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Abstract

Background

As the three major arthropod-borne viruses, dengue virus (DENV), chikungunya virus
(CHIKV), and zika virus (ZIKV) are posing a growing threat to global public health and socio-
economic development. Our study aimed to systematically review the global seropreva-
lences of these arboviruses from existing publications.

Methods

Articles published between Jan 01, 2000 and Dec 31, 2019 in the databases of Embase,
Pubmed and Web of Science were searched and collected. Countries or areas with
known local presence of Aedes vector mosquitoes were included. Random effects model
was utilized to estimate the pooled seroprevalences and the proportion of inapparent
infection.

Results

Out of 1375, a total of 133 articles involving 176,001 subjects were included for our analysis.
The pooled seroprevalences of DENV, CHIKV and ZIKV were 38%, 25% and 18%, respec-
tively; and their corresponding proportions of inapparent infections were 80%, 40% and
50%. The South-East Asia Region had the highest seroprevalences of DENV and CHIKV,
while the Region of the Americas had the highest seroprevalence of ZIKV. The seropreva-
lences of DENV and CHIKV were similar when comparing developed and developing coun-
tries, urban and rural areas, or among different populations. In addition, we observed a
decreased global seroprevalences in the new decade (2010—2019) comparing to the
decade before (2000—2009) for CHIKV. For ZIKV, the positive rates tested with the nucleic
acid detection method were lower than those tested with the antibody detection method.
Lastly, numerous cases of dual seropositivity for CHIKV and DENV were reported.
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Our results revealed a varied prevalence of arbovirus infections in different geographical

regions and countries, and the inapparent infection accounted an unneglected portion of
infections that requires more attention. This study will shed lights on our understanding of
the true burden of arbovirus infections and promote appropriate vaccination in the future.
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Author summary

DENV, CHIKYV, and ZIKV infections are the three major neglected tropical diseases con-
tinually posing threats to the public health and the socioeconomic development in recent
decades. Given a high fraction of inapparent infections of these viruses, it is necessary to
obtain informative knowledge of the seroepidemiology of DENV, CHIKYV, and ZIKV
worldwide, so as to estimate the true burden of these diseases and evaluate effects on vac-
cine efficacy and uptake. Given the fact that the reported infection rates may vary greatly
due to the measurement, criteria of inclusion, and etc, a systematic review with meta-anal-
ysis is essential to collect and summarize the seroepidemiologic evidence of these arbovi-
ruses. In this study, the geographical distributions of DENV, CHIKV, and ZIKV and the
proportions of their inapparent infections were analyzed, which revealed an overall high
disease burden to the world, especially in specific regions. The epidemiological features of
these arboviruses were also characterized via comparisons made in different countries/
areas, populations, and time periods. In addition, evidence on the co-infection of DENV
and CHIKYV was assessed.

Introduction

Arthropod-borne viruses (arboviruses), including dengue virus (DENV), chikungunya virus
(CHIKYV) and zika virus (ZIKV), continually present a threat to the global public health as well
as the socioeconomic development in recent decades. These viruses are transmitted to human
mostly by mosquito Aedes aegypti and Aedes albopictus all over the world [1,2]. As the most
common mosquito-borne disease, dengue has become endemic in 129 countries and has
caused almost 390 million infections per year [3-6]. According to the Global Burden of Dis-
ease study, dengue is spreading more rapidly than any other infectious diseases, with a 4-fold
increase within 13 years (2000-2013) [5]. CHIKV has become a global threat owing to the
severe debilitating nature of the disease and its unprecedented scale since a new mutant was
discovered in Caribbean countries and territories in 2013 [7]. To date, human cases of chikun-
gunya have been found in more than 100 countries [8]. ZIKV is another mosquito-transmitted
flavivirus that has aroused global attention because of its potential to trigger explosive epidem-
ics, risk of developing congenital abnormalities during pregnancy, and neurologic morbidities,
such as Guillain-Barre syndrome [9,10]. As of 2017, more than 220,000 confirmed and 580,000
suspected ZIKV cases were reported in 52 countries or territories in the Americas [9]. Unfor-
tunately, no specific treatments or effective vaccines is available to combat these aforemen-
tioned arboviruses yet, and the progress towards medicine and vaccine development is slow
[3,8,11,12].

These three mosquito-borne diseases are mainly endemic in tropical and subtropical
regions. However, with the population growth and urbanization, global travel and trade, vector
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adaption and climate change in recent decades, these infections have spread to southern China
in East Asia, countries in the Pacific Ocean and the Americas, even European countries [13].
Travellers have played an important role in worldwide transmission of mosquito-borne viruses
[14], as international travel can introduce both the Aedes and the arboviruses to new regions,
leading to autochthonous outbreaks [15-17]. A study demonstrates that dengue is one of the
causes of fever in travellers visiting dengue-endemic countries with about 66.2% confirmed
[18].

Understanding of geographical distribution and prevalence rates of arboviruses is indis-
pensable for estimating the true burden of these diseases as well as hypothesizing effects on
vaccine efficacy and uptake. Such data are not only essential for arousing further discussion
about the global impact of these mosquito-borne diseases, but also help guide scholars and pol-
icymakers to assess and identify cost-effective control strategies for disease prevention and
control.

The disparity between the number of reported cases and estimates of actual cases makes it
tough to capture the true burden of these mosquito-borne diseases. Approximately 80% of
individuals infected by DENV and ZIKV remain asymptomatic throughout the infection, pre-
senting no symptoms or clinical signs of infection [4,19-22], which lead to under-estimation
and under-reporting by official passive surveillance and reporting systems. Seroprevalence
studies, as a supplement for traditional symptom-based and laboratory-based surveillance, are
essential for assessing the true disease burden of mosquito-borne diseases. In the present
research, we performed a systematic review and meta-analysis to determine the seroprevalence
of DENV, CHIKYV, and ZIKV derived antibodies and to reveal the epidemiological characteris-
tics of these mosquito-borne diseases via comparisons made in different countries/areas, pop-
ulation and time periods.

Methods
Literature search

This study was conducted and reported in line with the Preferred Reporting Items for System-
atic Reviews and Meta-analyses (PRISMA) guidelines [23]. We searched articles published
through Jan 01, 2000 to Dec 31, 2019 from the Embase, Pubmed and Web of Science. The key-
words were determined through searching in the Medical Subject Headings (MeSH) database.
The search terms were: (“chikungunya” OR “CHIKV” OR “CHIK” OR “CHIKF” OR “dengue”
OR “DENV” OR “DENF” OR “Breakbone” OR “ZIKV” OR “zikv” OR “Arboviruses” OR
“arbovirus” OR “arboviral” OR “mosquito-borne” OR “Arthropod-Borne”) And (“seropreva-
lence” OR “serosurvey” OR “serologic” OR “serological” OR “seroepidemiologic” OR “seroepi-
demiology” OR “prevalence”), restricted in the article title. The searched studies were limited
to humans and English language publications after the year 2000. The additional relevant
papers were also manually searched from the reference lists of the included publications. All
publications were imported and cataloged in Endnote X9.

Inclusion and exclusion criteria

Studies on the seroprevalence of DENV, CHIKV or ZIKV were included. Only articles pub-
lished in English, focused on human, with study samples > 100, and reporting at least one out-
come of interest were evaluated. The exclusion criteria were 1) duplicate articles or those
evaluating the same samples; 2) reviews, abstracts from conferences, dispatches, case reports,
short reports, short communications and letters to the editors; 3) studies without epidemiolog-
ical methods; 4) studies on febrile patients, suspected or confirmed cases, which might intro-
duce biases in the estimation of seroprevalence; 5) abstracts or full-text not available.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009337  April 28, 2021 3/17


https://doi.org/10.1371/journal.pntd.0009337

PLOS NEGLECTED TROPICAL DISEASES The Worldwide Seroprevalence of DENV, CHIKV and ZIKV Infection

Additionally, countries without Aedes mosquitoes were excluded, such as Russia, Australia,
and countries in North Europe, North America, and etc.

Literature selection and data extraction

The studies searched were reviewed by reading titles and abstracts by two independent investi-
gators (ZL and XC). Any discrepancies were discussed, with adjudication by a third reviewer if
necessary (HH). The full article of each potentially eligible study was retrieved. The data
extraction was performed independently and in duplicate by two reviewers (ZL and XC) using
a standardized data extraction Excel form. Disagreements between the reviewers were resolved
by discussion with the third reviewer (HH).

The following data from each study were recorded: first author, publication year, study
country and/or area, recruitment method, WHO region, study period and population, sam-
pling method, laboratory assays, age of participants, male proportion, seroprevalence, and pro-
portions of inapparent infections. For cohort studies or those presented in more than one
report, data with the largest sample size or more complete details were recorded. For the article
reporting seroprevalences of different populations or countries (or areas), it was split accord-
ingly for further analysis.

Study quality assessment

The quality of the studies was evaluated using the Agency for Healthcare Research and Quality
(AHRQ) with an 11-item checklist, as this tool has been recommended for assessment of
cross-sectional/prevalence studies [24]. Each item was scored “0” for “no” or “unclear” and
scored “1” for “yes”. A score of 0-3 was considered as low quality, 4-7 moderate quality, and
8-11 high quality. The assessment was performed independently and in duplicate by two
reviewers (ZL and XC). Disagreements between the reviewers were resolved by discussion
with the third reviewer (HH).

Statistical analysis

In this study, the seroprevalences of DENV, CHIKV, and ZIKV were assessed globally and by
WHO region. Also, for subgroup analysis, seroprevalence was evaluated separately for urban
versus rural areas, children/adolescents (aged <18 years) versus adults (aged >18 years), gen-
eral population versus special population (blood donors and pregnant women), the period of
2000-2009 versus the period of 2010-2019, as well as developed countries versus developing
countries according to the United Nations Statistics Division [25]. The proportions of inappar-
ent infections for DENV, CHIKV, and ZIKV were also analyzed.

The extracted data from eligible studies were analyzed by using STATA statistical package
(StataCorp, College Station, TX, USA). Heterogeneity was checked using the I’ index. Random
effects model and fixed effects model were chosen when I” was > 50% and <50%, respectively.
The coverage of 95% confidence intervals (CI) was assessed to determine the significant differ-
ence among groups [26]. The map presenting the worldwide seroprevalence was made by
ESRI ArcMap 10.4.1 Software.

Results
Study selection

A total of 1375 citations were retrieved from PubMed (n = 311), Embase (n = 563), and Web
of Science (n = 501), and additional records identified through other sources (n = 184), of
which 781 articles were found to be duplicates. Of the 778 articles screened, there were 607
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irrelevant articles excluded after reading the titles and abstracts. After the review of full-text
articles, 38 articles met the exclusion criteria. And finally, a total of 133 articles were included.
Fig 1 shows a PRISMA flow-chart of the study selection process (Fig 1).

Quality of the studies

This meta-analysis included 50 studies (37.6%) with high quality of evidence and 78 studies
(58.6%) with moderate quality. Only 3.8% (5/133) of studies included were considered low
quality (Tables A, B, and Cin S1 Text and A in S5 Text).

General study characteristics

Of total 133 articles involving 176,001 subjects in 143 reports (DENV 87, CHIKV 30, ZIKV 11,
DENV & CHIKV 12, DENV & ZIKV 1, DENV & CHIKV & ZIKV 2), geographic study loca-
tions comprised: 46 reports from Region of the Americas, 27 from Western Pacific Region, 25
from African Region, 19 from South-East Asia Region, 6 from European Region, 17 from East-
ern Mediterranean Region, 3 from travellers to tropical or subtropical areas. The geographic
characteristics of included studies were summarized in Tables A, B, and C in S1 Text.
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Fig 1. Flow diagram of publication selection process.

https://doi.org/10.1371/journal.pntd.0009337.9001
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There were a variety of assays used for serological diagnosis across studies. The most com-
monly used assay was enzyme-linked immunosorbent assay (ELISA; 89.5%, 119/133), followed
by neutralization assay (NA; 6.0%, 8/133) and immunofluorescence assay (IFA; 3.8%, 5/133).
Other assays included hemagglutination inhibition (HI), microsphere immunoassays (MIA),
multiplex bead assay (MBA) and blockade-of-binding (BOB) assay, or combination of assays
such as ELISA&NA, IFA&NA, ELISA&IFA.

Seroprevalence of DENV infection and subgroup analysis

The seroprevalence of DENV infection was reported in 102 studies consisted of 124,013 indi-
viduals from 44 countries and areas. And the pooled seroprevalence was 38% (95% CI: 32-43)
(Table 1). The prevalence rate of DENV infection across the world is shown in Fig 2A. Among
regions tested, the South-East Asia Region had the highest seroprevalence among all WHO
regions (56%, 95% CI: 39-73); In contrast, European Region had the lowest seroprevalence of
DENV (4%, 95% CI: 0-7).

Among regions tested, the top five countries/areas with the highest infection rates were
Trinidad (94%, 95% CI: 90-98), French Caribbean (93%, 95% CI: 92-95), Sint Eustatius (90%,
95% CI: 86-94), Suriname (81%, 95% CI: 77-85), and Bangladesh (80%, 95% CI: 78-82); and
on the contrary, countries and areas with the lowest DENV infection rates were Croatia (1%,
95% CI: 0-1), HongKong (3%, 95% CI: 0-6), France (3%, 95% CI: 2-4) and Congo and Zam-
bia (both 4%, 95% CI: 3-5) (Table 1).

For subgroup analysis (Table 2), DENV seroprevalences were not significantly different in
developed (30%, 95% CI: 15-46) versus developing (38%, 95% CI: 31-44) countries. Urban
area had a higher DENV seroprevalence (39%, 95% CI: 30-49) than that of rural areas (23%,
95% CI: 15-32), but did not achieve a statistical significance based on their 95% CIs. Moreover,
DENV seroprevalences were similar during the period 2000-2009 (40%, 95% CI: 25-54) and
2010-2019 (37%, 95% CI: 29-44). Globally, there were no statistical differences in DENV sero-
prevalences when compared adults (44%, 95% CI: 28-59) with children/adolescents (38%,
95% CI: 26-50). The seroprevalence was estimated to be 52% (95% CI: 26-78) in blood donors,
27% (95% CI: 11-44) in pregnant women, and 33% (95% CI: 26-41) in general population for
DENYV. Prevalence of IgG antibody to DENV (39%, 95% CI: 33-46) was significantly higher
than that of the IgM antibody (4%, 95% CI: 3-5). The subgroup analysis for different regions is
shown in Tables A, B, C, D, E and F in S2 Text.

There were 24 reports included for analysis of the proportion of inapparent DENV infec-
tions among all. Globally, the average proportion of inapparent/total DENV infections was
80% (95% CI: 72-88), ranged from 19% (95% CI: 17-21) in Eastern Mediterranean Region to
93% (95% CI: 89-98) in South-East Asia Region (Table 2 and Table G in S2 Text).

Seroprevalence of CHIKYV infection and subgroup analysis

The analysis for CHIKV seroprevalence included 44 studies involving 51,599 individuals from
29 countries and areas. The overall seroprevalence of CHIKV was 25% (95% CI: 22-29). The
prevalence rate of CHIKV infection across the world is shown in Fig 2B. The South-East Asian
Region had the highest seroprevalence among all WHO regions (42%, 95% CI: 17-67); In con-
trast, the Eastern Mediterranean Region had the lowest infection rate (2%, 95% CI: 0-5).

Among regions tested, the top five countries/areas with highest infection rates were Camer-
oon (68%, 95% CI: 25-100), Comoros (63%, 95% CI: 58-68), Haiti (58%, 95% CI: 56-59),
Thailand (49%, 95% CI: 6-92), and Indonesia (39%, 95% CI: 32-45). On the contrary, Turkey
(0%, 95% CI 0-1), Gabon (1%, 95% CI: 0-2), Iraq and Croatia (both 1%, 95% CI: 0-1) were
ranked those countries with the lowest infection rates (Table 1).
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Fig 2. Graphical presentation of seroprevalence across the world for DENV(A), CHIKV(B) and ZIKV (C)
infection. The map was drawn by ArcGIS program (version 10.4.1; ESRI, Redlands, California, USA) using the
base layer (https://pro.arcgis.com/zh-cn/pro-app/latest/help/mapping/properties/plate-carree.htm).

https://doi.org/10.1371/journal.pntd.0009337.9g002
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Table 2. Seroprevalence of DENV infection and subgroup analysis.

Characteristics African Eastern European South- Region of | Western | Overall
Region Mediterranean | Region (%) | East Asian the Pacific (%)
(%) Region (%) Region Americas | Region (%)
(%) (%)
Development
stage
Developed / / 4 (0-7) / 42 (12-71) / 30 (15—
46)
Developing 12 (8-15) 27 (21-34) / 56 (39— | 52(35-68) | 27(19-35) | 38 (31-
73) 44)
Area
Urban 11 (5-17) 34 (20-48) / 65 (55- 50 (29-70) 17 (9-24) | 39 (30-
74) 49)
Rural 14 (12- 20 (15-26) / 33 (21- 22 (17-27) | 20(7-33) | 23(15-
16) 45) 32)
Study date
2000-2009 15 (11- 10 (1-18) / 27 (0-75) | 65(51-79) | 26(9-42) | 40 (25-
19) 54)
2010-2019 7 (4-11) 28 (22-33) 4(0-7) 64 (51- | 42 (25-59) | 28 (16-39) | 37 (29—
76) 44)
Age
Adults 14 (12- 37 (22-52) / 59 (52— 56 (8-100) | 40 (19-61) | 44 (28-
16) 66) 59)
Children 13 (-1- 25 (21-29) / 50 (34— 42 (22-63) | 30 (5-56) | 38 (26—
28) 66) 50)
Population
Blood donors / / / / / / 52 (26-
78)
Pregnant / / / / / / 27 (11-
women 44)
General 13 (7-18) 27 (19-35) 6 (0-12) 56 (14— 54 (29-79) | 26 (14-37) | 33 (26-
population 97) 41)
Immunoglobulin
IgG 13 (8-17) 29 (23-34) 4(0-7) 59 (47— | 54 (40-69) | 28 (19-36) | 39 (33—
70) 46)
IgM 4(0-10) 5 (4-6) 0(0-1) 4(1-7) 6 (3-9) 4(3-5) | 4(3-5)
Inapparent 58 (51— 19 (17-21) / 93 (89- | 79 (70-88) | 90 (83-96) | 80 (72—
proportion 66) 98) 88)

https://doi.org/10.1371/journal.pntd.0009337.t002

Subgroup analysis (Table 3) showed no significant differences in seroprevalences of
CHIKYV between developed (14% 95% CI: 6-22) and developing (26%, 95% CI: 22-30) coun-
tries, as well as between urban (30%, 95% CI: 4-56) and rural areas (40%, 95% CI: 24-56).
Interestingly, there was a declining trend of CHIKV seropositivity over time, as CHIKV sero-
prevalence was significantly lower during the period 2010-2019 (18%, 95% CI: 14-22) than
2000-2009 (35%, 95% CI: 27-43). However, there was no obvious time trend of CHIKV sero-
prevalence found in South-East Asian Region. The seroprevalence of CHIKV was estimated to
be 18% (95% CI: 9-27) in blood donors, 35% (95% CI: 14-55) in pregnant women, and 29%
(95% CI: 23-35) in the general population. For CHIKV, the seroprevalence of IgM and IgG
antibodies was 17% (95% CI: 12-23) and 24% (95% CI: 21-28), respectively, which were not
significantly different. The subgroup analysis for different regions is shown in Tables A, B, C,
D and E in S3 Text.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009337  April 28, 2021 10/17


https://doi.org/10.1371/journal.pntd.0009337.t002
https://doi.org/10.1371/journal.pntd.0009337

PLOS NEGLECTED TROPICAL DISEASES The Worldwide Seroprevalence of DENV, CHIKV and ZIKV Infection

Table 3. Seroprevalence of CHIKV infection and subgroup analysis.

Characteristics African Eastern European | South- Region of | Western | Overall
Region Mediterranean | Region(%) East the Pacific (%)
(%) Region(%) Asian Americas | Region(%)
Region (%)
(%)
Development
stage
Developed / / 5(0-14) / 19 (0-39) / 14 (6-
22)
Developing 33 (24- 2 (0-5) 0(0-1) 42 (17- | 25(10-40) | 7(2-12) | 26(22-
41) 67) 30)
Area
Urban / / / / / / 30 (4-
56)
Rural / / / / / / 40 (24~
56)
Study date
2000-2009 39 (27~ / / 37 (0-82) / 6 (4-7) 35(27-
51) 43)
2010-2019 19 (6-32) 2 (0-5) 1(0-1) 35 (19- 23 (13-34) 8 (0-19) 18 (14—
51) 22)
Population
Blood donors / / / / / / 18 (9-
27)
Pregnant / / / / / / 35 (14-
women 55)
General 41 (29- 2 (0-5) / 36 (0- 28(8-49) 2 (2-3) 29 (23—
population 54) 100) 35)
Immunoglobulin
IgG 30 (22— 2 (0-5) 3(1-5) 49 (33— | 24(12-36) | 7(2-12) | 24(21-
37) 66) 28)
IgM 24 (15- / / 16 (0-38) | 8 (0-15) / 17 (12—
33) 23)
Inapparent 26 (17— / / 53 (0- 48 (35-61) / 40 (24~
proportion 35) 100) 56)

https://doi.org/10.1371/journal.pntd.0009337.t003

By analyzing 16 studies, the average proportion of inapparent CHIKV infections to all
CHIKY infections was 40% (95% CI: 24-56), ranged from 18% (95% CI: 5-31) in European
Region to 53% (95% CI: 0-100) in South-East Asia Region (Table 3 and Table F in S3 Text).

Seroprevalence of ZIKV infection

A total of 14 studies involving 18,394 participants from 12 countries and areas were included for
analysis of ZIKV seroprevalence (Table 1). The pooled prevalence of ZIKV infection was 18%
(95% CI: 12-25) across the world. The prevalence rate of ZIKV infection across the world is
shown in Fig 2C. Region of the Americas had the highest seroprevalence among all WHO regions
(34%, 95% CI: 24-45); while African Region had the lowest infection rate (4%, 95% CI: 2-7).
There were no reports from South-East Asian Region and European Region. The average propor-
tion of inapparent ZIKV infections to all ZIKV infections was 50% (95% CI: 18-82) (Table 1).

Co-infection between DENV, CHIKYV and ZIKV

Of total 133 articles, 7 studies analyzed the co-infection of DENV, CHIKV and ZIKV, includ-
ing 5 for DENV/CHIKV, 1 for DENV/ZIKYV, and 1 for both DENV/CHIKYV and CHIKV/
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Table 4. Analysis for co-infections of DENV, CHIKV and ZIKV.

DENV/CHIKV CHIKV/ZIKV DENV/ZIKV
Number of reports 6 1 1
Number of cases 557 1 17
Number of samples 3727 367 978
Seroprevalence (%, 95%CI) 11(5-17) 0(0-1) 2 (1-3)

https://doi.org/10.1371/journal.pntd.0009337.1004

ZIKV. The co-prevalence between DENV and CHIKYV varied greatly from near 0% to 41%
and the pooled rate was 11% (95% CI: 5-17). The high co-infection rates were observed in
South-East Asian Region (India and Thailand), indicated the overlapping endemicity of
CHIKYV and DENV. Though limited evidence on co-infections of DENV/ZIKV and CHIKV/
ZIKV, the low co-infection rates can be seen from one report as 2% (95% CI: 1-3) and almost
0% (95% CI: 0-1), respectively (Table 4 and Table A and Fig A in S4 Text).

The detection of nucleic acids

Of total 133 publications, both nucleic acids and antibodies were detected in 6 studies, includ-
ing 2 for ZIKV, 2 for DENV, 1 for CHIKV and 1 for all three viruses. None of the individuals
were found to be DENV or CHIKV viremic by screening nucleic acids. ZIKV RNA were
detected in 2 studies; however the positive rates tested by nucleic acid detection method were
lower than those tested by antibody detection method (6.7% vs.14.0%; 7.4% vs. 21.5%), respec-
tively (Table B in S4 Text).

Discussion

In this study, we estimated the global, regional, and national seroprevalences of three mos-
quito-borne diseases (DENV, CHIKV and ZIKV) using 133 published articles. The results
indicated that DENV and CHIKV have spread throughout the world; and the pooled seroprev-
alences of DENV, CHIKV, and ZIKV were 38%, 25%, and 18% respectively, revealing a heavy
burden of the diseases to the world population and especially in specific countries/regions. We
also generated extensive information about the profile of seroprevalence in different subgroups
and found no significant differences between some subgroups.

There were heterogeneous results across regions, with the highest seroprevalence in South-
East Asian Region for DENV and CHIKV, and Regions of the Americas for ZIKV. As the
Global Burden of Disease study estimated [5], the disease caused by DENV accounted for 52%
of the disease burden in South-East Asia Region. CHIKV has been endemic in Regions of
South-East Asia and Sub-Saharan African, where two cycles of enzootic sylvan transmission
and urban human-mosquito-human transmission exist [27]. It was estimated that there were
47 (out of 55) countries/areas in the Regions of the Americas confirmed endemic ZIKV circu-
lation in 2017, infecting about 100 million people [28]. Regarding the trending overtime, a
progressively growing DENV seroprevalence has been observed since 2000, indicating a con-
tinuous dengue outbreak around the world. Similarly, there was no obvious time trend of
CHIKY seroprevalence found in South-East Asian Region, where CHIKYV is most prevalent.
However, the seroprevalence was declined in the period of 2010-2019 as compared with the
period of 2000-2009 in African Region. Further studies are needed to investigate the specific
reasons for the decrease of CHIKV pooled seroprevalence in the past ten years, to find any
clues about the prevention and control of mosquito-borne diseases.

Subgroup analyses regarding the seroepidemiological profile of DENV and CHIKV were
conducted in the present study. Mosquito-borne diseases are generally considered to be more
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prevalent in developing countries [29]. In this study, the seroprevalences of DENV and
CHIKYV in developing countries were higher than those in developed countries in Region of
the Americas, but the differences did not reach a statistical significance. There is a possibility
of explaining this. Besides meteorological factors, socioeconomic status is a factor that affects
the transmission of mosquito-borne diseases. Most of countries in endemic regions were
defined as developing countries with high population density but low socioeconomic status
[30,31]. The prevalence of these diseases may be underestimated due to limited laboratory
facilities and inadequate testing capacity. It was exactly opposite to that of low epidemic
regions, where countries were relatively developed. In our analysis, the seroprevalences of
DENV in urban areas were higher than those in rural areas in South-East Asian Region and
Region of the Americas. However, there was no difference between rural and urban areas for
the overall seroprevalence of DENV and CHIKV. These mosquito-borne diseases are consid-
ered more widespread in urban areas because of favorable habitats for vector mosquitoes in
urban environments [32]. However, a seroepidemiological study on DENV demonstrated sub-
stantial underdiagnosis and underreporting of dengue cases, due to the inability of the primary
medical care system in rural areas [33]. Nowadays, with rapid urbanization and accelerated
population mobility, the gap between urban and rural areas has narrowed [34].

A variety of diagnostic methods are available for serological tests of mosquito-borne dis-
eases, with ELISA IgG/IgM most commonly used. ELISA IgG is recommended due to its
higher sensitivity, stronger response and longer lasting time of IgG [20]. However, it is less spe-
cific for cross-reactivity between antibodies against different arboviruses [20]. In our study,
dual seropositivity of CHIKV and DENV was reported in the South-East Asia Region, African
Region, and Region of the Americas. Besides the possibility of cross-reactivity, CHIKV/DENV
dual seropositivity may indicate overlapping endemicity between CHIKV and DENV in these
geographic regions. Moreover, prevalence of IgG antibody to DENV (38%) was significantly
higher than that of IgM antibody (4%). The activity of IgM represents recent infection, as it
appears during the acute phase of the infection, probably 5 days after fever onset, and it can
only persist a few days; while IgG occurs after viremia phase and can last for a long time, even
lifelong, whose existence demonstrates a past infection [35,36]. That may explain a higher
seroprevalence of IgG than IgM.

A considerable proportion of DENV, CHIKV, and ZIKV infections remain inapparent,
especially DENV in our study with a percentage up to 80%, which is consistent with the report
of a review, in which inapparent DENV infection estimated to be 70-91% of the total [37].
Although a clear definition of inapparent infection is lacking, here in this meta-analysis it
includes “subclinical infection” referring to infection but without major symptoms as to
require medical care, and “asymptomatic infection” which means complete absence of any rel-
evant symptoms. At present, the mechanisms for inapparent infection remain elusive, involv-
ing complex interactions between host, vector, and viruses [38]. There are a few of reports
depicting potential epidemiological factors for inapparent DENV infection, including the age
of host when infected, the time interval between consecutive infection, previous DENV infect-
ing serotype, and the concentrations of preexisting heterotypic neutralizing antibodies [39-
41]. Although no evidence suggests a direct impact of inapparent infection on patient health, it
may increase the risk of severe outcomes in the context of secondary DENV infection with dif-
ferent serotypes or another flavivirus [42]. On the other hand, despite their lower average level
of viremia, asymptomatic people can be infectious to mosquitoes [43]. Without detectable
symptoms, DENV viremic individuals, through their undisrupted daily routines, have the
potential to contribute significantly more to virus transmission to mosquitoes than sick people
did. Indeed, a recent model analysis suggests that inapparent infections may account for 84%
of DENV transmission [44]. The high proportions of inapparent infections in our study
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indicate that efforts should be scaled up to develop a more effective surveillance and monitor-
ing system. To be noted, the studies included for analysis of inapparent infection were mainly
retrospective, which is prone to introduce bias. Confirmation of these results needs prospective
surveys to provide more strict estimates.

It is the first time to depict a global blueprint regarding seroepidemiology of three impor-
tant arbovirus infections with a large sample size and detailed subgroup analysis. However,
there are still several limitations. Firstly, the scope of literature searching was restricted to title,
and possibly there were some potential reports missed. Besides, this is a systematic review and
meta-analysis of the published studies to estimate the pooled prevalence of DENV, CHIKV
and ZIKV Infection; however, in some countries data on the prevalence are not available. Sec-
ondly, we identified a significant heterogeneity among the studies which might be on account
of a series of factors, such as date of study, socioeconomic status, demographic characteristics,
diagnostic tests, and cut-offs adopted. The heterogeneity of single-rate meta-analysis is usually
higher than the two-group study, for instance, case-control study and randomized controlled
trials, because the data were extracted only from one group. Thus, I statistic often exceeds
90% in meta-analysis studies [26,45]. In addition, the quality and the accuracy of studies from
which the data have been gathered cannot be guaranteed. Finally, in most of the studies
included for analysis, only immunoglobulin was detected but not confirmed by nucleic acid
detection test or neutralization test which is the “gold standard” for diagnosis of arbovirus
diseases.

In conclusion, this study provides evidence that arboviruses DENV, CHIKV and ZIKV
have spread worldwide, and DENV, and CHIKV co-circulate in some geographical regions.
Considering high proportions of inapparent infections, surveillance of only symptomatic cases
is insufficient to evaluate the persistence of infection. A considerable proportion of cases are
undiagnosed or unreported and the true burden of these arbovirus infections is largely
unknown, which reinforces the need for population screening especially in epidemic areas.

Supporting information

S1 Text. Characteristics of studies included in the systematic review and meta-analysis.
Table A. Characteristics of studies included in the systematic review and meta-analysis for
DENV. Table B. Characteristics of studies included in the systematic review and meta-analysis
for CHIKV. Table C. Characteristics of studies included in the systematic review and meta-
analysis for ZIKA.

(DOCX)

$2 Text. Subgroup analysis of DENV seroprevalence. Table A. Seroprevalence of DENV
infection for developing and developed countries. Table B. Seroprevalence of DENV infection
for urban and rural areas. Table C. Time trend of DENV seroprevalence. Table D: Seropreva-
lence of DENV infection in general population. Table E. Seroprevalence of DENV infection
stratified by diagnostic tests. Table F. Seroprevalence of DENV infection stratified by age.
Table G. Proportion of DENV inapparent infection.

(DOCX)

S3 Text. Subgroup analysis of CHIKV seroprevalence. Table A. Seroprevalence of CHIKV
infection for developing and developed countries. Table B. Time trend of CHIKV seropreva-
lence. Table C. Seroprevalence of CHIKV infection in general population. Table D. Seropreva-
lence of CHIKYV infection stratified by diagnostic tests. Table E. Seroprevalence of CHIKV
infection for urban and rural areas. Table F. Proportion of CHIKV inapparent infection.
(DOCX)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009337  April 28, 2021 14/17


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009337.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009337.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009337.s003
https://doi.org/10.1371/journal.pntd.0009337

PLOS NEGLECTED TROPICAL DISEASES The Worldwide Seroprevalence of DENV, CHIKV and ZIKV Infection

$4 Text. Information of cross-infection and nucleic acid detection. Table A. The publica-
tions reporting cross-infection between any two of three arboviruses. Table B. The publications
reporting both results of nucleic acid and antibody. Fig A. Forest plot of the pooled seropreva-
lence of cross-infection.

(DOCX)

S5 Text. Assessments of the quality of the studies. Table A. Assessments of the quality of the

studies.
(DOC)

S6 Text. PRISMA 2009 checklist. Table A. PRISMA 2009 checklist.
(DOC)

Author Contributions

Conceptualization: Zeliang Chen, Jiahai Lu.

Data curation: Zhihui Li, Xiaomin Cheng, Huan Hu.

Formal analysis: Zhihui Li, Xiaomin Cheng, Huan Hu, Jingyi Huang.
Funding acquisition: Jiahai Lu.

Investigation: Zhihui Li, Jin Wang.

Methodology: Zhihui Li, Jin Wang.

Project administration: Zhihui Li, Jin Wang, Xiaomin Cheng, Huan Hu, Cheng Guo.
Resources: Zeliang Chen, Jiahai Lu.

Software: Zhihui Li.

Supervision: Jin Wang, Xiaomin Cheng, Huan Hu.

Validation: Zhihui Li, Jin Wang, Cheng Guo.

Visualization: Zhihui Li.

Writing - original draft: Zhihui Li, Jin Wang, Xiaomin Cheng.

Writing - review & editing: Jin Wang, Cheng Guo, Zeliang Chen, Jiahai Lu.

References

1. Ferguson NM. Challenges and opportunities in controlling mosquito-borne infections. NATURE. 2018;
559(7715):490-7. https://doi.org/10.1038/s41586-018-0318-5 PMID: 30046071

2. Mordecai EA, Caldwell JM, Grossman MK, Lippi CA, Johnson LR, Neira M, et al. Thermal biology of
mosquito-borne disease. ECOL LETT. 2019; 22(10):1690-708. https://doi.org/10.1111/ele.13335
PMID: 31286630

3. Wilder-Smith A, Ooi EE, Horstick O, Wills B. Dengue. LANCET. 2019; 393(10169):350-63. https://doi.
org/10.1016/S0140-6736(18)32560-1 PMID: 30696575

4. BhattS, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL et al. The global distribution and
burden of dengue. Nature. 2013; 496(7446):504-507. https://doi.org/10.1038/nature 12060 PMID:
23563266

5. Stanaway JD, Shepard DS, Undurraga EA, Halasa YA, Coffeng LE, Brady OJ et al. The global burden
of dengue: an analysis from the Global Burden of Disease Study 2013. LANCET INFECT DIS. 2016; 16
(6):712-23. https://doi.org/10.1016/S1473-3099(16)00026-8 PMID: 26874619

6. Brady OJ, Gething PW, Bhatt S, Messina JP, Brownstein JS, Hoen AG et al. Refining the global spatial
limits of dengue virus transmission by evidence-based consensus. PLoS Negl Trop Dis. 2012; 6(8):
e1760. https://doi.org/10.1371/journal.pntd.0001760 PMID: 22880140

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009337  April 28, 2021 15/17


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009337.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009337.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009337.s006
https://doi.org/10.1038/s41586-018-0318-5
http://www.ncbi.nlm.nih.gov/pubmed/30046071
https://doi.org/10.1111/ele.13335
http://www.ncbi.nlm.nih.gov/pubmed/31286630
https://doi.org/10.1016/S0140-6736%2818%2932560-1
https://doi.org/10.1016/S0140-6736%2818%2932560-1
http://www.ncbi.nlm.nih.gov/pubmed/30696575
https://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
https://doi.org/10.1016/S1473-3099%2816%2900026-8
http://www.ncbi.nlm.nih.gov/pubmed/26874619
https://doi.org/10.1371/journal.pntd.0001760
http://www.ncbi.nlm.nih.gov/pubmed/22880140
https://doi.org/10.1371/journal.pntd.0009337

PLOS NEGLECTED TROPICAL DISEASES The Worldwide Seroprevalence of DENV, CHIKV and ZIKV Infection

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Wahid B, Ali A, Rafique S, Idrees M. Global expansion of chikungunya virus: mapping the 64-year his-
tory. INT J INFECT DIS. 2017; 58:69-76. https://doi.org/10.1016/j.ijid.2017.03.006 PMID: 28288924

Vairo F, Haider N, Kock R, Ntoumi F, Ippolito G, Zumla A. Chikungunya. INFECT DIS CLIN N AM.
2019; 33(4):1003-25. https://doi.org/10.1016/j.idc.2019.08.006 PMID: 31668189

Pierson TC, Diamond MS. The emergence of ZIKV virus and its new clinical syndromes. NATURE.
2018; 560(7720):573-81. https://doi.org/10.1038/s41586-018-0446-y PMID: 30158602

Musso D, Bossin H, Mallet HP, Besnard M, Broult J, Baudouin L et al. ZIKV virus in French Polynesia
2013-14: anatomy of a completed outbreak. The Lancet Infectious Diseases. 2018; 18(5):e172—-82.
https://doi.org/10.1016/S1473-3099(17)30446-2 PMID: 29150310

Katzelnick LC, Coloma J, Harris E. Dengue: knowledge gaps, unmet needs, and research priorities.
LANCET INFECT DIS. 2017; 17(3):e88-100. https://doi.org/10.1016/S1473-3099(16)30473-X PMID:
28185868

Fernandez E, Diamond MS. Vaccination strategies against ZIKV virus. CURR OPIN VIROL. 2017;
23:59-67. hitps://doi.org/10.1016/j.coviro.2017.03.006 PMID: 28432975

Feng X, Sun W, Birkhead GS, Wang X, Guo Z, Lu J. The surveillance of four mosquito-borne diseases
in international travelers arriving at Guangzhou Baiyun International Airport, China, 2016—2017. Travel
Med Infect Dis. 2019:101513. https://doi.org/10.1016/j.tmaid.2019.101513 PMID: 31712181

Halstead S, Wilder-Smith A. Severe dengue in travellers: pathogenesis, risk and clinical management.
J TRAVEL MED. 2019; 26(7). https://doi.org/10.1093/jtm/taz062 PMID: 31423536

Chen S. The origin of dengue viruses caused the DF outbreak in Guangdong province, China, in 2006.
INFECT GENET EVOL. 2011; 11(5):1183-7. https://doi.org/10.1016/j.meegid.2011.03.025 PMID:
21473933

Rezza G, Nicoletti L, Angelini R, Romi R, Finarelli AC, Panning M, et al. Infection with chikungunya virus
in ltaly: an outbreak in a temperate region. LANCET. 2007; 370(9602):1840—6. https://doi.org/10.1016/
S0140-6736(07)61779-6 PMID: 18061059

Redondo-Bravo L, Ruiz-Huerta C, Gomez-Barroso D, Sierra-Moros MJ, Benito A, Herrador Z. Imported
dengue in Spain: a nationwide analysis with predictive time series analyses. J TRAVEL MED. 2019; 26
(8). https://doi.org/10.1093/jtm/taz072 PMID: 31608405

Masyeni S, Yohan B, Somia I, Myint K, Sasmono RT. Dengue infection in international travellers visiting
Bali, Indonesia. J TRAVEL MED. 2018; 25(1). https://doi.org/10.1093/jtm/tay061 PMID: 30113689

Staples JE, Breiman RF, Powers AM. Chikungunya Fever: An Epidemiological Review of a Re-Emerg-
ing Infectious Disease. CLIN INFECT DIS. 2009; 49(6):942-8. https://doi.org/10.1086/605496 PMID:
19663604

Fritzell C, Rousset D, Adde A, Kazanji M, Van Kerkhove MD, Flamand C. Current challenges and impli-
cations for dengue, chikungunya and ZIKV seroprevalence studies worldwide: A scoping review. PLoS
Negl Trop Dis.2018; 12(7):e6533. https://doi.org/10.1371/journal.pntd.0006533 PMID: 30011271

Fares-Gusmao R, Rocha BC, Sippert E, Lanteri MC, Afiez G, Rios M. Differential Pattern of Soluble
Immune Markers in Asymptomatic Dengue, West Nile and ZIKV Virus Infections. SCI REP-UK. 2019; 9
(1). https://doi.org/10.1038/s41598-019-53645-w PMID: 31748599

Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lanciotti RS et al. ZIKV virus outbreak on Yap
Island, Federated States of Micronesia. N Engl J Med. 2009; 360(24):2536—43. https://doi.org/10.1056/
NEJMo0a0805715 PMID: 19516034

Moher D LATJ. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA state-
ment. ANN INTERN MED. 2009; 4(151):264—9.

Rostom A, Dubé C, Cranney A, et al. Celiac Disease. Summary, Evidence Report/Technology Assess-
ment: Number 104. AHRQ Publication Number 04-E029-1, June 2004. Agency for Healthcare
Research and Quality, Rockville, MD.

Standard Country and Area Codes Classifications (M49). Available from: https://unstats.un.org/unsD/
methods/m49/m49chang.htm. Accessed November 18, 2019.

Zamani M, Ebrahimtabar F, Zamani V, Miller WH, Alizadeh-Navaei R, Shokri-Shirvani J, et al. System-
atic review with meta-analysis: the worldwide prevalence of Helicobacter pylori infection. Aliment Phar-
macol Ther. 2018; 47(7):868-76. https://doi.org/10.1111/apt. 14561 PMID: 29430669

Silva LA, Dermody TS. Chikungunya virus: epidemiology, replication, disease mechanisms, and pro-
spective intervention strategies. J CLIN INVEST. 2017; 127(3):737-49. https://doi.org/10.1172/
JCI84417 PMID: 28248203

Perkins TA, Siraj AS, Ruktanonchai CW, Kraemer MU, Tatem AJ. Model-based projections of ZIKV
virus infections in childbearing women in the Americas. NAT MICROBIOL. 2016; 1(9):16126. https://
doi.org/10.1038/nmicrobiol.2016.126 PMID: 27562260

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009337  April 28, 2021 16/17


https://doi.org/10.1016/j.ijid.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28288924
https://doi.org/10.1016/j.idc.2019.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31668189
https://doi.org/10.1038/s41586-018-0446-y
http://www.ncbi.nlm.nih.gov/pubmed/30158602
https://doi.org/10.1016/S1473-3099%2817%2930446-2
http://www.ncbi.nlm.nih.gov/pubmed/29150310
https://doi.org/10.1016/S1473-3099%2816%2930473-X
http://www.ncbi.nlm.nih.gov/pubmed/28185868
https://doi.org/10.1016/j.coviro.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28432975
https://doi.org/10.1016/j.tmaid.2019.101513
http://www.ncbi.nlm.nih.gov/pubmed/31712181
https://doi.org/10.1093/jtm/taz062
http://www.ncbi.nlm.nih.gov/pubmed/31423536
https://doi.org/10.1016/j.meegid.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21473933
https://doi.org/10.1016/S0140-6736%2807%2961779-6
https://doi.org/10.1016/S0140-6736%2807%2961779-6
http://www.ncbi.nlm.nih.gov/pubmed/18061059
https://doi.org/10.1093/jtm/taz072
http://www.ncbi.nlm.nih.gov/pubmed/31608405
https://doi.org/10.1093/jtm/tay061
http://www.ncbi.nlm.nih.gov/pubmed/30113689
https://doi.org/10.1086/605496
http://www.ncbi.nlm.nih.gov/pubmed/19663604
https://doi.org/10.1371/journal.pntd.0006533
http://www.ncbi.nlm.nih.gov/pubmed/30011271
https://doi.org/10.1038/s41598-019-53645-w
http://www.ncbi.nlm.nih.gov/pubmed/31748599
https://doi.org/10.1056/NEJMoa0805715
https://doi.org/10.1056/NEJMoa0805715
http://www.ncbi.nlm.nih.gov/pubmed/19516034
https://unstats.un.org/unsD/methods/m49/m49chang.htm
https://unstats.un.org/unsD/methods/m49/m49chang.htm
https://doi.org/10.1111/apt.14561
http://www.ncbi.nlm.nih.gov/pubmed/29430669
https://doi.org/10.1172/JCI84417
https://doi.org/10.1172/JCI84417
http://www.ncbi.nlm.nih.gov/pubmed/28248203
https://doi.org/10.1038/nmicrobiol.2016.126
https://doi.org/10.1038/nmicrobiol.2016.126
http://www.ncbi.nlm.nih.gov/pubmed/27562260
https://doi.org/10.1371/journal.pntd.0009337

PLOS NEGLECTED TROPICAL DISEASES The Worldwide Seroprevalence of DENV, CHIKV and ZIKV Infection

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Bakhshi H, Failloux AB, Zakeri S, Raz A, Dinparast Djadid N. Mosquito-borne viral diseases and poten-
tial transmission blocking vaccine candidates. INFECT GENET EVOL. 2018; 63:195-2083. https://doi.
org/10.1016/j.meegid.2018.05.023 PMID: 29842982

Figueiredo LT. Emergent arboviruses in Brazil. Rev Soc Bras Med Trop. 2007; 40(2):224-9. https://doi.
org/10.1590/s0037-86822007000200016 PMID: 17568894

Saswat T, Kumar A, Kumar S, Mamidi P, Muduli S, Debata NK et al. High rates of co-infection of Den-
gue and Chikungunya virus in Odisha and Maharashtra, India during 2013. INFECT GENET EVOL.
2015; 35:134—41. https://doi.org/10.1016/j.meegid.2015.08.006 PMID: 26247719

Higa Y. Dengue Vectors and their Spatial Distribution. Trop Med Health. 2011; 39(4 Suppl):17-27.
https://doi.org/10.2149/tmh.2011-S04 PMID: 22500133

JingQ, Li Y, LiudJ, Jiang L, Chen Z, Su W, et al. Dengue Underestimation in Guangzhou, China: Evi-
dence of Seroprevalence in Communities With No Reported Cases Before a Large Outbreak in 2014.
Open Forum Infect Dis. 2019; 6(7):z256. https://doi.org/10.1093/ofid/0fz256 PMID: 31304186

Chew CH, Woon YL, Amin F, Adnan TH, Abdul WA, Ahmad ZE et al. Rural-urban comparisons of den-
gue seroprevalence in Malaysia. BMC PUBLIC HEALTH. 2016; 16(1):824. https://doi.org/10.1186/
$12889-016-3496-9 PMID: 27538986

Cucunawangsih Lugito NPH, Kurniawan A. Immunoglobulin G (IgG) to IgM ratio in secondary adult den-
gue infection using samples from early days of symptoms onset. BMC INFECT DIS. 2015; 15(1):276.
https://doi.org/10.1186/s12879-015-1022-9 PMID: 26193930

Teng T, Kam Y, Tan JJ, Ng LF. Host response to Chikungunya virus and perspectives for immune-
based therapies. FUTURE VIROL. 2011; 6(8):975-84. https://doi.org/10.2217/fvl.11.67

Grange L, Simon-Loriere E, Sakuntabhai A, Gresh L, Paul R, Harris E. Epidemiological risk factors
associated with high global frequency of inapparent dengue virus infections. FRONT IMMUNOL. 2014;
5:280. https://doi.org/10.3389/fimmu.2014.00280 PMID: 24966859

Coffey LL, Mertens E, Brehin AC, Fernandez-Garcia MD, Amara A, Despres P, et al. Human genetic
determinants of dengue virus susceptibility. MICROBES INFECT. 2009; 11(2):143-56. https://doi.org/
10.1016/j.micinf.2008.12.006 PMID: 19121645

Montoya M, Gresh L, Mercado JC, Williams KL, Vargas MJ, Gutierrez G, et al. Symptomatic versus
inapparent outcome in repeat dengue virus infections is influenced by the time interval between infec-
tions and study year. PLoS Negl Trop Dis. 2013; 7(8):e2357. https://doi.org/10.1371/journal.pntd.
0002357 PMID: 23951377

Shim BS, Kwon YC, Ricciardi MJ, et al. Shim BS, Kwon YC, Ricciardi MJ, Stone M, Otsuka Y, Berri F
etal. Zika Virus-lImmune Plasmas from Symptomatic and Asymptomatic Individuals Enhance Zika
Pathogenesis in Adult and Pregnant Mice. MBIO. 2019; 10(4):e00758—-19. https://doi.org/10.1128/
mBio.00758-19 PMID: 31266863.

Endy TP, Chunsuttiwat S, Nisalak A, Libraty DH, Green S, Rothman AL et al. Epidemiology of inappar-
ent and symptomatic acute dengue virus infection: a prospective study of primary school children in
Kamphaeng Phet, Thailand. Am J Epidemiol. 2002; 156(1):40-51. https://doi.org/10.1093/aje/kwf005
PMID: 12076887

Kliks SC, Nimmanitya S, Nisalak A, Burke DS. Evidence that maternal dengue antibodies are important
in the development of dengue hemorrhagic fever in infants. AM J TROP MED HYG. 1988; 38(2):411-9.
https://doi.org/10.4269/ajtmh.1988.38.411 PMID: 3354774

Duong V, Lambrechts L, Paul RE, Ly S, Lay RS, Long KC, et al. Asymptomatic humans transmit den-
gue virus to mosquitoes. Proceedings of the National Academy of Sciences. 2015; 112(47):14688-93.
https://doi.org/10.1073/pnas.1508114112 PMID: 26553981

Ten BQ, Clapham HE, Lambrechts L, Duong V, Buchy P, Althouse BM, et al. Contributions from the
silent majority dominate dengue virus transmission. PLOS PATHOG. 2018; 14(5):e1006965. https://
doi.org/10.1371/journal.ppat. 1006965 PMID: 29723307

Ford AC, Marwaha A, Lim A, Moayyedi P. Systematic review and meta-analysis of the prevalence of irri-
table bowel syndrome in individuals with dyspepsia. Clin Gastroenterol Hepatol. 2010; 8(5):401-9.
https://doi.org/10.1016/j.cgh.2009.07.020 PMID: 19631762

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009337  April 28, 2021 17/17


https://doi.org/10.1016/j.meegid.2018.05.023
https://doi.org/10.1016/j.meegid.2018.05.023
http://www.ncbi.nlm.nih.gov/pubmed/29842982
https://doi.org/10.1590/s0037-86822007000200016
https://doi.org/10.1590/s0037-86822007000200016
http://www.ncbi.nlm.nih.gov/pubmed/17568894
https://doi.org/10.1016/j.meegid.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26247719
https://doi.org/10.2149/tmh.2011-S04
http://www.ncbi.nlm.nih.gov/pubmed/22500133
https://doi.org/10.1093/ofid/ofz256
http://www.ncbi.nlm.nih.gov/pubmed/31304186
https://doi.org/10.1186/s12889-016-3496-9
https://doi.org/10.1186/s12889-016-3496-9
http://www.ncbi.nlm.nih.gov/pubmed/27538986
https://doi.org/10.1186/s12879-015-1022-9
http://www.ncbi.nlm.nih.gov/pubmed/26193930
https://doi.org/10.2217/fvl.11.67
https://doi.org/10.3389/fimmu.2014.00280
http://www.ncbi.nlm.nih.gov/pubmed/24966859
https://doi.org/10.1016/j.micinf.2008.12.006
https://doi.org/10.1016/j.micinf.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19121645
https://doi.org/10.1371/journal.pntd.0002357
https://doi.org/10.1371/journal.pntd.0002357
http://www.ncbi.nlm.nih.gov/pubmed/23951377
https://doi.org/10.1128/mBio.00758-19
https://doi.org/10.1128/mBio.00758-19
http://www.ncbi.nlm.nih.gov/pubmed/31266863
https://doi.org/10.1093/aje/kwf005
http://www.ncbi.nlm.nih.gov/pubmed/12076887
https://doi.org/10.4269/ajtmh.1988.38.411
http://www.ncbi.nlm.nih.gov/pubmed/3354774
https://doi.org/10.1073/pnas.1508114112
http://www.ncbi.nlm.nih.gov/pubmed/26553981
https://doi.org/10.1371/journal.ppat.1006965
https://doi.org/10.1371/journal.ppat.1006965
http://www.ncbi.nlm.nih.gov/pubmed/29723307
https://doi.org/10.1016/j.cgh.2009.07.020
http://www.ncbi.nlm.nih.gov/pubmed/19631762
https://doi.org/10.1371/journal.pntd.0009337

