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ARTICLE INFO ABSTRACT
Am'clf? History: Background: Genetic risk factors for dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS) and den-
Received 8 August 2019 gue fever (DF) are limited, in particular there are sparse data on genetic risk across diverse populations.
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Methods: We conducted a genome-wide association study (GWAS) in a derivation and validation sample of 7,
460 participants of Latin American, South Asian, and South East Asian ancestries. We then developed a
weighted polygenic risk score (PRS) for each participant in each of the validation cohorts of the three ancestries
to predict the risk of DHF/DSS compared to DF, DHF/DSS compared to controls, and, DF compared to controls.

g?;‘gﬁgds' Findings: The risk of DHF/DSS was significantly increased, odds ratio [OR] 1.84 (95%CI 1.47 to 2.31) (195

Genetics SNPs), compared to DF, fourth PRS quartile versus first quartile, in the validation cohort. The risk of DHF/DSS

Risk compared to controls was increased (OR=3.94; 95% CI 2.84 to 5.45) (278 SNPs), as was the risk of DF com-

GWAS pared to controls (OR=1.97; 95%CI 1.63 to 2.39) (251 SNPs). Risk increased in a dose-dependent manner with

Ancestry increase in quartiles of PRS across comparisons. Significant associations persisted for PRS built within ances-
tries and applied to the same or different ancestries as well as for PRS built for one outcome (DHF/DSS or DF)
and applied to the other.
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Interpretation: There is a strong genetic effect that predisposes to risk of DHF/DSS and DF. The genetic risk for
DHF/DSS is higher than that for DF when compared to controls, and this effect persists across multiple ancestries.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in Context

Evidence before this study

We conducted a literature review on MEDLINE in January 2013
before conducting this study on genetic determinants of den-
gue and did not find a systematic review. We found narrative
reviews and individual candidate gene studies. Over the course
of the study and after completion we updated our search (last
search, November 5, 2018). We identified candidate gene stud-
ies but only one GWAS study in a Vietnamese population, repli-
cated in a Vietnamese and in a Thai population, demonstrating
as association between variants in major histocompatibility
complex (MHC) class I polypeptide-related sequence B (MICB)
and phospholipase C, epsilon 1 (PLCE1) and DSS. We did not
identify any studies addressing polygenic risk for dengue.

Added value of this study

This study demonstrates a strong polygenic risk for dengue that
applies across different ancestries. The polygenic risk derived
from one syndrome predicted risk in the validation cohort of
another syndrome.

Implications of all the available evidence

In certain populations, specific genetic variants are associated
with severe complications of dengue. However, there is genetic
susceptibility that is universal, that is, the same alleles increase
or reduce susceptibility in diverse regions of the world. This is
suggestive of a more general immune mechanism rather than
adaptation to DENV-specific strain effects, which would be
expected given the large geographical distribution of partici-
pants. Moreover, the effect of a similar risk when a polygenic
risk score is derived from one syndrome and applied to the
other, suggests a common pathological mechanism.

1. Introduction

Infection with dengue virus (DENV), a mosquito-borne flavivirus
infection, is of major global public health relevance [1]. Dengue fever
(DF), or “break-bone fever”, is characterized by fever, headache,
retro-ocular, and joint pain, rash, and, lymphadenopathy [2]. In less
than 2% of those infected for a second time, the disease may progress
to dengue hemorrhagic fever characterized by thrombocytopenia
and vascular leakage and dengue shock syndrome (DSS) (DHF with
evidence of systemic hypoperfusion) [3—8]. A secondary heterolo-
gous infection, that is infection with a DENV serotype different from
that of prior infection, can increase risk of DHF/DSS through anti-
body-dependent enhancement [9,10]. However, given that only a
small proportion of secondary infections result in severe disease,
underlying genetic predisposition is likely [11].

The vast majority of genetic studies for dengue have been candi-
date gene studies, where a number of genetic variants, including sin-
gle nucleotide polymorphisms and HLA polymorphisms, have been
implicated as genetic risk factors [12—19]. Existing data have been
conflicting [20]. There has only been one genome-wide association

study (GWAS) conducted for dengue, which showed an association
between variants in major histocompatibility complex (MHC) class I
polypeptide-related sequence B (MICB) and phospholipase C, epsilon
1 (PLCE1) and DSS [21]. However, this study was conducted in a single
ancestry population (Vietnamese). Although these variants were rep-
licated when tested alone in another Vietnamese and a Thai popula-
tion [22,23], less is known about the extent to which genetic variants
that predispose for dengue act across ancestries. We report here a
GWAS in a sample set with multiple ancestries, which allowed us to
test the hypothesis, using polygenic risk scores, that genetic variants
across the genome predispose to DHF/DSS and DF.

2. Methods and methods
2.1. Study participants

The Dengue Population Genetics Program (DPGP) was a genetic
epidemiologic study where DNA was obtained from participants of
three major ancestries from seven countries: Latin American from
Honduras, Mexico, Nicaragua, Colombia; South Asian from Sri Lanka;
and Southeast Asian from Vietnam and Myanmar between March
2003 and December 2013. Participants were categorized into one of
the following groups: DF, DHF/DSS, and controls (definitions are
shown in Table S1 in the Supplementary Appendix). Clinical pheno-
type data was obtained from community cohort studies and hospital-
ized patients with DHF/DSS and DF. Infection was confirmed by
serology, DENV RNA demonstrated by RT-PCR, DENV NS1 antigen
detection, or, viral isolation [24, 25]. Controls were defined as partici-
pants who had evidence of DENV infection but no evidence of DHF/
DSS or DF (they consisted of two groups, a group of 513 that serocon-
verted during the study and 1706 IgG antibody positive participants).
They were derived by flow cytometry-based assays or ELISA in cross-
sectional samples of participants who had no symptoms of dengue at
the time of testing and had no history of hospitalization for dengue,
or annual healthy samples by neutralization assay (using plaque
reduction neutralization assay or flow cytometry-based assays) for
participants in cohort studies [26, 27]. The analysis included partici-
pants with primary and secondary DENV infections. A summary of
laboratory testing for infection is provided in Table S2 in the Supple-
mentary Appendix.

2.2. Genotyping

We conducted the study using a two-stage design. In the first
stage, we used the I[llumina OmniExpress BeadChip array of 958,178
single nucleotide polymorphisms (SNPs) with genome-wide cover-
age to identify genetic associations in three separate comparisons:
DHEF/DSS versus DF, DHF/DSS versus controls, and, DF versus controls
using a derivation cohort of 2498 subjects. We included genetic var-
iants that had previously been associated with DHF/DSS or DF (e.g.,
DC-SIGN, vitamin D receptor, Fc gamma receptor II, TNF alpha, IL-10,
HLA-A, HLA-B, TAP 1, Tap 2, CTLA-4, MICB and, PLCE1) in the deriva-
tion analyses [11, 21]. In the second stage, SNPs with p-values
<0.0001 for at least one of three comparisons in the analysis of the
entire derivation cohort were pruned at the linkage disequilibrium
cut-off of r?=0.20 using a 500 kb window. These, along with the
genetic variants previously associated DHF/DSS or DF, were geno-
typed in a validation (replication) cohort of 6879 subjects using the
[llumina GoldenGate BeadXpress platform using a total of 1536 SNPs.
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2.3. Quality control

In the overall derivation cohort, samples with <99% call rates and
sex mismatch were removed, as were the SNPs with <99% call rate,
<1% minor allele frequency (MAF) or Hardy-Weinberg p-value
<0.000001 in controls. For the ancestry-specific derivation cohort,
we further removed SNPs with MAF <5% because the sample size
was limited. In the overall validation cohort, we removed samples
with <95% call rates, SNPs with <95% call rate, or SNPs with <1%
MAF in order to avoid excluding SNPs that were narrowly < 5%. The
quality controls in derivation and validation cohorts were performed
using PLINK (version 1.09).

A total of 9377 DNA samples was received for analysis, of which
for the derivation cohort 999 were from participants with DHF/DSS,
999 DF, and, 500 were from controls. For the validation cohort, there
were 1715 samples from participants with DHF, 2731 DF, and, 2433
controls. Following quality control steps, there were a total of 2248
DNA samples from the derivation phase and 5212 samples from the
validation phase with the final dataset consisting of 7460 samples.
The characteristics of participants in this final dataset are summa-
rized in Table 1. Of the total of 958,178 SNPs genotyped in the deriva-
tion phase, 662,390 met quality control and the MAF criteria, as did
1165 of the 1536 SNPs tagged for the validation phase.

2.4. Association testing and replication

We calculated heritability using Genome Wide Complex Trait
Analysis [28]. We used the Grammar-Gamma method to test for the
associations of SNPs with DHF/DSS versus DF, DF versus controls,
and, DHF/DSS versus controls in the entire derivation cohort (all
ancestries), adjusted for age and sex, and population structure was
taken into account by the kinship coefficient matrix of the variance
component model [29]. The Grammar-Gamma analysis was also per-
formed separately for each derivation sample of Latin American,
South Asian, and, Southeast Asian ancestries, where only SNPs with
allele frequency >5% were analyzed and a heritability coefficient (h?)
of 0.3 was assumed (rather than estimated from the data) in a sample
to ease model convergence as ancestry-specific sample sizes were
small. We also checked the data for outliers from ancestries other

Table 1
Distribution of participants by age, sex, and ethnicity.

Ethnicity

Characteristics Latin America South Asia South East Asia Total

Derivation cohort

Control 210 44 151 405
Female sex,% 614 47.7 39.1 51.6
Mean age (SD),yr  23.2(18.5) 35.4(14.3) 27.0(21.9) 26.0(19.8)
Cases
DF 498 119 308 925
Female sex,% 57.8 353 448 50.6
Mean age (SD), yr 21.7(16.9) 29.5(15.4) 12.6(11.0) 19.7 (16.0)
DHF/DSS 457 92 369 918
Female sex,% 49.5 50.0 50.9 50.1
Mean age (SD), yr 22.1(16.7) 27.3(129) 11.9(8.0) 18.5(14.6)
Replication cohort
Control 1449 127 238 1814
Female sex,% 60.9 48.0 55.0 59.3
Mean age (SD),yr  22.1(18.0) 37.2(16.1) 31.5(19.7) 24.4(18.7)
Cases
DF 1386 354 361 2101
Female sex,% 55.8 37.6 51.0 519
Mean age (SD), yr 22.3(18.2) 29.4(12.8) 7.9(84) 21.0(17.4)
DHF/DSS 295 233 769 1297
Female sex,% 56.9 42.1 48.0 49.0
Mean age (SD), yr 25.6(16.1) 27.0(12.0) 8.9(74) 16.0(13.8)

Abbreviation: SD, standard deviation; DF, Dengue fever; DHF, Dengue hemorrhagic
fever; DSS, Dengue Shock Syndrome.

than Latin American, South Asian, and Southeast Asian. We used a
significance level of p<5 x 1078 to account for multiple testing. In
the replication cohort, a separate logistic regression model was fitted
adjusting for age, sex and ancestry for each SNP for each comparison.
In order to exclude the possibility of population stratification, we did
the analyses adjusted for principal components.

2.5. Polygenic risk score analysis

To test for the possibility of polygenic risk for DENV infection out-
come (DHF/DSS versus DF, DHF/DSS versus control, and DF versus
control), we developed a weighted polygenic risk score (PRS) for each
participant in each of the validation cohorts of three ancestries (Latin
American, South Asian, Southeast Asian) separately. For each partici-
pant, the PRS was the sum of the product of log-odds ratios of a set of
SNPs passing a p-value threshold in a derivation cohort and the num-
ber of effect alleles at the corresponding SNPs (see Methods section
in the Supplementary Appendix). Polygenic risk scores were con-
structed using all three ancestries (the primary PRS analysis) as well
as single ancestries for sensitivity analyses. We also conducted the
analysis using five principal components as covariates. If the allele at
a SNP for a participant was missing, the number of effect alleles was
imputed using the average number of effect alleles in all participants
within the same ancestry with the same outcome. Nine different
p-value thresholds ranging from 0.1 to 0.00001 were used for selecting
SNPs to compute PRSs. All SNPs had a p-value < 0.001 for at least one
analysis but could have had larger p-values for other comparisons.

2.6. Overall effect

To test the association of PRS with each of three comparisons
(DHF/DSS versus DF, DHF/DSS versus controls and DF versus con-
trols), first a logistic regression model was fitted by comparing the
second to fourth quartile PRS to the first (referent), adjusting for age
and sex in each validation ancestry. Based on plots of the p-value
threshold and effect size for selecting SNPs for the PRS, which
remained similar from a range of 0.1 to 0.001, we selected a p-value
of 0.01 for the PRS (Figure S1 in the Supplementary Appendix). To
assess the association of PRS in the overall validation cohort (overall
effect), the results (the log-odds ratios and corresponding standard
errors) from all three ancestries were then pooled using the fixed-
effect model of meta-analysis. We also conducted a similar set of
analyses by demonstrating the effect using a standardized PRS (i.e.,
PRS divided by its standard deviation, SD) adjusting for age and sex
in each validation ancestry.

2.7. Secondary analyses

We conducted secondary analyses using derivation and validation
cohorts of different ancestries. We examined 1) the effect of a PRS
derived from all three ancestries and applied to a validation cohort of
a single ancestry, 2) the effect of a PRS from the derivation cohort of a
single ancestry applied to the validation cohort of the same ancestry,
3) the association of PRS from one derivation ancestry applied to a
validation cohort of two different ancestries, 4) the effect of PRS
derived from one single ancestry applied to a validation cohort of all
ancestries, 5) a PRS from the derivation cohort of either DHF/DSS ver-
sus control or DF versus control then applied to the validation cohort
of the other syndrome comparison. We examined these using a stan-
dardized PRS with the OR expressed per change in SD or by compar-
ing quartiles.

The Grammar-Gamma analyses were performed using the R pack-
age GenABEL (version 1.8-0). Statistical Gene score analyses were
performed using R software, version 3.2.4.
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2.8. Role of the funding source

The study sponsor played no role in study design; in the collec-
tion, analysis, and interpretation of data; in the writing of the report;
nor in the decision to submit the paper for publication.

2.9. Ethics statement

This study was approved by the McMaster research ethics board
and that of all participating institutions. Participants provided
informed consent for the analyses done in this study.

3. Results
3.1. Heritability estimates

By testing for chip-wide heritability, that is, the portion of the phe-
notypic variation that can be explained by genotyped genetic markers
[30], overall and by ancestry, we found significant values for DHF/DSS
compared to DF for Latin Americans and Southeast Asians (0.18 and
0.21), for DHF/DSS compared to controls for Latin Americans, South
Asians, and Southeast Asians (0.35, 0.21, 0.18 respectively), and, for DF
compared to controls for Latin Americans and Southeast Asians (0.20
and 0.56 respectively), all p-values <0.05. The establishment of such
heritability supported testing for genetic risk of variants.

3.2. Association testing

In the analysis of the entire derivation sample, none of the SNPs
reached the significance level of p<5 x 1078 for any comparison (Figure
S2, Table S3 in the Supplementary Appendix). For the DHF/DSS versus
DF comparison, the top associated SNP in the meta-analysis of derivation
and replication phases was rs6675033 with p-value of 2.40 x 10~ near
the transcriptional adapter 1 (TADA1) gene on Chromosome 1 (Table S3),
where the association was observed only in the derivation but not in
replication sample. Genetic variants tested that had previously been
found associated with DHF/DSS or DF (DC-SIGN, vitamin D receptor, Fc
gamma receptor I, TNF alpha, IL-10, HLA-A, HLA-B, TAP 1, Tap 2, CTLA-4,
MICB and PLCE1) did not reach the pre-specified significance in the deri-
vation analysis and were not replicated. Including ancestry as a

co-variate did not change the results. We also conducted the genome-
wide analysis separately in a meta-analysis setting, including using
ancestry specific principal components, and the findings remained simi-
lar. The presence of significant heritability yet no genome-wide signifi-
cance suggested a polygenic model. On this basis, we tested a PRS.

3.3. Polygenic risk score

The risk of DHF/DSS was significantly increased, odds ratio [OR] 1.84
(95%CI 1.47 to 2.31), p-value 1.38 x 1077 compared to DF, when the
fourth-quartile PRS was compared to the first-quartile PRS (referent) in
the validation cohort (Fig. 1). The risk of DHF/DSS compared to controls
was increased, OR 3.94 (95% Cl 2.84 to 5.45), p-value 1.4 x 107'6, for
the fourth-quartile PRS to reference comparison. Similarly, the risk for
DF increased compared to controls, OR 1.97 (95%CI 1.63 to 2.39), p-value
2.12 x 102, fourth-quartile PRS compared to reference. The effect size
increased in a dose-dependent manner as the PRS increased, with a
highly significant effect for third quartile versus referent comparison for
all three outcomes (Fig. 1). Although ORs >1 for the PRS in the second
quartile compared to the first was observed for all three outcomes, they
were only significant for DF versus controls.

Using a standardized PRS, the results were similar (Table 2, Fig. 2).
The effect of PRS using a p-value threshold of 0.01 resulted in the fol-
lowing effects: OR 1.31 (1.20 to 1.42) per SD for DHF/DSS versus DF,
p-value 1.95 x 107!!; OR 1.89 (1.69 to 2.11) per SD for DHF/DSS ver-
sus control, p-value 1.49 x 1073* OR 1.29 (1.21 to 1.38) per SD, DF
versus control, p-value 5.80 x 10 ~ '3, Using a different p-value
threshold of 0.0005 to derive the PRS resulted in similar effect sizes:
OR 1.29 (1.19 to 1.40) for DHF/DSS versus DF, p-value 2.50 x 10 ~ 1;
OR 1.76 (1.57 to 1.96) for DHF/DSS versus control, p-value
3.87 x 10727; OR 1.22 (1.14 to 1.31), DF versus control, p-value
1.28 x 1078, The effect size of all p-value thresholds is shown in
Figure S1. Our results did not change when we included principal
components as covariates.

3.4. Secondary analyses

For each of the three DENV infection outcome comparisons (DHF/
DSS versus DF, DHF/DSS versus control, DF versus control), the results
of our five secondary analyses were similar in direction and

Outcome #SNPs Quarter N1 NO OR [95% CI] P-value
1 245 527 : Reference
DHE/DSS vs. DF 195 2 287 524 -—-—l—' 1.11[0.87, 1.42] 0.3920
3 358 524 : 1.46 [1.16, 1.85] 151x107°
4 407 526 : —— 1.84 [1.47,2.31] 1.38x1077
1 192 455 Reference
2 222 453 —a— 1.15[0.80, 1.66] 0.4410
DHF/DSS vs.Ctrl 278 . 5
3 340 452 2.03 [1.46, 2.84] 3.16x10"
4 543 454 —=—— 3.94[2.84,545] 141x107"
1 370 455 ! Reference
DE vs. Ctrl 251 2 467 453 —— 1.27 [1.04, 1.55] 0.0178
' < 523 452 1.38 [1.13, 1.68] 1.34x107°
4 741 454 —a— 1.97[1.63,2.39] 2.12x107"?
| | | [
0.75 1.5 25 4

QOdds Ratio

Fig. 1. Association of polygenic risk scores with dengue virus infection outcomes. Notations/abbreviations: N1 and NO, total number of cases and comparisons in the validation
cohort; P, p-value; OR, odds ratio; CI, confidence interval. *Both derivation and validation cohorts were entire samples of all three ancestries (Latin American, South Asian and South-
east Asian). For each outcome comparison, the estimate of odds ratio of per standard deviation increase in polygenic risk score in the overall validation cohort was obtained by pool-
ing the corresponding log-OR estimates across three ancestries using a fixed-effect meta-analysis model.
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Table 2

Pooled association of PRS derived from overall derivation cohort in overall validation cohort.

Polygenic risk score'

Outcome®  Total  Cases  Comparators  Threshold  #SNPs  OR[95%CI] p-value
DF vs. 3915 2101 1814 0.1 387 1.33[1.24, 1.43] 2.20e-16
Ctrl 0.05 332 1.33[1.25, 1.43] 1.50e-16
0.01 251 1.29[1.21,1.38]  1.99e-13
0.005 222 1.27[1.19, 1.36] 5.17e-12
0.001 179 1.24[1.16, 1.32] 8.11e-10
0.0005 155 1.22[1.14,1.31]  6.71e-09
0.0001 24 1.13[1.05, 1.20] 4.63e-04
0.00005 4 1.00[0.93, 1.07] 9.29e-01
0.00001 2 0.99[0.93, 1.06] 7.61e-01
DHF/DSS 3111 1297 1814 0.1 434 1.87[1.68, 2.09] 1.52e-28
vs.Ctrl 0.05 374 1.87[1.67, 2.09] 2.31e-28
0.01 278 1.89[1.69, 2.11] 3.09e-29
0.005 256 1.88[1.68, 2.10] 4.52e-29
0.001 199 1.75[1.56, 1.95] 2.98e-23
0.0005 176 1.76[1.57, 1.96] 9.71e-24
0.0001 33 1.43[1.29, 1.59] 9.11e-12
0.00005 13 1.21[1.10, 1.34] 1.30e-04
0.00001 1 1.09[0.97, 1.23] 1.47e-01
DHF/DSS 3398 1297 2101 0.1 317 1.35[1.24, 1.46] 5.63e-13
vs.DF 0.05 265 1.34[1.23,1.45] 3.07e-12
0.01 195 1.31[1.20, 1.42] 1.16e-10
0.005 183 1.29[1.19, 1.40] 6.78e-10
0.001 167 1.29[1.19, 1.40] 7.62e-10
0.0005 136 1.29[1.19, 1.40] 8.65e-10
0.0001 15 1.08[1.00, 1.17] 4.76e-02
0.00005 7 1.05[0.97, 1.14] 2.25e-01
0.00001 2 1.07[0.99, 1.16] 1.10e-01

Abbreviations: DF, dengue fever, DHF/DSS, dengue hemorrhagic fever; OR, odds ratio; CI, confidence interval.
* Outcomes for the derivation and validation cohorts were the same. Figures are from replication cohort.
' Age- and sex-adjusted log(OR) estimates per standard deviation (SD) increase in polygenic risk score
across Latin American, South Asian, and Southeast Asian validation cohorts were meta-analyzed using

fixed-effect model.

magnitude to our overall effects (Tables S4 -S9, Figures S3-S6). When
we derived the PRS from the overall derivation cohort for DF versus
control and applied it to a validation cohort for DHF versus control,
the effect size was similar to our previous estimates, OR 1.60 (95%CI
1.45 to 1.77), p-value 2 x 1079 (Table S9). Conversely, when the PRS
was derived from DHF/DSS versus control and applied to a validation
cohort of DF versus control, the effect was similar, OR 1.37 (95%CI
1.28 to 1.46), p-value 8.45 x 1071°,

4. Discussion

We found a strong genetic risk, derived from PRS from a multi-
ancestry population, when DHF/DSS was compared to DF, DHF/DSS
compared to controls, and, DF compared to controls. Moreover, this
polygenic risk had a dose effect, with the risk increasing with an
increasing number of risk alleles in the PRS. Sensitivity analyses dem-
onstrated that PRS derived from single ancestries and applied to a

GWAS P
Outcome Threshold #SNPs N1 NO OR [95% CI] P-value
0.01 195 1.31[1.20,1.42]  1.95x 10"
DHF/DSS vs. DF 1297 2101 :
0.0005 136 e 1.29[1.19, 1.40] 250x10°"°
0.01 278 1.89[1.69,2.11]  1.49x10°%
DHF/DSS vs. Ctrl 1297 1814
0.0005 176 —=—  1.76[157,1.96] 387x107%
0.01 251 129[121,1.38]  580x10™"
DF vs. Ctrl 2101 1814 :
0.0005 155 Do 1.22[1.14,1.31] 1.28x10°8
i T |
1 15 22
Odds Ratio

Fig. 2. Forest plot of the associations of polygenic risk scores* quartiles. Notations/abbreviations: N1 and NO, total number of cases and comparisons in overall validation cohort; P,
p-value; OR, odds ratio; CI, confidence interval. *Both derivation and validation cohorts were entire samples of all three ancestries of Latin American, South Asian and Southeast
Asian. For an outcome, the estimate of odds ratio of each polygenic risk quarter versus the first quarter was obtained by pooling the corresponding log-OR estimates at p threshold

of 0.01 across three ancestries using a fixed-effect meta-analysis model.
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global validation cohort remained significant predictors of risk, as did
multi-ancestry PRS when applied to single ancestries, and single
ancestries PRS when applied to the same ancestry in the validation
cohort. We also found that PRS derived from one syndrome predicted
risk in the validation cohort of another syndrome.

The effect sizes we observed, such as almost a four-fold risk of DHF/
DSS compared to controls, are among the highest risk factors reported for
dengue [3]. Studies that have tested variants shown to be significant in a
GWAS study reported effect sizes that were substantially lower (< 1.5)
[21-23]. Even when examining other risk factors for severe dengue,
including age, sex, and, nutritional status, our PRS is the strongest risk fac-
tor [31]. The large size of this effect is compatible with a polygenic effect
for all three DENV infection outcome comparisons, i.e. DHF/DSS versus
DF, DHF/DSS versus controls, DF versus controls. In the overall validation
cohort of all three ancestries, the evidence of polygenic risk was stronger
for DHF/DSS versus control compared to DF versus control when derived
from overall or ancestry-specific GWAS cohorts, suggesting that not only
the risk is polygenic but also that the risk of more severe complications
increases with higher burden of associated genetic variants.

Our secondary analyses, where we derived the polygenic risk
scores from one ancestry population or degree of severity of DENV
infection to validate in another ancestry or another severity level,
indicate that the association of polygenic risk score is indeed robust.
Given the polygenic origin of these traits with large numbers of SNPs
with very small effects, it is not surprising that our GWAS findings
were not replicated, and this may help explain inconsistencies in the
results of previous genetic association studies [11]. Importantly, these
secondary analyses demonstrate that the genetic susceptibility we
observed is universal, that is, the same alleles increase or reduce sus-
ceptibility in diverse regions of the world. This is suggestive of a
more general immune mechanism rather than adaptation to DENV-
specific strain effects, which would be expected given the large geo-
graphical distribution of participants. Moreover, the effect of a similar
risk when PRS was derived from one syndrome (DHF/DSS or DF) and
applied to the other, suggests a common pathological mechanism.

Strengths of this study are the diverse ancestry of participants and
the consistency of the findings. We acknowledge that use of partici-
pants that had no symptoms at the time of testing and no history of
hospitalization as controls may have led to misclassification persons
with DF as controls. However, this would have been mitigated by our
use of controls with inapparent infection and serological evidence of
infection. Any bias would have been towards the null, but the fact
that we found an effect suggests that it in fact may have been under-
estimated. Furthermore, the effect of misclassification of controls in
genetic association studies is minimal [32]. Similarly, any variance
across community cohort studies for admission trends would be miti-
gated by using strict phenotype definitions adjudicated centrally. If
thresholds for admissions varied for ascertainment of cases, any sig-
nificant effect that we reported would be more likely to be underesti-
mated in situations where thresholds for admission of DHF or DSS
were lower. Moreover, since the main effects are polygenetic, it is
very unlikely that admission to hospital would be associated with
any such effect. We acknowledge that the power to detect variants
significant at the genome-wide level may have been limited. How-
ever, the high degree of heritability and robust estimates of risk using
the PRS argue strongly in favor of a polygenic model. We also
acknowledge, despite the relatively high effect size, that the odds
ratios are however modest for public health application.

In summary, our data provide strong evidence that multiple
genetic variants confer clinically important risk for both DHF/DSS
and DF. To our knowledge, this is the first report to demonstrate such
polygenic risk for an infectious disease. Our data offer insight into
how genetic variants predispose to dengue as well as the utility of
using PRS in the study of infectious diseases.
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