PLOS NEGLECTED TROPICAL DISEASES

Check for
updates

E OPEN ACCESS

Citation: Aimeida GG, Costa PAC, Araujo MdS,
Gomes GR, Carvalho AF, Figueiredo MM, et al.
(2021) Asymptomatic Plasmodium vivax malaria
in the Brazilian Amazon: Submicroscopic
parasitemic blood infects Myssorhynchus darlingi.

PLoS Negl Trop Dis 15(10): €0009077. https:/doi.

org/10.1371/journal.pntd.0009077

Editor: Photini Sinnis, Johns Hopkins Bloomberg
School of Public Health, UNITED STATES

Received: January 6, 2021
Accepted: August 30, 2021
Published: October 29, 2021

Copyright: © 2021 Almeida et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript.

Funding: RG was supported by the National
Institutes of Health (RO1AI079293, and U19
Al089681—Amazonian Center of Excellence in
Malaria Research); Fundagéo de Amparo a
Pesquisa de S&o Paulo (Fapesp, 2016/23618-8),
Rede Mineira de Biomoléculas from Fundagao de
Amparo a Pesquisa de Minas Gerais (Fapemig,
RED-00012-14), Brazilian National Institute of

RESEARCH ARTICLE

Asymptomatic Plasmodium vivax malaria in the
Brazilian Amazon: Submicroscopic parasitemic
blood infects Nyssorhynchus darlingi

Gregoério Guilherme Almeida'-2, Pedro Augusto Carvalho Costa® ', Maisa da
Silva Araujo®?, Gabriela Ribeiro Gomes¢", Alex Fiorini Carvalho?, Maria

Marta Figueiredo®?, Dhelio Batista Pereira®®, Mauro Shugiro Tada®®, Jansen
Fernandes Medeiros®?3, Irene da Silva Soares®, Luzia Helena Carvalho®’, Flora
Satiko Kano’, Marcia Caldas de Castro®2, Joseph Michael Vinetz°, Douglas

Taylor Golenbock'?, Lis Ribeiro do Valle Antonelli'*, Ricardo Tostes Gazzinelli®»%'%%*

1 Laboratério de Biologia e Imunologia de Doengas Infecciosas e Parasitrias, Instituto René Rachou,
Fundagéo Oswaldo Cruz, Belo Horizonte, Minas Gerais, Brazil, 2 Laboratério de Imunopatologia, Instituto
René Rachou, Fundagéo Oswaldo Cruz, Belo Horizonte, Minas Gerais, Brazil, 3 Laboratério de Entomologia,
Fiocruz Rondonia, Porto Velho, Rondonia, Brazil, 4 CT vacinas, Universidade Federal de Minas Gerais e
Instituto René Rachou, Fundagéo Oswaldo Cruz, Belo Horizonte, Minas Gerais, Brazil, 5 Ambulatério de
Malaria, Centro de Pesquisa em Medicina Tropical, Porto Velho, Ronddnia, Brazil, 6 Departamento de
Microbiologia, Imunologia e Parasitologia, Universidade Federal de Sdo Paulo, Sdo Paulo, Sao Paulo, Brazil,
7 Laboratdrio de Biologia Molecular e Imunologia da Malaria, Instituto René Rachou, Fundagdo Oswaldo
Cruz, Belo Horizonte, Minas Gerais, Brazil, 8 Department of Global Health and Population, Harvard T.H.
Chan School of Public Health, Boston, Massachusetts, United States of America, 9 Section of Infectious
Diseases, Department of Internal Medicine, Yale School of Medicine, New Haven, Connecticut, United States
of America, 10 Department of Medicine, University of Massachusetts Medical School, Worcester,
Massachusetts, United States of America

@ These authors contributed equally to this work.
* ricardo.gazzinelli@umassmed.edu

Abstract

Individuals with asymptomatic infection due to Plasmodium vivax are posited to be important
reservoirs of malaria transmission in endemic regions. Here we studied a cohort of P. vivax
malaria patients in a suburban area in the Brazilian Amazon. Overall 1,120 individuals were
screened for P. vivax infection and 108 (9.6%) had parasitemia detected by gPCR but not
by microscopy. Asymptomatic individuals had higher levels of antibodies against P. vivax
and similar hematological and biochemical parameters compared to uninfected controls.
Blood from asymptomatic individuals with very low parasitemia transmitted P. vivaxto the
main local vector, Nyssorhynchus darlingi. Lower mosquito infectivity rates were observed
when blood from asymptomatic individuals was used in the membrane feeding assay. While
blood from symptomatic patients infected 43.4% (199/458) of the mosquitoes, blood from
asymptomatic infected 2.5% (43/1,719). However, several asymptomatic individuals main-
tained parasitemia for several weeks indicating their potential role as an infectious reservoir.
These results suggest that asymptomatic individuals are an important source of malaria par-
asites and Science and Technology for Vaccines granted by Conselho Nacional de may
contribute to the transmission of P. vivaxin low-endemicity areas of malaria.
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Author summary

Malaria still poses as one of the most important parasitic diseases in the world. The advance
of molecular diagnosis brought to light the existence of asymptomatic infections, which
may represent most of the infections in some areas. Importantly, the role of asymptomatic
carriers in the natural history of malaria is not completely understood. Herein we describe
the general characteristics of asymptomatic individuals infected with Plasmodium vivax,
and provide evidence of their potential as parasitic reservoirs, even when molecular meth-
ods fail to detect the infection. Our findings reinforce the need for better diagnostic tests
and open a new window of complexity to be considered in control programs.

Introduction

Plasmodium vivax is spread worldwide and although it is frequently considered to be low path-
ogenic, it is an important cause of morbidity and mortality in endemic areas in central and
south America, and in regions of Asia and Oceania [1,2]. The annual incidence of vivax
malaria has reduced since the last century in Brazil, but to achieve elimination new strategies
are needed to optimize diagnostic and early treatment, and to block transmission from
humans to mosquitoes [3]. Control of P. vivax is challenging due to the unique biology of this
species, including the early emergence of infectious gametocytes within 3 days after the detec-
tion of asexual forms, the development of hypnozoites in the liver, a potential source of later
relapses, and the preferential infection of reticulocytes, which represents 0.5-2.5% of the red
blood cells, which limits the parasite density [4,5].

Patients with symptomatic malaria actively seek diagnosis and treatment. In contrast, asymptom-
atic (ASY) cases of P. vivax infection are mostly undetectable, neglected, and remain untreated. For
this reason, asymptomatic malaria require active surveillance and poses as one of the most challeng-
ing obstacles for the control of Plasmodium infections worldwide [6,7]. Evidence has shown that
asymptomatic individuals commonly have very low parasite density, usually undetectable by field
tests, such as microscopy or rapid diagnostic tests (RDTs) [8]. Although the role of these submicro-
scopic infections in the maintenance of endemicity is not well understood, it is generally thought
that they may serve as parasitic reservoirs sustaining endemicity and causing new outbreaks [9-11].

In the Brazilian Amazon, the incidence of malaria dropped from near 600,000 cases/year in
the late 1990s to near 144,000 in 2014 [3], mostly due to the implementation of the control
measures established by the National Malaria Control Programme. Despite these recent
declines, malaria is still hypoendemic in the Amazon and asymptomatic cases are thought to
be one of the obstacles to the elimination of P. vivax transmission in the Amazon basin in Bra-
zil [12]. Hence, considering the global effort to eliminate malaria, it is crucial to characterize
the asymptomatic population and to better understand if and how submicroscopic infections
impact the transmission and impair the control of the disease. Herein we verified the fre-
quency and the spatial distribution of asymptomatic infection in a low endemic setting of
malaria caused by P. vivax in the Brazilian Amazon and explore their characteristics, which
will be relevant for future studies in this population.

Methods
Ethics statement

This study was performed under protocols reviewed and approved by the Ethical Committees
on Human Experimentation from Instituto René Rachou, Fiocruz, and National Ethical
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Council (CAAE: 59902816.7.0000.5091). All participants were informed about the objectives
and procedures of the study, with voluntary participation through written informed consent.

Surveys and inclusions criteria

Screening for asymptomatic infection. Candeias do Jamari (8°47°41.6"S 63°42°10.9"W) is
a municipality localized in the south-western Amazon region in Brazil, where malaria is
endemic and the annual parasite index usually exceeds 50 cases per 1,000 inhabitants. Between
2018 and 2019, 2,394 cases of P. vivax and 287 cases of P. falciparum were notified in this town
[13].

From December 2018 to October 2019, four cross-sectional surveys were done in 3
areas from this municipality to identify asymptomatic infections. Candeias do Jamari has
two main seasons: a wet season between October and April and a dry season between May
to September. Transmission of P. vivax occurs during the entire year, although peaks of
transmission occur during the dry season. Areas 1 and 2 had the most reported symptomatic
cases in the past years, while area 3 has reported fewer cases of symptomatic malaria [14].
Screenings were done in a household-based sampling comprising adult individuals (18 years
or older) manifesting interest in being enrolled in the study, reporting or having no symptom-
atic malaria in the last two months and at the time of enrollment. Exclusion criteria included:
pregnancy, breastfeeding, and current diagnostic of chronic inflammatory or infectious
diseases.

After informed consent, 200pL of blood were collected by finger puncture and Giemsa-
stained thick blood smears were performed. Blood was centrifuged, and DNA was extracted
from compacted cells using a commercial kit (QIAmp DNA blood mini kit, Qiagen). Extracted
DNA was resuspended in 200uL of Elution Buffer to reproduce the original concentration of
parasites/uL. Samples were tested at least in triplicate by qPCR and individuals with positive
results for P. vivax in at least one replicate were included in the Baseline study. No template
controls (NTC) were included in all reactions to ensure the reliability of the results.

Baseline and longitudinal arm. Four to seven days after the first positive qPCR for P.
vivax at Screening, 47 from 108 ASY donated a new blood sample, were interviewed, and clini-
cally examined by a physician. This date of clinical examination was considered as the Baseline
in our analysis. Thirty-eight symptomatic (SY) individuals with positive thick blood smears for
P. vivax performed at the Centro de Pesquisas em Medicina Tropical (CEPEM) were also
enrolled in this study. Twenty healthy individuals from Porto Velho with negative parasitemia
by thick blood smear and PCR, and reporting no malaria symptoms for more than two years
were enrolled as controls (CTL).

Blood was collected by venipuncture, and samples were used for routine blood counting
and clinical biochemistry, DNA extraction, and thick smears for parasite detection. Interviews
were done using a web-based tool for research data curatorship (REDCap). Heparinized blood
samples from 32 ASY (17 from the Baseline and 15 of the last time point of the longitudinal
arm, described below) and 9 SY were used in the membrane feeding assay. In this case, volun-
teers were included according to the availability of mosquitoes to perform the experiment.
Treatment was offered to all ASY and those who chose to be treated received 3 days of chloro-
quine (600 mg on day 1, and 450 mg on days 2 and 3) and primaquine 7 days (total dose 3-4.2
mg/kg).

Forty-nine individuals were followed weekly for six weeks to assess the development of
symptoms and for parasite detection (longitudinal arm). Among those, 36 subjects were from
the Baseline, and additional 13 subjects were from Screening. The study design is depicted in
Fig 1.
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Screening Baseline
47 Asymptomatic P, vivaxPCR* B
1,120 random Interview and bloodwork (n=47) MFA (n=17)
individuals tested
« P.vivax PCR* (n=108) Longitudinal Arm
49 Asymptomatic P, vivaxPCR* followed weekly MFA (n=15)
*  From Baseline (n=36) from last
* From Screening (n=13) time-point

Fig 1. Study design. From 1,120 randomly tested individuals 108 tested positive in qPCR for P. vivax from which
interviews and blood sampling were done in 47 at the Baseline. Longitudinal arm included 36 and 13 ASY individuals
from Baseline and Screening, respectively. Membrane feeding assay was performed in 17 ASY from the Baseline and 15
from the last timepoint of the longitudinal arm.

https://doi.org/10.1371/journal.pntd.0009077.9001

Molecular diagnoses of Plasmodium vivax infections

A qPCR addressed to a sub-telomeric non-ribosomal multicopy target (Pvr47) was done as
described by Amaral et al. [15], with modifications. Briefly, 2 pL of extracted DNA was mixed
with 0.5 uM of primers (Pvr47-Forward 5-TCCGCAGCTCACAAATGTTC3-3’, Pvr47-
Reverse 5’-ACATGGGGATTCTAAGCCAATTTA-3’), 0.25 uM of probe (fam-5-TCCGCGA
GGGCTGCAA-3’-MGB), 5 uL master mix (CTVacinas, Brazil) and 1 pL of PCR-grade water.
Reactions were done in an Applied Biosystems 7500 Real-Time PCR System with the following
steps: 2 minutes of initial denaturation at 95°C followed by 45 cycles of denaturation (95°C/
3s), annealing (54°C/30s) and extension (60°C/30s). Positive, negative, and blank controls
were added to each plate. The same positive control was added to each plate to ensure the para-
site quantification comparability inter-assay. A standard curve was built using a TOPO-2.1
plasmid with the amplified fragment inserted to calculate the number of copies of the target in
a sample.

The PCR for P. falciparum was performed only in samples that were PCR positive for P.
vivax to avoid the inclusion of patients co-infected with both species [15]. When blood samples
were PCR negative for P. vivax, but infected mosquitoes during membrane feeding assay
(MFA), we also employed a nested PCR to confirm the result [16]. Briefly, 2 uL. DNA samples
were mixed with 0.4 uM each SSUrRNA universal primers (P1:5- ACGATCAGATACCG
TCGTAATCTT-3 and P2: 5-GAACCCAAAGACTTTGATTTCTCAT- 3’), 125 uM each of
dNTPs, 2.5 mM MgCl,, 1x Taq buffer (Promega), and 0.75 units of Taq polymerase (Pro-
mega), in a 20 uL final volume. Amplification was done as follows: 92°C/2m, followed by 35
cycles of 92°C/30s and 60°C/90s and a final extension of 60°C/5m. The product was diluted
1:50 in TE buffer (Qiagen) and 2 pL were applied in 8 pL mix containing 1 uM of primer P1
and a P. vivax primer (Vi, 5-CAATCTAAGAATAAACTCCGAAGAGAAA-3’), 312.5 uM of
each ANTP, 1x Taq buffer (Promega), 1.5 mM MgCl,, and 0.75 units of Taq polymerase (Pro-
mega). Amplification was as follows: 92°C/2m, followed by 18 cycles of 92°C/30s and 60°C/
60s and a final extension of 60°C/5m. Products were electrophoresed and seen as ~110 bp
bands in a 2% Agarose gel in a UV transilluminator.

Enzyme-linked immunosorbent assay

Plasma from 47 ASY, 38 SY, and 20 healthy donors that reported never had malaria before was
used to assess the levels of IgG against the P. vivax blood-stage antigens PvMSP-1,4 [17],
PvAMA-1¢4 [18] and PvDBP-IIp,, »[19] by ELISA as described [20]. The results were
expressed as reactivity index (RI = the ratio between the OD 450nm values obtained from the
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sample and the cut-off value). Cut-off value was set at 3 standard deviations above the mean
OD 450nm of plasma from 34 individuals from the south-east of Brazil, a non-endemic area
for malaria, and 12 individuals who reported never having had malaria before, from Porto
Velho, the capital of Rondonia located 20km from Candeias do Jamari. Values of RI higher
than 1.1 were considered positive.

Human-to-Mosquito transmission experiments

Nyssorhynchus darlingi mosquitoes from an established colony (F8-F18 generations) were
reared under standard laboratory conditions as described [21]. N. darlingi is the main vector of
P. vivax in the area we studied. Mosquitoes were maintained on cotton soaked with 15% honey
solution ad libitum one day before and after the infection blood meal. Heparinized blood was
kept at 37°C, for approximately 10 minutes, until the membrane feeding assay. Blood sample
(2mL) was loaded into a glass feeder closed with parafilm membrane and maintained at 37°C
by a connected heated water source. One mesh-covered 650 mL plastic cup containing 80
females 3- to 5- days old N. darlingi (F8 to F18 generations) that had been starved for 24 h, were
placed under the feeder for 30 min to allow feeding. Fully engorged females were transferred
into 20cm” cages and maintained in the same conditions of insectarium for 2 weeks.

One-third to one-half of each group of mosquitoes were dissected on day 7 and the remain-
ing mosquitoes on day 14 post-feeding. Mosquitoes were freeze-killed and their midguts were
dissected out in phosphate-buffered saline and stained with 0.2% w/v mercurochrome (in
ddH,0) for 5 min. The percentage of mosquitoes infected and the number of oocysts/mos-
quito were determined by examination at 40x objective on a light microscope.

Statistical analysis

Differences between proportions were calculated by Fisher’s exact test. Odds ratios and confi-
dence intervals (95%) were calculated by the Baptista-Pike method. Maps were edited using
the software Q-GIS 3.12 and employing the SIRGAS 2000 UTM 22s coordinate system.
Base-layer was from the ArcGIS (source: Esri, Maxar, GeoEye, Earthstar Geographics,
CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community. Available
on https://arcg.is/ IH5GjP). Variables were tested for Gaussian distribution using the Shapiro-
Wilk test and variables were tested according to their distribution. Mann-Whitney U test and
t-student test were used for comparisons between two groups. ANOVA or Kruskal-Wallis
tests were used for multiple comparisons. The Spearman’s rank correlation coefficient was
used to test correlations. These analyses were performed using GraphPad Prism 8 (GraphPad
Software, San Diego, CA, USA). Longitudinal spot-matrix were done using R and ggplot2
package. The statistical significance threshold was P < 0.05, with 95% confidence intervals for
all hypotheses tested.

Results

Occurrence of asymptomatic cases of P. vivax infection are associated with
the distribution of symptomatic malaria

An overall 1,120 individuals were tested for P. vivax infection by qPCR during the 4 Screenings
from which a total of 108 (9.6%) were PCR positive (Table 1). All ASY were negative in blood
thick smear. The male/female ratio was 0.93 (540/580). There was a higher prevalence of ASY
infection among males in December compared to females (OR 3.244, CI: 1.552-6.604, p = 0.002,
Table 1). The prevalence of asymptomatic infection was higher in females in September when
compared to December in the same area (OR 2.218, CI: 1.027-4.568, p = 0.046, Table 1).
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Table 1. General data on Screening of asymptomatic individuals.

Screening Sex #Tested % Positive Overall prevalence OR(CI)* P-value*
Areal F 156 6.4%° 12.3%° 7.020 <0.0001
December/2018 (wet season) M 154 18.2%° (2.615-18.60)
Area2 F 132 8.3% 7.7%4 4.206 0.0051
January/2019 M 114 7.0% (1.457-11.58)
(wet season)
Area 1 F 182 13.2%" 13.1%¢ 7.570 <0.0001
September/2019 M 177 13.0% (2.904-19.90)
(dry season)
Area 3 F 110 1.8% 2.0%¢ - -
October/2019 M 95 2.1%
(wet season)
Total _ 1120 9.6% _ _ _

Same letters correspond to significant difference between proportions in Fisher’s exact test (p<0.05).
*Odds-ratio, confidence interval and respective p-value for the overall prevalence compared to area 3.

https:/doi.org/10.1371/journal.pntd.0009077.t001

To test the distribution of ASY according to SY cases, the surveys conducted in December,
January, and September were focused on the two areas with higher number of reported SY
infection (areas 1 and 2), while in October the Screening was conducted in an area with fewer
notified cases of SY malaria (area 3). We visited all houses of area 1 in both surveys, and only
64 individuals out of 669 were sampled in more than one survey. Although all houses were vis-
ited in both surveys we could not interview or sample all the residents due to the absence of
people at the time of visit or sampling refusal. There was no significant difference between the
percentages of ASY from areas 1 (December) and area 2 (January), but a marginally significant
difference was observed between the proportions of areas 1 and 2 when September and Janu-
ary were compared (OR 1.8, CI 1.026-3.112, p = 0.0459). In contrast, area 3 had a lower preva-
lence of ASY compared to the other areas (Table 1), following the same trend found for SY
cases. Interestingly, the distribution of ASY is associated with the average of annual notified
cases in each studied area (Fig 2A). The spatial distribution of individuals at a household level
is shown in Fig 2B.

Tested individuals

Q

400-

*%

N w
[=] [=]
T T

Symptomatic cases
(2015 - 2019)
g
1

(=]
1

¥ o
Fig 2. Asymptomatic individuals distribution correlate with symptomatic cases. (a) Mean and standard deviation
of officially notified symptomatic cases between the studied areas from 2015 to 2019. (b) Spatial distribution of
asymptomatic infections between the 3 areas studied in Candeias do Jamari, RO. Map was built using QGIS using base
layers from USGS source: Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID,
IGN, and the GIS User Community. (Available on https://arcg.is/TH5GjP).

https://doi.org/10.1371/journal.pntd.0009077.g002
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Fig 3. Asymptomatic infections with Pv are characterized by lower parasitemia compared to symptomatic patients. (a) Estimated parasitemia determined by
qPCR. Asymptomatic infections are characterized by very low parasitemia. Each dot represents the average number of copies/uL of an individual in at least 3 replicates.
(b) Correlation between mean Cq value and correspondent standard deviation. High Cq values correlate with higher variation in the measurement. (c) Several
asymptomatic infections had conflicting PCR results (ASY,n); 1 or more negative results in gPCR. Asymptomatic non-conflicting (ASY yon-conf) individuals had all
qPCR replicates positive. Each dot represents the average number of copies/uL estimated from the Ct of the positive replicates of a subject, in at least 3 replicates. Bars

amid dot plots represent the respective means.

https://doi.org/10.1371/journal.pntd.0009077.9g003

****p<0.0001. t-Student test. SY-Symptomatic patients. ASY-Asymptomatic individuals.

The parasitemia in SY was higher than in ASY (Fig 3A). The median of the estimated par-
asite density of SY patients was 39,279 copies/uL (IQR 3,247-178,458), while for ASY indi-
viduals was 14.2 copies/pL (IQR 2.44-76.5). High variability inter- and intra-assay in the
mean Cq value were observed in ASY at the higher Cqs. Moreover, no amplification was
observed in one or more replicates of the same ASY sample. To test whether this finding
was due to the very low parasitemia we evaluated the correlation of each mean value with
the respective standard deviation of the Cq. There was a positive correlation between the
standard deviation of the replicates and the cycle threshold, indicating that the lower the
number of copies in the sample, the higher the variability between replicates (Fig 3B).
Estimated parasitemia of ASY with conflicting results (ASY on¢) was lower than the ASY
with non-conflicting results (ASY ,on-conf) Whose all replicates had detected amplification
(Fig 3C).

Most asymptomatic individuals report a previous symptomatic infection

Of the 47 ASY enrolled at Baseline, most (93%, 44/47) reported a previous episode of SY
malaria, with 77% (34/44) and 61% (27/44) reporting respectively more than 2 and 5 or
more symptomatic episodes in their lives. The time since the last SY malaria was higher
than 12 months for 75% (33/44) of participants. The average age of ASY was 40 years old,
and the male/female ratio was 0.8 (21/26). The average ages for SY and CTL were 39.2 and
28.9 years old, and the male/female ratios were 2.3 and 1.1, respectively. In addition, 49%
(23/47) of the ASY had become PCR negative in about one week. No ASY had fever during
clinical examination, while 41% (14/34) of the SY had an axillary temperature above 37.5°C.
From the 47 ASY included, 34 (72%) were re-assessed 30 to 45 days after the Baseline enroll-
ment, and none of them reported seeking or receiving malaria treatment in the previous
month.
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Hematological and biochemical parameters are not altered during
asymptomatic malaria caused by P. vivax

No relevant routine hematological abnormality was observed in ASY. Most SY had marked
lymphopenia and low counts of platelets (Fig 4). Biochemical parameters were analyzed, and
levels were comparable between ASY and CTL. Symptomatic patients had higher levels of C
reactive protein (CRP) and bilirubin, and lower levels of cholesterol compared to ASY and
CTL (Fig 4).

Most of the asymptomatic individuals have IgG anti-P. vivax antigens

Levels of IgG against the recombinant antigens PYMSP-1,9, PvAMA 14 and PvDBPIIg,, ,
were significantly higher in ASY than in CTL. Despite the levels observed in SY showed to
be higher than those observed in ASY, 78% of the latter produced IgG anti-PvMSP-1,4 above
the cutoff. Also, 63.8% and 53.2% of ASY displayed IgG levels against PvAMA1¢s and
PyDBPy;-Brz-2 above the cutoff (Fig 5A). Interestingly, 4 individuals had no detectable IgG
against the antigens, while 16 (37.2%) among IgG positive individuals had antibodies against
all three antigens (Fig 5B). Noteworthy, except for PYMSP-1,,, levels of IgG were similar
between ASY and SY.

Peripheral blood infection by P. vivax can be detected for several weeks in
symptomless individuals

A group of 49 ASY was followed by 6 weeks with weekly blood sampling to verify changes in
parasitemia. From the 49 subjects, 27 (55%) became PCR negative as soon as one week after
the sampling and 15 were negative in all samplings throughout the study. ASY that become
negative in the following week, have a higher probability of bearing parasite density below the
median (14.2 copies/pL) (Fisher’s exact test, p<<0.0001, OR = 21.4, CI 6.03-60.82). Also, 6 sub-
jects had at least one positive PCR after the 3™ week. Twenty individuals were PCR positive in
at least two consecutive weeks, and 4 were positive in all weeks tested. Parasite densities did
not vary substantially in the individuals with detectable parasitemia across the weeks. While
some individuals showed detectable parasitemia for several weeks, some became negative for
P. vivax, showing positivity later during the longitudinal arm (Fig 6), suggesting either reinfec-
tion or oscillating parasitemia. No individual included in the longitudinal arm became symp-
tomatic during the study.

Blood from asymptomatic P. vivax-infected individuals infect N. darlingi

Finally, we verified the potential of blood from ASY to infect colony-raised N. darlingi. From
2,823 engorged mosquitoes, 2,177 were dissected with a mean of 77.2% surviving until midgut
dissection. Blood from all 9 SY were able to infect mosquitoes, with a rate of infection of 43.4%
(199/458). The numbers of oocysts varied from 1-108 per midgut. Blood from 50% (16/32) of
ASY was able to infect mosquitoes, with significantly lower infection rates compared to SY
(Fig 7A). Blood from ASY infected 2.5% (43/1,719) of the mosquitoes with the numbers of
oocysts varying from 1-8 per midgut (Fig 7C).

From 15 ASY with positive PCR in the same blood sample used for MFA, 8 were able to
infect mosquitoes, as evidenced by the oocysts found in their midgut ranging from 1 to 7 per
midgut. Interestingly, among 17 ASY who were PCR positive at Screening but became negative
at the time of sampling for MFA (PCR*"), blood samples from 8 ASY infected mosquitoes.
The average number of infected mosquitoes was similar between both groups (Fig 7B). Most
importantly, 5 out of those 8 ASY, whose blood infected mosquitoes, were PCR negative in the
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same samples used for MFA (Fig 6, individuals 23, 27, 29, 42 and 45 at sampling week 6). To
exclude the possibility that these findings were due to DNA polymorphisms or intrinsic PCR
failures, a nested-PCR addressing the 18S ribosomal gene [16] was employed in the same sam-
ples and confirmed the results.

Discussion

Here, we found that in areas with a higher frequency of symptomatic cases, a considerable pro-
portion of the population currently present P. vivax subpatent infections. These areas are char-
acterized by their proximity to rivers and the riparian forest, which provides environmental
conditions to maintain the life cycle of anophelines. Importantly, we found that blood from
ASY with subpatent parasitemia effectively infected the vector N. darling with P. vivax.

During the rainy season (October to April), most of the riparian forest is submerged due to
the flooding of Jamari river. In this period, the number of SY cases is lower when compared to
the dry season (May to September) [14,22]. After the flood, infection rates rise due to the
increase of the anophelines breeding habitats and numbers [23]. Historically, more SY cases
are reported in September than in December [13,14]. However, our data suggest that the pro-
portion of ASY infections does not follow the seasonality observed for SY infection, as also
found by others [24].

The fact that ASY individuals have lower parasite densities compared to SY is well known
[25]. The conflicting results for some of the individuals were inversely correlated with parasite-
mia, suggesting subsampling error or stochastic amplification (Monte-Carlo effect) [26,27]. In
those cases, several replicates were necessary to conclude whether the individual was infected
or not. The fact that 50% of samples tested by MFA with negative PCR were able to infect mos-
quitoes reinforces that these results are due to very low parasitemia and not due to sample
cross-contamination [28]. The limit of detection (LOD) calculated for our qPCR was 154.2
copies/pL, detecting as low as 23.5 copies/uL by the 95%CI. Values below the LOD were
extrapolated from the standard curve and therefore subjected to higher variability. Besides the
intrinsic limitations of this approach, our results are compatible with those found by others for
P. falciparum [29] and P. vivax [15,27,30].

Defining ASY infection is not trivial [31]. The first concern to be considered is the occur-
rence of pre-symptomatic patients, since the incubation period might be remarkably long [32].
To avoid this bias, we monitored ASY up to 45 days after the enrollment to ensure they
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Fig 6. Asymptomatic individuals may stay infected for several weeks. Asymptomatic individuals were followed for
weekly collection of blood from the finger. Dot matrix depicting the positive and negative PCR results for each
individual over time. Missing samples are represented by missing dots.

https://doi.org/10.1371/journal.pntd.0009077.g006

remained ASY. Moreover, in the longitudinal study, no ASY received treatment or developed
classical symptoms of malaria or others that made them seek medical care. No relevant alter-
ations were found in parameters from ASY that are usually observed in SY, such as lymphope-
nia and thrombocytopenia, along with high levels of CRP and bilirubin and lower levels of
cholesterol [33]. This finding reinforces that, along with the very low parasitemia, which might
be undetectable at times, asymptomatic infections are also undetectable by routine exams or
clinical evaluation.

Almost 80% of the ASY had detectable levels of IgG anti-MSP-1,4, as previously described
[34]. It has been shown that serum levels of IgG against PYMSP-1,, slightly decline in SY 2
months after treatment [35]. Likewise, IgG against PvMSP-1,4 is also short-lived in ASY
[36,37]. It is not clear if the persistence of low parasite density is enough to sustain high levels
of IgG for longer periods. These results might be relevant for the development of serological
tests for the diagnosis of ASY infection.

As reported by others [29,38], our data show that parasitemia can oscillate when close to
the detectable limits of molecular methods. The infection status of the subjects included in this
study was assessed weekly for 6 weeks. Others evaluate the infection persistance of P. vivax
monthly for longer periods [39]. In both cases, no approach was used to verify if the presence
of parasitemia in two different time points represents persistance or new infections. While the
duration of a submicroscopic infection may be as long as five consecutive months, incubation
periods of vivax malaria may be as long as one year [32,39]. The presence of the dormant
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Fig 7. Asymptomatic individuals can infect N. darlingi even with undetectable parasitemia by qPCR. Eighty to one-hundred colony raised females of N. darlingi
were fed in fresh blood collected from symptomatic patients (SY) and asymptomatic individuals (ASY), with current (PCR**) or past (PCR*") detected low parasitemia
by qPCR. Each dot represents individual values of the frequency of infected mosquitoes by person. **p<0.01. ns- not significant. two-tailed Mann-Whitney U test. c)
Photomicrographs showing several oocysts in midguts from mosquitoes fed in symptomatic or asymptomatic individuals (arrows).

https://doi.org/10.1371/journal.pntd.0009077.g007
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phase of P. vivax (hypnozoites), may have an impact on the maintenance of low parasitemia in
ASY, since a high proportion of recurrent infections evolve to ASY infections [5,40,41]. A
recent study suggests that bone-marrow is an important reservoir of P. vivax in monkeys, but
evidence in humans is still absent [42]. Thus, up to now, these data are not able to determine
whether the current ASY infection has been maintained for a long time or if individuals have
been frequently re-infected with P. vivax, sustaining the low parasitemia and boosting the anti-
body levels.

In this study, we used 80-100 female N. darlingi to fed on blood of each subject. Assuming
an average of 2-3uL of blood ingested by mosquito [43] and with an average of 77% of
engorged mosquitoes, a total of 154-231pL of blood was tested by MFA, while only an equiva-
lent of 6-20uL of blood was tested by PCR, which might explain the discrepancies with the
qPCR and the mosquito infection in individuals with negative PCR results. All SY infected
mosquitoes with a load of oocyst per midgut ranging from 1-108. Another study found 50% of
infectivity with a range of 1-175 oocysts per midgut using similar methodologies and the same
species of Anopheline (F1)[44]. Although SY were on average more infective to mosquitoes,
almost half of the ASY were infective to N. darlingi in infection rates varying from 2.2-10.8%,
as previously reported for N. darlingi [11] and for other species [25,45]. Importantly, half of
the individuals with a current negative PCR, but with a previous infection detected less than
one week before (PCR*'"), were able to infect mosquitoes with the same efficiency as the cur-
rently PCR positive (PCR™*) ASY. Kiattibutr et al [46] found a similar result in 9 samples with
negative PCR results, with a rate of infection lower than the one shown here. The lack of the
detection of P. vivax in some samples is likely due to the very low parasite density or the sensi-
tivity of the molecular assays [47], but enough to allow transmission when a large number of
mosquitoes are fed.

It has been shown that in P. falciparum malaria, the contribution of ASY for the transmis-
sion is higher in low transmission settings, and increases with the relative proportions of sub-
patent infections [29]. Another elegant study assessed the relative contribution of ASY and SY
malaria for both species, P. falciparum and P. vivax, to the infectious reservoir in low-endemic
settings in Ethiopia. The ASY infection by P. vivax had a greater impact on the transmission
compared to SY, being responsible for the majority of the infectious reservoir [25]. Such stud-
ies were still not performed in our study area in Brazil, and thus the relative contribution of
ASY P. vivax infection in our settings remains elusive. Also, it is important to notice that only
adults were included in this study, and the contribution of asymptomatic malaria in children
(below 18 years old) to transmission is unknown in this setting.

Very low numbers of parasites circulating may strongly impair the probability of detection
by PCR, while in a real transmission scenario, high densities of mosquitoes might increase the
chance of infection and maintain the endemicity. Thus, these data suggest that mass treatment
might be a valuable tool for disease control, although field studies are still needed to test its effi-
cacy compared to other control measures currently employed [48].

In conclusion, we confirmed a significant proportion of asymptomatic infections in a low
transmission area from the Brazilian Amazon. The distribution of asymptomatic cases in dif-
ferent areas is heterogeneous and is associated with a larger number of symptomatic cases in
areas near the riparian forest. Low oscillating parasitemia can give false-negative results in epi-
demiological inquiries and the persisting silent infection fosters the conditions to turn ASY as
potential reservoirs for P. vivax. Finally, using an artificial feeding assay, we show that blood
from ASY infects colony-raised N. darlingi. Importantly, even with undetectable parasitemia
by gPCR, ASY contribute with low rates of transmission to anophelines, suggesting their
potential role in sustaining the P. vivax cycle in hypoendemic areas.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009077  October 29, 2021 13/17


https://doi.org/10.1371/journal.pntd.0009077

PLOS NEGLECTED TROPICAL DISEASES Asymptomatic malaria in Brazilian Amazon

Acknowledgments

We are grateful to all the participants enrolled in the present study for their consent and coop-
eration. We would like to thank the the of Platform of Production and Infection of Malaria
Vectors (PIVEM) from Fiocruz Rondonia, the field group (René de Moura Fé, Jodo Dantas,
and Maria Lourdes dos Santos), the microscopists (Franklin Barbosa, Valdines Santos and
Antonio Gurgel), the Malaria Ambulatory Care team (Marcela de Oliveira, Vagno de Lima,
Caroline Pereira, Eduardo Garbin and Rosilene Ruffato) and the project management team
(Cristiane Gomes, Patricia Palhares and Alessandra Aradjo) for the invaluable support. We
acknowledge the Program for Technological Development in Tools for Health-PDTIS-FIO-
CRUZ for the use of its facilities.

Author Contributions

Conceptualization: Gregério Guilherme Almeida, Lis Ribeiro do Valle Antonelli, Ricardo
Tostes Gazzinelli.

Data curation: Gregorio Guilherme Almeida, Maisa da Silva Araujo, Lis Ribeiro do Valle
Antonelli.

Formal analysis: Gregorio Guilherme Almeida, Maisa da Silva Araujo, Lis Ribeiro do Valle
Antonelli.

Funding acquisition: Joseph Michael Vinetz, Lis Ribeiro do Valle Antonelli, Ricardo Tostes
Gazzinelli.

Investigation: Gregorio Guilherme Almeida, Pedro Augusto Carvalho Costa, Maisa da Silva
Araujo, Gabriela Ribeiro Gomes, Alex Fiorini Carvalho, Maria Marta Figueiredo, Lis
Ribeiro do Valle Antonelli.

Methodology: Pedro Augusto Carvalho Costa, Maisa da Silva Araujo, Mauro Shugiro Tada,
Jansen Fernandes Medeiros, Luzia Helena Carvalho, Flora Satiko Kano, Lis Ribeiro do
Valle Antonelli, Ricardo Tostes Gazzinelli.

Supervision: Lis Ribeiro do Valle Antonelli, Ricardo Tostes Gazzinelli.
Writing - original draft: Gregdrio Guilherme Almeida, Lis Ribeiro do Valle Antonelli.

Writing - review & editing: Gregorio Guilherme Almeida, Maisa da Silva Araujo, Dhelio
Batista Pereira, Mauro Shugiro Tada, Jansen Fernandes Medeiros, Irene da Silva Soares,
Luzia Helena Carvalho, Flora Satiko Kano, Marcia Caldas de Castro, Joseph Michael
Vinetz, Douglas Taylor Golenbock, Lis Ribeiro do Valle Antonelli, Ricardo Tostes
Gazzinelli.

References

1. Battle KE, Lucas TCD, Nguyen M, Howes RE, Nandi AK, Twohig KA, et al. Mapping the global endemic-
ity and clinical burden of Plasmodium vivax, 2000—17: a spatial and temporal modelling study. Lancet.
2019; 394: 332-343. https://doi.org/10.1016/S0140-6736(19)31096-7 PMID: 31229233

2. Guerra CA, Howes RE, Patil AP, Gething PW, van Boeckel TP, Temperley WH, et al. The international
limits and population at risk of Plasmodium vivax transmission in 2009. PLoS Negl Trop Dis. 2010; 4.
https://doi.org/10.1371/journal.pntd.0000774 PMID: 20689816

3. Ferreira MU, Castro MC. Challenges for malaria elimination in Brazil. Malar J. BioMed Central; 2016;
15: 1-18. https://doi.org/10.1186/s12936-015-1044-1 PMID: 26729363

4. Bousema T, Drakeley C. Epidemiology and infectivity of Plasmodium falciparum and Plasmodium vivax
gametocytes in relation to malaria control and elimination. Clin Microbiol Rev. 2011; 24: 377—-410.
https://doi.org/10.1128/CMR.00051-10 PMID: 21482730

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009077  October 29, 2021 14/17


https://doi.org/10.1016/S0140-6736%2819%2931096-7
http://www.ncbi.nlm.nih.gov/pubmed/31229233
https://doi.org/10.1371/journal.pntd.0000774
http://www.ncbi.nlm.nih.gov/pubmed/20689816
https://doi.org/10.1186/s12936-015-1044-1
http://www.ncbi.nlm.nih.gov/pubmed/26729363
https://doi.org/10.1128/CMR.00051-10
http://www.ncbi.nlm.nih.gov/pubmed/21482730
https://doi.org/10.1371/journal.pntd.0009077

PLOS NEGLECTED TROPICAL DISEASES Asymptomatic malaria in Brazilian Amazon

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Martin TCS, Vinetz JM. Asymptomatic Plasmodium vivax parasitaemia in the low-transmission setting:
The role for a population-based transmission-blocking vaccine for malaria elimination. Malar J. 2018;
17:1-7. https://doi.org/10.1186/512936-017-2149-5 PMID: 29291736

Bousema T, Okell L, Felger |, Drakeley C. Asymptomatic malaria infections: Detectability, transmissibil-
ity and public health relevance. Nat Rev Microbiol. 2014; 12: 833—-840. https://doi.org/10.1038/
nrmicro3364 PMID: 25329408

Cotter C, Sturrock HJW, Hsiang MS, Liu J, Phillips AA, Hwang J, et al. The changing epidemiology of
malaria elimination: New strategies for new challenges. Lancet. 2013; 382: 900-911. https://doi.org/10.
1016/S0140-6736(13)60310-4 PMID: 23594387

Recht J, Siqueira AM, Monteiro WM, Herrera SM, Herrera S, Lacerda MVG. Malaria in Brazil, Colombia,
Peru and Venezuela: Current challenges in malaria control and elimination. Malar J. BioMed Central;
2017; 16: 1—18. https://doi.org/10.1186/s12936-016-1650-6 PMID: 28049519

Okell LC, Bousema T, Griffin JT, Ouédraogo AL, Ghani AC, Drakeley CJ. Factors determining the
occurrence of submicroscopic malaria infections and their relevance for control. Nat Commun. 2012; 3:
1-9. https://doi.org/10.1038/ncomms2241 PMID: 23212366

Nguyen TN, von Seidlein L, Nguyen TV, Truong PN, Hung S Do, Pham HT, et al. The persistence and
oscillations of submicroscopic Plasmodium falciparum and Plasmodium vivax infections over time in
Vietnam: an open cohort study. Lancet Infect Dis. 2018; 18: 565-572. https://doi.org/10.1016/S1473-
3099(18)30046-X PMID: 29398388

Alves FP, Gil LHS, Marrelli MT, Ribolla PEM, Camargo EP, Pereira Da Silva LH. Asymptomatic Carriers
of Plasmodium spp. as Infection Source for Malaria Vector Mosquitoes in the Brazilian Amazon. J Med
Entomol. 2005; 42: 777-779. https://doi.org/10.1093/jmedent/42.5.777 PMID: 16363160

Coura JR, Sudrez-Mutis M, Ladeia-Andrade S. A new challenge for malaria control in Brazil: Asymp-
tomatic Plasmodium infection—A Review. Mem Inst Oswaldo Cruz. 2006; 101: 229-237. https://doi.
org/10.1590/s0074-02762006000300001 PMID: 16862314

Brasil. Ministério da Saude. Sistema de Informacao de Vigilancia Epidemiolégica—SIVEP—-Malaria.
[Internet]. 2020 [cited 6 May 2020]. Available: http:www.saude.gov.br/sivepmalaria

Teixeira do Nascimento Filha M. Analise espacial e epidemioldgica da malaria no municipio de Can-
deias do Jamari no Estado de Ronddnia. 2015; Available: http://www.pgbioexp.unir.br/downloads/
4586_analise_espacial_e_epidemiologica_da_malaria_(maria_do_nascimento_filha_&_dr._tony_
katsuragawa).pdf

Amaral LC, Robortella DR, Guimaraes LFF, Limongi JE, Fontes CJF, Pereira DB, et al. Ribosomal and
non-ribosomal PCR targets for the detection of low-density and mixed malaria infections. Malar J. 2019;
18: 154. https://doi.org/10.1186/s12936-019-2781-3 PMID: 31039781

Kimura M, Kanoek O, Liu Q, Zhou M, Kawamoto F, Wataya Y, et al. Identification of the four species of
human malaria parasites by nested PCR that targets variant sequences in the small subunit rRNA
gene. Parasitol Int. 1997; 46: 91-95. hitps://doi.org/10.1016/S1383-5769(97)00013-5

Cunha MG, Rodrigues MM, Soares IS. Comparison of the immunogenic properties of recombinant pro-
teins representing the Plasmodium vivax vaccine candidate MSP1,4 expressed in distinct bacterial vec-
tors. Vaccine. 2001; 20: 385-396. https://doi.org/10.1016/s0264-410x(01)00359-0 PMID: 11672901

Vicentin EC, Frangcoso KS, Rocha M V., lourtov D, dos Santos FL, Kubrusly FS, et al. Invasion-inhibitory
antibodies elicited by immunization with Plasmodium vivax apical membrane antigen-1 expressed in
Pichia pastoris yeast. Infect Immun. 2014; 82(3): 1296-307. https://doi.org/10.1128/IAl.01169-13
PMID: 24379279

Sousa TN, Tarazona-Santos EM, Wilson DJ, Madureira AP, Falco PR, Fontes CJ, et al. Genetic vari-
ability and natural selection at the ligand domain of the Duffy binding protein in brazilian Plasmodium
vivax populations. Malar J. BioMed Central Ltd; 2010; 9: 334. https://doi.org/10.1186/1475-2875-9-334
PMID: 21092207

Figueiredo MM, Costa PAC, Diniz SQ, Henriques PM, Kano FS, Tada MS, et al. T follicular helper cells
regulate the activation of B lymphocytes and antibody production during Plasmodium vivax infection.
PLoS Pathog. 2017; 13: 1-23. https://doi.org/10.1371/journal.ppat. 1006484 PMID: 28700710

Araujo M da S, Andrade AO, Dos Santos NAC, Pereira DB, Costa G da S, de Paulo PFM, et al. Brazil’'s
first free-mating laboratory colony of Nyssorhynchus darlingi. Rev Soc Bras Med Trop. 2019; 52: 10—
12. https://doi.org/10.1590/0037-8682-0159-2019 PMID: 31340377

Aranha Camargo LM, Duccini Dal Colletto GM, Ferreira MU, De Mello Gurgel S, Escobar AL, Marques
A, et al. Hypoendemic malaria in rondonia (Brazil, Western Amazon Region): Seasonal variation and
risk groups in an urban locality. Am J Trop Med Hyg. 1996; 55: 32—38. https://doi.org/10.4269/ajtmh.
1996.55.32 PMID: 8702019

Gil LHS, Tada MS, Katsuragawa TH, Ribolla PEM, Da Silva LHP. Urban and suburban malaria in Ron-
donia (Brazilian Western Amazon) Il. Perennial transmissions with high anopheline densities are

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009077  October 29, 2021 15/17


https://doi.org/10.1186/s12936-017-2149-5
http://www.ncbi.nlm.nih.gov/pubmed/29291736
https://doi.org/10.1038/nrmicro3364
https://doi.org/10.1038/nrmicro3364
http://www.ncbi.nlm.nih.gov/pubmed/25329408
https://doi.org/10.1016/S0140-6736%2813%2960310-4
https://doi.org/10.1016/S0140-6736%2813%2960310-4
http://www.ncbi.nlm.nih.gov/pubmed/23594387
https://doi.org/10.1186/s12936-016-1650-6
http://www.ncbi.nlm.nih.gov/pubmed/28049519
https://doi.org/10.1038/ncomms2241
http://www.ncbi.nlm.nih.gov/pubmed/23212366
https://doi.org/10.1016/S1473-3099%2818%2930046-X
https://doi.org/10.1016/S1473-3099%2818%2930046-X
http://www.ncbi.nlm.nih.gov/pubmed/29398388
https://doi.org/10.1093/jmedent/42.5.777
http://www.ncbi.nlm.nih.gov/pubmed/16363160
https://doi.org/10.1590/s0074-02762006000300001
https://doi.org/10.1590/s0074-02762006000300001
http://www.ncbi.nlm.nih.gov/pubmed/16862314
http:www.saude.gov.br/sivepmalaria
http://www.pgbioexp.unir.br/downloads/4586_analise_espacial_e_epidemiologica_da_malaria_(maria_do_nascimento_filha_&_dr._tony_katsuragawa).pdf
http://www.pgbioexp.unir.br/downloads/4586_analise_espacial_e_epidemiologica_da_malaria_(maria_do_nascimento_filha_&_dr._tony_katsuragawa).pdf
http://www.pgbioexp.unir.br/downloads/4586_analise_espacial_e_epidemiologica_da_malaria_(maria_do_nascimento_filha_&_dr._tony_katsuragawa).pdf
https://doi.org/10.1186/s12936-019-2781-3
http://www.ncbi.nlm.nih.gov/pubmed/31039781
https://doi.org/10.1016/S1383-5769%2897%2900013-5
https://doi.org/10.1016/s0264-410x%2801%2900359-0
http://www.ncbi.nlm.nih.gov/pubmed/11672901
https://doi.org/10.1128/IAI.01169-13
http://www.ncbi.nlm.nih.gov/pubmed/24379279
https://doi.org/10.1186/1475-2875-9-334
http://www.ncbi.nlm.nih.gov/pubmed/21092207
https://doi.org/10.1371/journal.ppat.1006484
http://www.ncbi.nlm.nih.gov/pubmed/28700710
https://doi.org/10.1590/0037-8682-0159-2019
http://www.ncbi.nlm.nih.gov/pubmed/31340377
https://doi.org/10.4269/ajtmh.1996.55.32
https://doi.org/10.4269/ajtmh.1996.55.32
http://www.ncbi.nlm.nih.gov/pubmed/8702019
https://doi.org/10.1371/journal.pntd.0009077

PLOS NEGLECTED TROPICAL DISEASES Asymptomatic malaria in Brazilian Amazon

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

associated with human environmental changes. Mem Inst Oswaldo Cruz. 2007; 102: 271-276. https:/
doi.org/10.1590/s0074-02762007005000013 PMID: 17568931

Tada MS, Marques RP, Mesquita E, Martha RCD, Rodrigues JA, Costa JDAN, et al. Urban malaria in
the Brazilian Western Amazon Region |. High prevalence of asymptomatic carriers in an urban riverside
district is associated with a high level of clinical malaria. Mem Inst Oswaldo Cruz. 2007; 102: 263—-269.
https://doi.org/10.1590/s0074-02762007005000012 PMID: 17568930

Tadesse FG, Slater HC, Chali W, Teelen K, Lanke K, Belachew M, et al. The Relative Contribution of
Symptomatic and Asymptomatic Plasmodium vivax and Plasmodium falciparum Infections to the Infec-
tious Reservoir in a Low-Endemic Setting in Ethiopia. Clin Infect Dis. 2018; 66: 1883—1891. https://doi.
org/10.1093/cid/cix1123 PMID: 29304258

Taylor SC, Nadeau K, Abbasi M, Lachance C, Nguyen M, Fenrich J. The Ultimate gPCR Experiment:
Producing Publication Quality, Reproducible Data the First Time. Trends Biotechnol. 2019; 37: 761—
774. https://doi.org/10.1016/j.tibtech.2018.12.002 PMID: 30654913

Costa DC, Madureira AP, Amaral LC, Sanchez BAM, Gomes LT, Fernandes Fontes CJ, et al. Submi-
croscopic malaria parasite carriage: How reproducible are polymerase chain reaction-based methods?
Mem Inst Oswaldo Cruz. 2014; 109: 21-28. https://doi.org/10.1590/0074-0276140102 PMID:
24626306

Gruenberg M, Moniz CA, Hofmann NE, Wampfler R, Koepfli C, Mueller |, et al. Plasmodium vivax
molecular diagnostics in community surveys: Pitfalls and solutions. Malar J. 2018; 17: 1-10. https://doi.
org/10.1186/s12936-017-2149-5 PMID: 29291736

Slater HC, Ross A, Felger |, Hofmann NE, Robinson L, Cook J, et al. The temporal dynamics and infec-
tiousness of subpatent Plasmodium falciparum infections in relation to parasite density. Nat Commun.
2019; 10. https://doi.org/10.1038/s41467-019-09441-1 PMID: 30926893

Martins-Campos KM, Kuehn A, Aimeida A, Duarte APM, Sampaio VS, Rodriguez iC, et al. Infection of
Anopheles aquasalis from symptomatic and asymptomatic Plasmodium vivax infections in Manaus,
western Brazilian Amazon. Parasites and Vectors. Parasites & Vectors; 2018; 11: 1—11. https://doi.org/
10.1186/s13071-018-2749-0 PMID: 29728152

Laishram DD, Sutton PL, Nanda N, Sharma VL, Sobti RC, Carlton JM, et al. The complexities of malaria
disease manifestations with a focus on asymptomatic malaria. Malar J. 2012; 11: 1-15. https://doi.org/
10.1186/1475-2875-11-1 PMID: 22212246

Warwick R, Swimer GJ, Britt RP. Prolonged incubation period of imported P.vivax malaria in London. J
R Soc Med. 1980; 73: 333—336. https://doi.org/10.1177/014107688007300506 PMID: 7017128

Kim JS, Oh JS, Chang EA, Bae SY, Nam DH, Lee CH, et al. Alteration of platelet counts and lipid pro-
files after treatment of acute Plasmodium vivax. Acta Trop. 2008; 106: 39—43. https://doi.org/10.1016/}.
actatropica.2008.01.002 PMID: 18304498

Morais CG, Soares IS, Carvalho LH, Fontes CJF, Krettli AU, Braga EM. IgG isotype to C-terminal 19
kDa of Plasmodium vivax merozoite surface protein 1 among subjects with different levels of exposure
to malaria in Brazil. Parasitol Res. 2005; 95: 420—-426. https://doi.org/10.1007/s00436-005-1314-x
PMID: 15759156

Soares IS, Da Cunha MG, Silva MN, Souza JM, Del Portillo HA, Rodrigues MM. Longevity of naturally
acquired antibody responses to the N- and C- terminal regions of Plasmodium vivax merozoite surface
protein 1. Am J Trop Med Hyg. 1999; 60: 357-363. https://doi.org/10.4269/ajtmh.1999.60.357 PMID:
10466961

Longley RJ, White MT, Takashima E, Morita M, Kanoi BN, Li Wai Suen CSN, et al. Naturally acquired
antibody responses to more than 300 Plasmodium vivax proteins in three geographic regions. PLoS
Negl Trop Dis. 2017; 11: 1—15. https://doi.org/10.1371/journal.pntd.0005888 PMID: 28892517

Longley RJ, Franca CT, White MT, Kumpitak C, Sa-Angchai P, Gruszczyk J, et al. Asymptomatic Plas-
modium vivax infections induce robust IgG responses to multiple blood-stage proteins in a low-trans-
mission region of western Thailand. Malar J. BioMed Central; 2017; 16: 1-13. https://doi.org/10.1186/
$12936-017-1826-8 PMID: 28454546

Camargo EP, Alves F, Pereira Da Silva LH. Symptomless Plasmodium vivax infections in native Ama-
zonians. Lancet. 1999; 353: 1415-1416. https://doi.org/10.1016/s0140-6736(99)00941-1 PMID:
10227233

Tripura R, Peto TJ, Chalk J, Lee SJ, Sirithiranont P, Nguon C, et al. Persistent Plasmodium falciparum
and Plasmodium vivax infections in a western Cambodian population: Implications for prevention, treat-
ment and elimination strategies. Malar J. BioMed Central; 2016; 15: 1-12. https://doi.org/10.1186/
$12936-015-1044-1 PMID: 26729363

van den Eede P, Soto-Calle VE, Delgado C, Gamboa D, Grande T, Rodriguez H, et al. Plasmodium
vivax sub-patent infections after radical treatment are common in peruvian patients: Results of a 1-year

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009077  October 29, 2021 16/17


https://doi.org/10.1590/s0074-02762007005000013
https://doi.org/10.1590/s0074-02762007005000013
http://www.ncbi.nlm.nih.gov/pubmed/17568931
https://doi.org/10.1590/s0074-02762007005000012
http://www.ncbi.nlm.nih.gov/pubmed/17568930
https://doi.org/10.1093/cid/cix1123
https://doi.org/10.1093/cid/cix1123
http://www.ncbi.nlm.nih.gov/pubmed/29304258
https://doi.org/10.1016/j.tibtech.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30654913
https://doi.org/10.1590/0074-0276140102
http://www.ncbi.nlm.nih.gov/pubmed/24626306
https://doi.org/10.1186/s12936-017-2149-5
https://doi.org/10.1186/s12936-017-2149-5
http://www.ncbi.nlm.nih.gov/pubmed/29291736
https://doi.org/10.1038/s41467-019-09441-1
http://www.ncbi.nlm.nih.gov/pubmed/30926893
https://doi.org/10.1186/s13071-018-2749-0
https://doi.org/10.1186/s13071-018-2749-0
http://www.ncbi.nlm.nih.gov/pubmed/29728152
https://doi.org/10.1186/1475-2875-11-1
https://doi.org/10.1186/1475-2875-11-1
http://www.ncbi.nlm.nih.gov/pubmed/22212246
https://doi.org/10.1177/014107688007300506
http://www.ncbi.nlm.nih.gov/pubmed/7017128
https://doi.org/10.1016/j.actatropica.2008.01.002
https://doi.org/10.1016/j.actatropica.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18304498
https://doi.org/10.1007/s00436-005-1314-x
http://www.ncbi.nlm.nih.gov/pubmed/15759156
https://doi.org/10.4269/ajtmh.1999.60.357
http://www.ncbi.nlm.nih.gov/pubmed/10466961
https://doi.org/10.1371/journal.pntd.0005888
http://www.ncbi.nlm.nih.gov/pubmed/28892517
https://doi.org/10.1186/s12936-017-1826-8
https://doi.org/10.1186/s12936-017-1826-8
http://www.ncbi.nlm.nih.gov/pubmed/28454546
https://doi.org/10.1016/s0140-6736%2899%2900941-1
http://www.ncbi.nlm.nih.gov/pubmed/10227233
https://doi.org/10.1186/s12936-015-1044-1
https://doi.org/10.1186/s12936-015-1044-1
http://www.ncbi.nlm.nih.gov/pubmed/26729363
https://doi.org/10.1371/journal.pntd.0009077

PLOS NEGLECTED TROPICAL DISEASES Asymptomatic malaria in Brazilian Amazon

41.

42,

43.

44,

45.

46.

47.

48.

prospective cohort study. PLoS One. 2011; 6. https://doi.org/10.1371/journal.pone.0016257 PMID:
21297986

White NJ. Determinants of relapse periodicity in Plasmodium vivax malaria. Malar J. 2011; 10. https:/
doi.org/10.1186/1475-2875-10-297 PMID: 21989376

Obaldia N, Meibalan E, Sa JM, Ma S, Clark MA, Mejia P, et al. Bone marrow is a major parasite reser-
voir in plasmodium vivax infection. MBio. 2018; 9: 1-16. https://doi.org/10.1128/mBio0.00625-18 PMID:
29739900

Pichon G, Awono-Ambene HP, Robert V. High heterogeneity in the number of Plasmodium falciparum
gametocytes in the bloodmeal of mosquitoes fed on the same host. Parasitology. 2000; 121: 115-120.
https://doi.org/10.1017/s0031182099006277 PMID: 11085230

Bharti AR, Chuquiyauri R, Brouwer KC, Stancil J, Lin J, Llanos-Cuentas A, et al. Experimental infection
of the neotropical malaria vector Anopheles darlingi by human patient-derived Plasmodium vivax in the
Peruvian Amazon. Am J Trop Med Hyg. 2006; 75: 610-616. https://doi.org/10.4269/ajtmh.2006.75.610
PMID: 17038681

Coleman RE, Kumpitak C, Ponlawat A, Maneechai N, Phunkitchar V, Rachapaew N, et al. Infectivity of
asymptomatic Plasmodium-infected human populations to Anopheles dirus mosquitoes in western
Thailand. J Med Entomol. 2004; 41: 201-208. https://doi.org/10.1603/0022-2585-41.2.201 PMID:
15061279

Kiattibutr K, Roobsoong W, Sriwichai P, Saeseu T, Rachaphaew N, Suansomijit C, et al. Infectivity of
symptomatic and asymptomatic Plasmodium vivax infections to a Southeast Asian vector, Anopheles
dirus. Int J Parasitol. 2017; 47: 163—170. https://doi.org/10.1016/}.ijpara.2016.10.006 PMID: 28043858

Tadesse FG, Van Den Hoogen L, Lanke K, Schildkraut J, Tetteh K, Aseffa A, et al. The shape of the ice-
berg: Quantification of submicroscopic Plasmodium falciparum and Plasmodium vivax parasitaemia
and gametocytaemia in five low endemic settings in Ethiopia. Malar J. BioMed Central; 2017; 16: 1-11.
https://doi.org/10.1186/s12936-016-1650-6 PMID: 28049519

World Health Organization. Mass drug administration, mass screening and treatment and focal screen-
ing and treatment for malaria. Malar Policy Advis Comm Meet. 2015; 1-27. Available: http://www.who.
int/malaria/mpac/mpac-sept2015-erg-mda-report.pdf

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009077  October 29, 2021 17/17


https://doi.org/10.1371/journal.pone.0016257
http://www.ncbi.nlm.nih.gov/pubmed/21297986
https://doi.org/10.1186/1475-2875-10-297
https://doi.org/10.1186/1475-2875-10-297
http://www.ncbi.nlm.nih.gov/pubmed/21989376
https://doi.org/10.1128/mBio.00625-18
http://www.ncbi.nlm.nih.gov/pubmed/29739900
https://doi.org/10.1017/s0031182099006277
http://www.ncbi.nlm.nih.gov/pubmed/11085230
https://doi.org/10.4269/ajtmh.2006.75.610
http://www.ncbi.nlm.nih.gov/pubmed/17038681
https://doi.org/10.1603/0022-2585-41.2.201
http://www.ncbi.nlm.nih.gov/pubmed/15061279
https://doi.org/10.1016/j.ijpara.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/28043858
https://doi.org/10.1186/s12936-016-1650-6
http://www.ncbi.nlm.nih.gov/pubmed/28049519
http://www.who.int/malaria/mpac/mpac-sept2015-erg-mda-report.pdf
http://www.who.int/malaria/mpac/mpac-sept2015-erg-mda-report.pdf
https://doi.org/10.1371/journal.pntd.0009077

