -

2D22 Fab (80) D2 E, DI/DII/DIII -

2H2 (78) D1,2,3.4 prM ++
4G2 (77) D1,2,3.4 E, DII, fusion loop ++

5J7 (81) D3 E, DI/IL, hinge -

5J7 Fab (81) D3 E, DI/IL, hinge -

E111 (103) Dl E, DIII, CC loop -
DV2-87 (84) D2 E, DIII, CC loop ++
E1DS8 (85) D1,2,3.4 NS3 ++
EDE A1l (82) DI1,2,3,4 E, EDE2 (N67&N153) -

EDE B7 (82) DI1,2,3,4 E, EDE2 (N67&N153) -

EDE C10 (82) DI1,2,3,4 E, EDEI (N67) -

EDE C8 (82) DI1,2,34 E, EDEI (N67) -

*Antibody inhibition at 0.1 (+) or 0.01 (++) mg/mL.
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Table S3.

Comparison of DENV-AD titers in samples in which both the binding (iIELISA) antibodies and
neutralizing antibodies were measured. (A) Raji-DCSIGN RVP based neutralization assay
(n=762 samples). (B) Single-dilution percent neutralization in the Plaque Reduction
Neutralization Test on BHK cells (n=2082 samples).

A. Pearson's correlation
coefficient (95%CI)

iELISA vs. DENVI1 NTsptiter  0.659 (0.617 - 0.698)
iELISA vs. DENV2 NTsgtiter  0.644 (0.600 - 0.684)
iELISA vs. DENV3 NTsgtiter  0.709 (0.672 - 0.743)
iELISA vs. DENV4 NTsgtiter  0.586 (0.537 - 0.631)
iELISA vs. Mean NTsy titers 0.803 (0.776 - 0.827)
iIELISA vs. Median NTsptiters ~ 0.796 (0.768 - 0.82)

B. Pearson's correlation
coefficient (95%CI)

iIELISA vs. Mean NTs titers 0.727 (0.706 - 0.747)

1IELISA vs. Median NTsptiters  0.679 (0.655 - 0.701)
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Table S4.
Characteristics of dengue cases included in the present study.

Primary dengue cases Secondary dengue cases

N % N %
Total 295 (100%) 323 (100%)
Age at sampling (mean, sd) 7.7,3 9.6,2.9
Female (%) 169 (57.3%) 156 (48.3%)
Male (%) 126 (42.7%) 167 (51.7%)
Number of previous infections
(%)
0 295 (100%) 0 (0%)
1 0 (0%) 260 (80.5%)
>2 0 (0%) 63 (19.5%)
Disease severity
DHEF/DSS (%) 8 (2.7%) 36 (11.1%)
Dengue with Warnin
Signgs/ Severe Dengueg(%) 70 (23.7%) 104 (32.2%)
Hospitalized (%) 86 (29.2%) 113 (35.0%)
RT-PCR-confirmed DENV (%)
DENV1 83 (28.1%) 67 (20.7%)
DENV2 49 (16.6%) 109 (33.7%)
DENV3 127 (43.1%) 120 (37.2%)
No DENV type identified 36 (12.2%) 27 (8.4%)
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Table S5.

Comparison of dengue case classification using 1997 WHO criteria, 2009 WHO criteria, and a
clinical management score.

Primary
Clinical management score = I (non-hospitalized)
2009 WHO criteria
Dengue without Dengue with Warning
1997 WHO criteria Warnings Signs Signs/Severe Dengue
DF 209 0
DHF/DSS 0 0

Clinical management score = II/I1I (hospitalized/intensive care)

2009 WHO criteria
Dengue without Dengue with Warning
1997 WHO criteria Warnings Signs Signs/Severe Dengue
DF 16 62
DHEF/DSS 0 8
Secondary
Clinical management score = I (non-hospitalized)
2009 WHO criteria
Dengue without Dengue with Warning
1997 WHO criteria Warnings Signs Signs/Severe Dengue
DF 209 0
DHF/DSS 0 1

Clinical management score = II/I1I (hospitalized/intensive care)

2009 WHO criteria
Dengue without Dengue with Warning
1997 WHO criteria Warnings Signs Signs/Severe Dengue
DF 9 69
DHF/DSS 1 34
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Table S6.

Hazard ratio estimates for Dengue Hemorrhagic Fever/Dengue Shock Syndrome in the Pediatric
Dengue Cohort.

Covariate HR [95%CI]
Naive as reference
<1:21 4261 [1.459- 12445 ]
1:21-1:80 7.641 [3.194 - 18.281 ]
1:81-1:320 1.622 [0.578 - 4.552 ]
1:321-1:1280 1.511 [0.440- 5.190 ]
>1:1280 0.939 [0.090 - 9.827 ]
2007-2008 as reference
2004-2005 0.000 [0.000- 0.000 ]
2005-2006 0.000 [0.000- 0.000 ]
2006-2007 3474 [0.245- 49.304 ]
2008-2009 0.686 [0.194- 2433 ]
2009-2010 1.083 [0.295- 3.978 ]
2010-2011 24701 [4.293 - 142.108 ]
2011-2012 0.000 [0.000- 0.000 ]
2012-2013 0.483 [0.121 - 1.926 ]
2013-2014 0.309 [0.030- 3.146 ]
2014-2015 0.000 [0.000- 0.000 ]
2015-2016 0.000 [0.000- 0.000 ]
Ages 2-4 as reference
5-9 3.932 [0.490 - 31.551 ]
10-14 6.249 [0.742 - 52.590 ]
1 infection as reference
>2 infections 0.983 [0.353- 2.738 ]
Females as reference
Male 0978 [0.547- 1.749 ]
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Table. S7.

Antibody decay in the Pediatric Dengue Cohort Study. (A) Results of a mixed-effects linear
model to estimate DENV-Ab decay rates, controlling for number of previous infections and
allowing for differences in individual intercepts and slopes with random variables. (B) Predicted
proportion of children with iELISA titers within the enhancing window (1:21-1:80) or the
protective DENV-AD titer window (>1:80) by number of years after their previous infection.

Fixed effects Est (95% CI)
Intercept’ 7.8 (7.72-7.88)
Previous infections (ref=1)"

2 1.69 (1.55-1.84)
>2 2.69 (2.36-3.03)
DENV-Ab decay (slope)” -0.25 (-0.26--0.24)
Random effects SD
Intercept’ 2.27
DENV-Ab decay’ 0.29

"Unit = log,(titer).
"Unit = log,(titer)/year.

Years post-  Enhancing window  Protection window
infection (%1:21-1:80) (% >1:80)
1 18 77
2 20 75
3 22 71
4 23 68
5 25 64
6 28 59
7 30 55
8 30 51
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Table S8.

Estimates of iELISA titer decay rates by subsequent dengue disease outcome using a mixed-
effects linear model to control for number of previous infections, account for differences in
individual intercepts and slopes, and measure interaction between subsequent severe dengue
infection and antibody decay rates.

Subsequent disease severity: Est (95% CI)

Dengue+Warning I
Fixed effects DHF/DSS Signs/Severe Hospitalized Any Dengue
Dengue Case
Dengue
Intercent’ 7.81 7.82 7.82 7.85
p (7.73-7.89) (7.74-7.9) (7.74-7.9) (7.77-7.93)
Previous infections
(ref=1)"
’ 1.69 1.69 1.69 1.68
(1.55-1.83) (1.54-1.83) (1.54-1.83) (1.54-1.82)
Q) 2.68 2.67 2.67 2.66
(2.35-3.02) (2.34-3.01) (2.34-3) (2.33-2.99)
Subsequent severe -0.89 -0.75 -0.83 -0.64
infection™ (-1.71--0.08) (-1.23--0.27) (-1.29--0.36) (-0.92--0.36)
DENV-AD decay -0.25 -0.25 -0.25 -0.25
(Slope)* (-0.26--0.24) (-0.26--0.24) (-0.26--0.24) (-0.26--0.24)
ZESIZ Z;fé’u‘elij"y -0.01 -0.01 0.00 0.01
severe infection’? (-0.15-0.14) (-0.1-0.07) (-0.08-0.08) (-0.04-0.06)
Random effects SD SD SD SD
Intercept’ 227 227 227 227
DENV-Ab decay* 0.29 0.29 0.29 0.29

"Unit = log,(titer).

"The reference group consisted of children without subsequent severe dengue cases of that
disease classification (DHF/SSS, etc.).

*Unit = log,(titer)/year.
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Table S9.

Hazard ratio estimates for Dengue + Warning Signs/Severe Dengue in the Pediatric Dengue
Cohort Study.

Covariate HR [95%CI]
Naive as reference
<1:21 1.158 [0.663 - 2.023 ]
1:21-1:80 1.747 [1.114 - 2.739 ]
1:81-1:320 0.707 [0.429 - 1.167 ]
1:321-1:1280 0.375 [0.180- 0.782 ]
>1:1280 0.278 [0.076 - 1.021 ]
2007-2008 as reference
2004-2005 1.170 [0.033 -41.411]
2005-2006 0.511 [0.037 - 7.158 ]
2006-2007 0.715 [0.117 - 4352 ]
2008-2009 0.227 [0.071 - 0.731 ]
2009-2010 1.481 [0.679 - 3.228 ]
2010-2011 9.594 [3.721 -24.740]
2011-2012 2246 [0.621 - 8.125 ]
2012-2013 1.434 [0.551-3.735]
2013-2014 0914 [0.344 -2.427 ]
2014-2015 0.000 [0.000 - 0.000 ]
2015-2016 0.090 [0.018 - 0.448 ]
Ages 2-4 as reference
5-9 2.782 [1.248 - 6.200 ]
10-14 3.831 [1.573-9.332]
1 infection as reference
>2 infections 0.947 [0.548 - 1.638 ]
Females as reference
Male 0.820 [0.611-1.102 ]

37



Table S10.
Hazard ratio estimates for Hospitalized Dengue in the Pediatric Dengue Cohort Study.

Covariate HR [95%CI]
Naive as reference
<1:21 1.170 [0.702 - 1.952 ]
1:21-1:80 1.481 [0.967 - 2.267 ]
1:81-1:320 0.673 [0.420- 1.077 ]
1:321-1:1280 0.314 [0.152 - 0.649 ]
>1:1280 0.233 [0.064 - 0.845 ]
2007-2008 as reference
2004-2005 1.324 [0.037 -47.480]
2005-2006 0.574 [0.044 - 7.428 ]
2006-2007 0.669 [0.123 - 3.640 ]
2008-2009 0.163 [0.050 - 0.530 ]
2009-2010 1.933 [0.953-3.920]
2010-2011 7.983 [3.225-19.758]
2011-2012 1.649 [0.486 - 5.592 ]
2012-2013 1.441 [0.583 - 3.561]
2013-2014 1.010 [0.428 - 2.384 ]
2014-2015 0.000 [0.000 - 0.000 ]
2015-2016 0.073 [0.015- 0.358 ]
Ages 2-4 as reference
5-9 2411 [1.161 - 5.006 ]
10-14 2.948 [1.301 - 6.678 ]
1 infection as reference
>2 infections 0.963 [0.570 - 1.624 ]
Females as reference
Male 0.883 [0.670 - 1.163 ]
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Table S11.
Hazard ratio estimates for Any Dengue Case in the Pediatric Dengue Cohort Study.

Covariate HR [95%CI]
Naive as reference
<1:21 0.937 [0.680 - 1.292 ]
1:21-1:80 1.048 [0.816 - 1.344 ]
1:81-1:320 0.765 [0.594 - 0.986 ]
1:321-1:1280 0.425 [0.295-0.612 ]
>1:1280 0.325 [0.185-0.571 ]
2007-2008 as reference
2004-2005 5.162 [1.438 -18.527]
2005-2006 4244 [2.432 - 7.406 ]
2006-2007 0.469 [0.266 - 0.825 ]
2008-2009 0.217 [0.122 - 0.386 ]
2009-2010 0914 [0.637 - 1.313 ]
2010-2011 11.832 [7.160 -19.551]
2011-2012 2.638 [1.324 - 5253 ]
2012-2013 2.364 [1.398 - 3.997 ]
2013-2014 0.590 [0.359-0.970 ]
2014-2015 0.133 [0.065 - 0.269 ]
2015-2016 0.142 [0.080 - 0.252 ]
Ages 2-4 as reference
5-9 1.244 [0.901 - 1.716 ]
10-14 1.355 [0.916 - 2.003 ]
1 infection as reference
>2 infections 0.984 [0.720 - 1.345 ]
Females as reference
Male 0.879 [0.751 - 1.029 ]
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Table S12.
Odds ratios for Dengue Hemorrhagic Fever/Dengue Shock Syndrome vs. Dengue Fever.

Covariate OR [95%CI]

Naive as reference

<1:21 5.04 [ 148 -16.55]

1:21-1:80 8.60 [ 3.41 -23.59]

1:81-1:320 242 [ 0.71 - 7.83 ]

>1:320 4.06 [ 1.01 -1541]
2007-2008 as reference

2004-2005 0.00 [ 0.00 - Inf ]

2005-2006 0.00 [ 0.00 - Inf ]

2006-2007 2.15 [ 026 -12.84 ]

2008-2009 462 [ 0.75 -25.85]

2009-2010 1.388 [ 0.34 - 541 ]

2010-2011 1.388 [ 0.34 - 541 ]

2011-2012 0.00 [ 0.00 - Inf ]

2012-2013 0.77 [ 0.09 - 6.51 ]

2013-2014 043 [ 0.02 - 3.59 ]

2014-2015 0.00 [ NA - Inf ]

2015-2016 0.00 [ 0.00 - Inf ]
Females as reference

Male 1.01 [ 052 -197 ]
1 infection as reference

>2 infections 0.71 [ 0.24 - 1.82 ]
Ages 2-4 as reference

5-9 1.59 [ 046 - 745 ]

10-14 1.85 [ 0.51 - 9.04 ]
DENV?3 as reference

DENV1 0.84 [ 0.15 - 3.57 ]

DENV2 1.21 [ 037 - 3.52 ]

DENV type unknown  0.00 [ 0.00 - Inf ]
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Table S13.
Odds ratios for Dengue with Warning Signs/Severe Dengue vs. Dengue without Warning Signs.

Covariate OR [95%CI]
Naive as reference
<1:21 1.439 [0.704 - 2.893 ]
1:21-1:80 3.051 [1.729 - 5438 ]
1:81-1:320 1.094 [0.598 - 1.971 ]
>1:320 1.081 [0.461 - 2.449 ]
2007-2008 as reference
2004-2005 0.818 [0.109 - 3.987 ]
2005-2006 0.075 [0.004 - 0.422 ]
2006-2007 0.851 [0.116 - 4.026 ]
2008-2009 0.804 [0.187 - 3.127 ]
2009-2010 1.853 [0.697 - 4.986 ]
2010-2011 1.190 [0.436 - 3.245 ]
2011-2012 1.173 [0.303 - 4.337 ]
2012-2013 1.689 [0.532 - 5.446 ]
2013-2014 3.606 [1.144 - 11.608 ]
2014-2015 0.000 [ 0 - Inf ]
2015-2016 0.894 [0.247 - 2.879 ]
Females as reference
Male 0.927 [0.628 - 1.366 ]
1 infection as reference
>2 infections 0.662 [0.336 - 1.278 ]
Ages 2-4 as reference
5-9 1.863 [0.955 - 3.850 ]
10-14 2.945 [1.426 - 6.404 ]
DENV3 as reference
DENV1 0.491 [0.218 - 1.062 ]
DENV2 0.558 [0.251 - 1.207 ]

DENV type unknown  0.143 [0.032 - 0.444 ]
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Table S14.
Odds ratios for Hospitalized vs. Non-hospitalized Dengue Cases.

Covariate OR [95%CI]
Naive as reference
<1:21 1.555 [0.769 - 3.143 ]
1:21-1:80 2443 [1.379 - 4372 ]
1:81-1:320 1.002 [0.554 - 1.792 ]
>1:320 0.814 [0.344 - 1.858 ]
2007-2008 as reference
2004-2005 0.694 [0.092 - 3.384 ]
2005-2006 0.066 [0.003 - 0.376 ]
2006-2007 0.762 [0.104 - 3.585 ]
2008-2009 0.479 [0.102 - 1.932 ]
2009-2010 2.229 [0.851 - 5.930 ]
2010-2011 1.298 [0.483 - 3.500 ]
2011-2012 1.181 [0.317 - 4270 ]
2012-2013 1.386 [0.442 - 4.399 ]
2013-2014 4931 [1.577 -16.074 ]
2014-2015 0.000 [ 0 - Inf ]
2015-2016 0.900 [0.250 - 2.877 ]
Females as reference
Male 1.063 [0.725 - 1.559 ]
1 infection as reference
>2 infections 0.665 [0.340 - 1.283 ]
Ages 2-4 as reference
5-9 2.028 [1.068 - 4.016 ]
10-14 2921 [1.444 - 6.137 ]
DENV3 as reference
DENV1 0.514 [0.237 - 1.088 ]
DENV2 0.480 [0.218 - 1.032 ]

DENV type unknown  0.110 [ 0.025 - 0.339 ]
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