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In our aim to eliminate malaria, more sensitive tools to deté residual transmission
are quickly becoming essential. Antimalarial antibody r@®nses persist in the blood
after a malaria infection and provide a wider window to detelcexposure to infection
compared to parasite detection metrics. Here, we aimed to skect antibody responses
associated with recent and cumulative exposure to malariasing cross-sectional survey
data from Haiti, an elimination setting. Using a multiplex dad assay, we generated
data for antibody responses (immunoglobulin G) to 2®lasmodium falciparumtargets in

29,481 participants across three surveys. This included om community-based survey
in which participants were enrolled during household vistand two sentinel group
surveys in which participants were enrolled at schools and dalth facilities. First, we
correlated continuous antibody responses with age (Spearan) to determine which
showed strong age-related associations indicating accumlation over time with limited
loss. AMA-1 and MSP-1;9 antibody levels showed the strongest correlation with
age (0.47 and 0.43,p < 0.001) in the community-based survey, which was most
representative of the underlying age structure of the popation, thus seropositivity to
either of these antibodies was considered representative focumulative exposure to
malaria. Next, in the absence of a gold standard for recent gosure, we included

antibody responses to the remaining targets to predict higly sensitive rapid diagnostic
test (hsRDT) status using receiver operating characteristcurves. For this, only data
from the survey with the highest hsRDT prevalence was used (@2b; 348/4,849). The

performance of the top two antigens in the training datasettyo-thirds of the dataset;
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van den Hoogen et al.

Plasmodium falciparumAntibodies in Elimination

n D 3,204)—Etramp 5 ag 1 and GLURP-RO (area-under-the-curve, AC, 0.892 and
0.825, respectively)—was conrmed in the test dataset (remiing one-third of the
dataset; n D 1,652, AUC 0.903 and 0.848, respectively). As no further immvement
was seen by combining seropositivity to GLURP-RO and Etramp ag 1 (p D 0.266),
seropositivity to Etramp 5 ag 1 alone was selected as represgative of current or
recent exposure to malaria. The validation of antibody regmses associated with these
exposure histories simpli es analyses and interpretationf antibody data and facilitates
the application of results to evaluate programs.

Keywords: malaria, immunoglobulin G (IgG), multiplex bead assa y, sero-surveillance, elimination, ETRAMP

INTRODUCTION

Globally, the number of countries in malaria pre-eliminatio
and elimination phases is increasind).(For malaria control

and elimination purposes, the allocation of national resesrc

is commonly guided by regional case counts. However, trends
in passively detected cases are dependent on health system
coverage and treatment-seeking behavior, and thus may not

Surveys

n=4,019
hsRDT 0.8%

n=20,609

Multiplex detection of IgG to 23

P. falciparum antigens

QC: 6 antigens
dropped

CUMULATIVE EXPOSURE

Antigens (n=17) with a Spearman
correlation coefficient > 0.4 between

hsRDT 0.8%

n=4,856 |
hsRDT 7.2%

age in years and IgG responses
selected (hsRDT positives were
excluded)

AMA-1
MSP-144
GLURP-R2

3 cumulative
antigens dropped

RECENT/CURRENT EXPOSURE

Antigens (n=14) with an AUC of the

transcribed membrane protein 5.

ROC curve > 0.8 using IgG responses
and seropositivity to predict hsRDT
status selected

% Etramp 5 ag 1

GRAPHICAL ABSTRACT | Flowchart of the selection process for immunoglobulin G (Ig@esponses to Plasmodium falciparum antigens representaie of cumulative
and current or recent exposure. QC: quality control, hsRDThighly sensitive rapid diagnostic test, AUC: area under theurve, ROC: receiver operating characteristic,
AMA-1: apical membrane antigen 1, MSP-119: 19 kilodalton &gment of merozoite surface protein 1, GLURP-R2: glutamateich protein R2, Etramp 5 ag 1: early
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represent the true malaria burden in all settings. Seroldgic&AG surveys, participants were enrolled at schools and health
endpoints, typically the presence of antibody responses ifacilities. Although in EAG-Artibonite participants were also
resident populations, represent a population's exposure historsampled at church venues, these were excluded from further
and can identify areas with residual malaria transmissioranalyses due to practical and logistical restraints of thisirsel
more accurately than the prevalence of infection at lowgroup (16). At health facilities, participants were enrolled
transmission ). irrespective of the reason for their visit, and both treatrien

Until recently, sero-surveillance has primarily focusedseeking patients as well as accompanying people were asked
on antibodies representing cumulative exposure, such de participate. In the HH-Artibonite survey, households were
Plasmodium falciparumapical membrane antigen 1 (AMA- randomly selected in a de ned geographic area and all houskehol
1) and the 19 kDa fragment of merozoite surface protein Inembers were asked to participate; participants were tested
(MSP-49) (2). Age-speci c increases in seroprevalence to thesat their homes (Hamre et al., in preparation). In both survey
antigens, estimated as seroconversion rates (SCR), have béges, people were asked to participate irrespective of the
shown to be strongly correlated with entomological inocidat presence of fever or symptoms of malaria. Participants from
rates (EIR), the gold standard metric for transmission irgigyy ~ all three cross-sectional surveys provided nger-prick oo
and with parasite prevalenc)( Antibodies to these antigens for malaria diagnosis by a conventional rapid diagnostic test
persist in the blood with repeated exposure. For M$+hodel (cRDT; SD Bioline Malaria Antigen P.f., 05FK50, Standard
estimates suggested the time to sero-reversion is3230(50 Diagnostics) and a highly-sensitive RDT (hsRDT; also known
years or more4), while limited data from observational studies as ultrasensitive RDT, Alere Malaria Ag P.f., 05FK141, Stahd
suggest half-lives of long-lived antibody secreting dellee 2  Diagnostics). In addition, nger-prick blood was spotted on
(5) to 16 (6) years. Although MSP13 and AMA-1 antibody Whatman 903 cards (GE Healthcare), dried overnight at amtbie
half-lives might be faster in childrerv(8), this may be due to temperature and packed the next day with silica gel. Dried
insu cient repeated exposure in children at low transmission blood spots (DBS) were stored &4 C and transported
Antibodies with shorter half-lives [i.e., those indicagimcidence to the national laboratory l(aboratoire National de Santé
in the past year9)] may be able to detect if and where changesPublique LNSP) in Port-au-Prince weekly. Demographic and
in malaria transmission intensity take place more rapidly anchousehold characteristics were collected through a tdideed
accurately as compared to antibodies with long half-livege¢ questionnaire. Participants testing positive by cRDT werdéda
potential candidates have recently been optimized for use iaccording to national guidelines.
multiplex bead assays (MBA)®). . .

As part of Haiti's aim to eliminate malarial(), large- Antigen Panel and Covalent Coupling of
scale cross-sectional surveys were performed to assesd if ghntigens to Beads
where residual transmission, potentially undetected vigtine  Twenty-threeP. falciparumantigens and peptides from asexual
surveillance, is occurring. Here, we assessed antibogpmess life-cycle stages were included in the parElle 2. Antigens
to 23 P. falciparumrecombinant proteins and peptides in were covalently coupled to unique bead regions as described by
29,481 participants residing in two areas with di erent levelsRogier et al. §4). Details on antigen to bead coupling conditions
of transmission intensity. Our aim was to select antibodiesre described elsewhere for most of the antigens in the panel
associated with cumulative and current or recent exposure t¢15), while for the remaining six antigens these are provided in
malaria for the Haitian context in order to simplify analysesla Supplementary Table 1
interpretation of collected survey data that can be usedfiarm

program decisions. Antimalarial Antibody Detection
Immunoglobulin G (IgG) data were collected for all
participants as previously described4). Antibody levels
METHODS were measured using a MBA with a OneStep protocol
Study Population enabling a rapid turnaround by incubating sample

The island of Hispaniola, consisting of Haiti and the Domiaic and secondary antibody simultaneously overnigh84)(
Republic, is the last remaining region in the Caribbean withMedian uorescence intensity (MFI) was recorded using
malaria transmission. In 2016, 97% of the reported malas@sa the MAGPIX with Bio-Plex Managél MP software
on the island occurred in Haiti 12). In Haiti, transmission is (BioRad) and corrected for background reactivity to give
highly focal as the Grand'Anse department, in the southweste a nal value of MFI minus background (hereafter: MFI).
part of the country, accounted for 47% of the national malarigAlongside participant samples, a 6-point serial dilution of
cases reported in 2017.). Three large-scale cross-sectionala hyperimmune positive control pool (i.e., standard curve)
surveys were conducted in Haiti in 20174}: (1) in Artibonite, ~was added to each plate to assess plate-to-plate variation in
central Haiti, a community-based household survey (HH-data collection.

Artibonite) with 21,891 participants; (2) an easy-accesaHgr . . . .

(EAG) survey in the same area (EAG-Artibonite) includingQuality Control of Antimalarial Antibody

6,006 participants; and (3) an EAG survey was performefData Collection

with the same protocol in Grand'Anse, southwestern Haiti,Plates with results that fell outside of the me@nh 2 standard
(EAG-Grand'Anse) with 5,034 participant§dble J). For the deviations (SD) of the third point of the serial dilution fowb out
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TABLE 1 | General characteristics of the study population for three miaria cross-sectional surveys performed in Haiti.

Characteristic HH-Artibonite EAG-Artibonite EAG-Grand'Anse

Department Artibonite, central Haiti Artibonite, centraHaiti Grand'Anse, southwestern Haiti

Communes Verrettes & La Chappelle Verrettes & La Chappelle nde-d'Hainault, Chambellan, Dame-Marie,
Les Irois & Moron

Timing Jul-Oct 2017* May-Jun 2017 Nov-Dec 2017

Survey type Community-based Easy-access-group survey: participants Easy-access-group survey: participants

household survey recruited in churches, schools & health facilities recruited in schools & health facilities

N

- Available IgG data** 21,235 5,898 4,967

- Merged to eld data 21,214 4,154%* 4,959

- Aged 1year 20,609 4,019 4,856

Median age, 20, 8-41 12,8-24 13, 8-22

interquartile range

Highly sensitive RDT 0.76%, 157/20,556 0.77%, 31/4,019 7.18%, 348/4,849

prevalence, n/N

RDT: rapid diagnostic test. IgG: immunoglobulin G.

*Two-week pause due to hurricanes.

**or more information on the number samples for which IgG data was su@ssfully collected see van den Hoogen et al15).

***The large decrease in samples is due to the exclusion of participants radted at church venues from further analyses due to practical and logfical restraints of this sentinel group
(16).

of three highly immunogenic antigens (GLURP-R2, AMA-1 andwith age were considered to represent cumulative exposure.
MSP-1¢) were repeatedl(). Of the twenty-threeP. falciparum Analysis was conducted using the continuous antibody data
antigens and peptides included in the panel, six had to b&stead of seropositivity to maximize the strength of any
excluded as they showed loss in reactivity over time (preshou correlation. The HH-Artibonite survey was considered most
described in van den Hoogen et al.5 and for the remaining informative in assessing correlations between antiboalekage,

six antigenic targets shown inSupplementary Figure):  as it represents the full age-structure of the population sachple
MSP2_Dd2, MSP2_CH150/9, GEXP18, EBA-140 RIll-Wue to its community-based sampling strategy compared to
Rh2_2030, and Rh4.2. The remaining seventeen antigegietsar sentinel group sampling in the EAG-surveys (children atteigdin
were analyzed for their association with cumulative andenr  school and healthcare-seeking populations sampled at local

or recent exposure ttalciparummalaria. facilities). Participants who were hsRDT positive were excluded
to remove any antibody responses due to a current or recent

Statistical Analyses infection. Spearman correlation coe cients (r) between all

Data Standardization antibody responses and age (in years) were plotted using the

All statistical analyses were performed in R version 3.4.R packageorrplot (36). Only pairwise complete observations
(39. After correction for background reactivity, the lowestwere used. The Bonferroni correction for multiple-comparisons
MFI value recorded was61, thus 65 was added to all valueswas used to adjust the p-value for statistical signicance.
(i.e., for all antigens across all participants) and resgltin The chi-squared test for trend in proportions was used to
MFI values were log-transformed. Participants with high IgG test age-specic trends in seroprevalenc&afs package in
responses to glutathione S-transferase (GST) were removed35)].

from further analyses (ME1,000) (5. In addition, results

from participants below the age of 1 were excluded from thé\ntibody Responses Associated With Current or

dataset to remove any in uence of maternally derived antiesd Recent Exposure

Finite mixture models were used to identify two componentsin absence of a gold standard for recent exposure (i.e., coadm

in the logo(MFI) participant data and the lower distribution recent infection), hsRDT was used to determine antibody
was assumed to consist of seronegative individuals. Thigsho responses associated with current or recent exposure. The hsRDT
for seropositivity were de ned as the mean of the lowerdetects histidine-rich protein 2 (HRP2),R falciparumantigen.
distribution plus 5 SD (for details see Supplementary Method§lRP2 has been shown to persist in the blood up to weeks after

in Supplementary Data Sheet)2 parasite clearance following e ective antimalarial treattr(&n).

The hsRDT has a lower limit of detection for HRP2 antigenemia
Antibody Responses Associated With Cumulative (40-125 pg/mL HRP2) compared to the cRDT (600—-1000 pg/mL
Exposure HRP2) 38 and is thus potentially more sensitive to (chronic)

Antibody responses (lagMFIs) from participants were low-density infections producing only low levels of HRP2. A
correlated with age; those that were most strongly coreelat positive hsRDT result may therefore indicate a current or néce
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TABLE 2 | Characteristics of multiplex bead assayPlasmodium falciparumantigen panel.

Antigen Antigen Alias Life cycle Expression tag ~ Strain Reference
acronym stage/location
Circumsporozoite surface protein rCSP resp Sporozoite N/A B7 @7)
Liver surface antigen 1 LSA-1 Isal Infected hepatocyte N/A Syhesized peptide, 18)
P11043 epitope
Plasmodium exported protein Hyp 2 hyp2 Hypothesised locatin: GST 3D7 0); K.K.A. Tetteh,
iRBC unpublished
Heat shock protein 40 HSP40 ag 1 hsp40 iRBC GST 3D8 9; K.K.A. Tetteh,
unpublished
Schizont egress antigen SEA-1 sea iRBC GST 3D7 19); K.K.A. Tetteh,
unpublished
Skeleton-binding protein; SBP1 sbpl iRBC GST 3D7 20); K.K.A. Tetteh,
Maurer's cleft unpublished
Histidine rich protein 2 HRP2 hrp2 iRBC and secreted GST Typa and B @1)
Early transcribed membrane Etramp 4 ag 2 etrd iRBC, PVM GST 3D7 9); K.K.A. Tetteh,
protein unpublished
Early transcribed membrane Etramp 5ag 1 etr5 iRBC, PVM GST 3D7 42); K.K.A. Tetteh,
protein unpublished
Gametocyte exported protein 18 GEXP18 gexp iIRBC/ Gametocyt GST 3D7 0); K.K.A. Tetteh,
unpublished
CH150/9 allele of MSP2; MSP2 CH150/9 msp2_ch150 Merozoite surface GST CH150/9 13)
full-length.
Dd2 allele of MSP2; full-length. MSP2 Dd2 msp2_dd2 Merozaétsurface GST Dd2 ?4)
Glutamate rich protein RO GLURP RO glurpO Merozoite surface N/A Synthesized peptide, 25)
RO fragment
Glutamate rich protein R2 GLURP R2 glurp2 Merozoite surface Hisys F32 26)
19kDa fragment of MSP1 PfMSP-119 msp119 Merozoite surface GST Wellcome A7)
molecule
H103/merozoite surface protein H103/MSP11 h103 Merozoite GST 3D7 e8)
11 surface/rophtry neck
Erythrocyte binding antigen-140 EBA-140 RIlI-V €140 Merozoite GST 3D7 @9)
Region IlI-V (Micronemes)
Erythrocyte binding antigen-175 EBA-175 RIII-V el75 Merozoite GST 3D7 @9)
Region IlI-V (Micronemes)
Erythrocyte binding antigen-181 EBA-181 RIII-V els8l Merozoite GST 3D7 @9)
Region I1I-V (Micronemes)
Apical membrane antigen 1 PfAMAL amal Merozoite His FVO 80)
(Micronemes)
Reticulocyte binding protein Rh2_2030 rh2030 Merozoite (Rhoptry) GST 3D7 3(0)
homologue 2
Reticulocyte binding protein Rh4.2 rh42 Merozoite (Rhoptry) GST W2mef 30)
homologue 4
Reticulocyte binding protein Rh5.1 rh5 Merozoite (Rhoptry) C-tag 3D7 3)
homologue 5

MSP, merozoite surface protein; kDa, kilodalton; GST, Glutathione Bansferase; iRBC, infected red blood cell; PVM, parasitophorous vacuol®embrane.

infection. Antibody responses to antigenic targets thateweot  The area-under-the-curve (AUC) of ROQsROCpackage;39)]
selected as cumulative exposure markers, were used to predicis measured using the training dataset in all ages as well as
hsRDT positivity using receiver operating characteristic (ROCseparately for those aged 1 to 15 years and those aged older tha
curves. To assess utility to predict hsRDT infection statagy 0 15 years to assess any di erences by age. The performance of
participant data from EAG-Grand'Anse was used, which washe most informative antibody responses in predicting hsRDT
the survey with the highest rate of hsRDT positives. The EAGstatus (i.e., AUC>0.8) was con rmed by repeating ROCs for
Grand'Anse data was split into a training dataset (two-thind the test, HH-Artibonite, and EAG-Artibonite datasets. Elly,

D 3,201) and a test dataset (one-thirdD 1,648) using random ROCs using seropositivity endpoints were also assessed in the
selection. The numbers of hsRDT positive samples in the trainintgst dataset. ROCs were compared using DelLong's test for two
dataset was 227 (7.1%) and in the test dataset was 120 (7.3&6yrelated ROC curvesqc.testithin the pPROCpackage;39)].
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FIGURE 1 | Heat map of Spearman correlation coef cients for age and immuooglobulin G (IgG) responses to seventeeRlasmodium falciparumantigens across three
malaria transmission surveys in Haiti. IgG responses were ded as log10-transformed median uorescence intensities carected for background reactivity, while age
is in years. Data is shown for 28,888 participants; highly sesitive rapid diagnostic test (hsRDT) positives were exaed (n D 536) to remove any IgG responses due to
a current or recent infection. Coloring represents the stregth of Spearman correlation coef cients from weak in grey testrong in red. Antigens (x-axis) are ordered
from the lowest to highest Spearman correlation coef cient sing data from all three surveys. Spearman correlation coefents that were not statistically signi cant
(i.e.,p > 0.003 assuming Bonferroni correction for multiple testingare indicated with an asterisk (*); all other age and 1gG corapsons hadp-values< 0.001.

RESULTS -

. . . . . The performance of antibodies to Etramp 5 ag 1 and GLURP-
Selection of Antibodies Associated With RO as accurate markers for hsRDT status (i.e., AO®)
Cumulative Malaria Exposure was conrmed in the test datasefFigure 3 as well as the

In the HH-Artibonite survey, antibody levels, lpgMFI)s, to HH- and EAG-Artibonite surveys Supplementary Figure 3
most antigens showed weak positive associations with isgrga Using seropositivity, for all age categories, Etramp 5 ag 1
age (Spearman correlation coe cient, 0.40;Figure 1). AMA-  showed similar performance compared to GLURP-RO (all ages:
1 and MSP-19 showed moderate correlation with age (0.47 and® D 0.118; children aged 1 to 1% D 0.060; individuals
0.43,p < 0.001). The correlation coe cient between AMA-1 aged 16 or olderp D 0.686) and the combined metric,
and MSP-19 was 0.67p < 0.001 Supplementary Figure 2. representing seropositivity to either Etramp 5 ag 1 or GLURP-
Together with GLURP-R2, these antigens were consistently tieR0 (@ D 0.266;p D 0.257;p D 0.733). As no improvement
top three in each survey, although MSRyshowed a weaker was seen by adding GLURP-RO, Etramp 5 ag 1 alone was
correlation (0.35p < 0.001) than the other two antigens 0.38, ~ Selected to represent recent exposurefatciparum malaria.
p < 0.001) in the EAG-Grand'Anse survey. The validationAge-specic hsRDT and seroprevalence per survey is shown
of AMA-1 and MSP-19 as the most appropriate markers of in Figure 4.
cumulative exposure is consistent with the literature asros
multiple settings 2, 40-42). A strong age-related increase in
seroprevalence to the combined metric of cumulative exposu®ISCUSSION
(i.e., seropositivity to either AMA-1 or MSPrJ) was seen across
all surveys (chi-squared test for trend in proportiopss 0.001). This study used multiplex serological data to select antigen
] ) ) ) ) speci ¢ antibody responses associated with cumulative and
Selection of Antibodies Associated With current or recent malaria exposure in Haiti. IlgG responses from
Current or Recent Malaria Exposure almost 30,000 participants were analyzed from three surveys
Antibody levels to the remaining 14 targets were includedacross two locations with di ering levels of malaria transsion
to predict hsRDT status using ROCs and a training datasehtensity. Results showed that IgG responses to antigens AMA-1
consisting of two-thirds of the EAG-Grand'Anse participants and MSP-1g best re ected cumulative exposure over time, whilst
Etramp 5 ag 1 had the highest AUC for predicting hsRDT statushose to Etramp 5 ag 1 showed the highest accuracy in predictin
(0.892), followed by GLURP-RO (0.82B)gure 2 Responses to current or recent infection when compared to hsRDT status. For
the remaining antigens had an AUC 0.8. For all antigens the latter, survey data was used from the area experiencing the
except GLURP-RO, the AUC for children aged 1 to 15 wagighest malaria transmission (Grand'Anse).
greater than that for individuals aged 16 or older. Thereaver Continuous antibody responses to AMA-1 and MSR-1
clear dierences in AUCs between these age groups for somgere con rmed as the optimum representation of cumulative
antibodies (e.g., HRP-2 and HSP40) while for others AUCsalaria exposure as they showed the strongest correlation
were similar (e.g., LSA-1 and rCSP). For children aged l@ith age. These antigens have been used extensively in sero-
or younger—in addition to Etramp 5 ag 1 and GLURP-RO—surveillance foP. falciparumtransmission ). Seroconversion
SBP-1, Etramp 4 ag 2, HSP40 ag 1 and EBA-175 RIII-V hagtes to AMA-1 and/or MSP-k have shown a strong correlation
an AUC> 0.8. with household altitude 42), EIR @, 42), child mortality (43,
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FIGURE 2 | Area under the curve (AUC) of receiver operating charactstic curves for immunoglobulin G (IgG) responses to fourteeRlasmodium falciparumantigens
using highly sensitive rapid diagnostic test (hsRDT) statlas the gold standard. Antigens (x-axis) are ordered by pasite life cycle stage and AUC value for all ages.
1gG responses (IgG) in two-thirds of all EAG-Grand'Anse pattpants were used (i.e., the training datasetn D 3,201) including 227 hsRDT positives (7.1%). 1gG
responses were de ned as log10-transformed median uorescerce intensities corrected for background reactivity. A threhold of 0.8 (dashed horizontal line) was
used to select antigens for con rmation of results in the remaing one-third of the EAG-Grand'Anse dataset (se€igure 3). Spor.: sporozoite; Hep.: infected
hepatocyte; iIRBC: infected red blood cell.

44), the e ect of malaria control interventions4@ 45, and and subsequent antibody boosting limits their use as recent
patterns in malaria transmission over timé4). In addition, exposure markers 9§. Given that we have conrmed the
GLURP-R2 was moderately correlated with age. GLURP-R2 happropriateness of AMA-1 and MSR¢l as a cumulative
been associated with protection from (symptomatic) malarianarker of exposure in Haiti, there is an added benet
(46, 47) as well as cumulative exposuré0( 48). This study of enabling comparisons of results across malaria-endemic
shows strong indications that seropositivity to AMA-1, MSP-settings due to their extensive use in sero-surveillance to
119, and to a lesser extent, GLURP-R2, represent cumulatiwdate @, 40-42).

exposure in this Haitian population. Some previous studies Next, continuous antibody responses were used to validate
have found that AMA-1 and MSP1% can be good markers markers of current or recen®. falciparumexposure according

of active and recent infection in children/,( 8, 41), though to hsRDT results. Etramp 5 ag 1 and GLURP-RO were
at higher transmission, even in children, repeated exposurund to be most accurate in predicting hsRDT status in
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FIGURE 3 | Receiver operating characteristic curves for immunoglolin G (IgG) responses to selectedPlasmodium falciparumantigens using highly sensitive rapid
diagnostic test (hsRDT) status as the gold standard. IgG regmses in one-thirds of all EAG-Grand'Anse participants werused (i.e., the test dataset;n D 1,648)
including 120 hsRDT positives (7.3%). 1gG responses were deed as log10-transformed median uorescence intensities carected for background reactivity. Results
are shown for continuous IgG responses (top) for antigens witan area-under-the-curve (AUC) 0.8 in the training dataset Figure 2). Seropositivity results (bottom)
are only shown for antigens with an AUC> 0.8 using continuous IgG responses in the test dataset (top)AUC values are depicted on each plot. From left to right
results are shown for: all ages, children aged 1 to 15 years ahindividuals older than 15 years.

the EAG-Grand'Anse survey. As no further improvement was Age-specic patterns of recent and cumulative exposure
seen by combining seropositivity to GLURP-R0O and Etramp Svere consistent with expected exposure histories in the two
ag 1, seropositivity to Etramp 5 ag 1 alone was selected aransmission settings in Haiti: (1) recent exposure was highe
representative of current or recent exposure to malaria. Foin EAG-Grand'’Anse compared to EAG-Artibonite which
children — in addition to Etramp 5 ag 1 and GLURP-RO — SBP<corresponds with the 2017 malaria incidence estimated dt 18.
1, Etramp 4 ag 2, HSP40 ag 1, and EBA-175 RIII-V showednd 0.6 per 1,000 inhabitants in Grand'Anse and Artibonite,
high accuracy in predicting hsRDT status. Intuitively, antligo respectively (source: National Malaria Control Program, RINC
responses in young children are more likely to represent anteceHaiti); (2) recent exposure was higher in healthcare-segkin
infection as they are unlikely to have developed a robust nigmo populations compared to (likely asymptomatic) children
response following multiple infectionst®), especially in areas attending school in Grand'Anse; (3) recent exposure was gimila
of low transmission. Here we showed that all antibodiesei@st in children visiting a health facility or attending schoah i
except those to GLURP-RO0, had higher accuracy in predictingrtibonite, indicating that in this low transmission setti,
hsRDT status in children compared to individuals aged 16 ohealthcare-seeking is likely not driven by malaria dise&p;
older. Ideally, an IgG antibody response representing recemumulative and recent exposure was lowest in the HH-Artibeni
exposure does so across all ages as it minimizes the antigeh pasurvey representing an asymptomatic, community-based
needed. IgM antibody responses have regularly been sudgespmpulation across all ages.

as a measure of recent exposure following their rapid acduisit The gold standard for identi cation of antibodies with shor
and decline in viral infections, however, recent data stibig®  (or longer) half-lives, is assessment of antibody acqaisiénd
responses to malaria persisted over time and were not momecay rates in longitudinal studies following naturallygaced
short-lived than IgG responses to merozoite antigest. ( malaria infections. However, such studies are costly, time a
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FIGURE 4 | Highly sensitive rapid diagnostic test (hsRDT) prevalenas well as recent and cumulative exposure seroprevalence pege category (in years) and
survey in Haiti. Recent exposure represents seropositiyito early transcribed membrane protein 5 (Etramp 5 ag 1) whkilcumulative exposure represents seropositivity|
to apical membrane antigen 1 (AMA-1) and/or the 19 kDa fragmerof merozoite surface protein 1 (MSP-1g).

labor intensive, and thus rare. Moreover, no existing stsdiepopulations and di ering (histories of) transmission intengii.
have used the same combination of the age range of the studly settings with lower transmission, such as in Cambodia in
population, antigen panel assessed and assay conditpa$,( the Kerkhof study 25), antibody levels are more likely to be
40). Here we used hsRDT data from cross-sectional surveys te ective of recent exposure as they are not boosted following
inform the selection of current or recent exposure markets. Ithe lack of repeated exposure. This was also seen in our study,
was assumed that the lack in speci city in using antibody leve as nearly all antigen-specic antibodies analyzed accuratel
to predict hsRDT status represented recent malaria infectiongredicted hsRDT status in the Artibonite surveys where hsRDT
that had become hsRDT negative. Alternatively, these coeld lprevalence was 1%.

malaria infections below the limit of detection of the hsRDT. There are di erent statistical techniques available to amaly
The lack in sensitivity might represent infections that as®t multiplex antibody data. Boosted regression tree analysss ha
recently acquired for an antibody response to have developedeen used folP. vivaxand P. knowles{(52, 53). These studies
Alternatively, certain individuals may not produce detditea showed that combined immune responses are more likely
antibodies to a speci ¢ antigen following infection. The de@ to be re ective of (recent) exposure though increments are
in identi ed recent exposure markers with previous longitndl ~ small. It should be noted that the selection of antibodies fo
studies [Etramp 5 in Helb et al9f and GLURP-RO in Kerkhof recent and cumulative exposure as described in this study
et al. 5] is promising for selection and standardization of is not meant to be exclusive. Remaining antibody responses
antigen panels for sero-surveillancél). However, Kerkhof may still be of interest for research-based studies intedes

et al. also identi ed GLURP-R2 and MSRglas recent exposure responses to, and patterns in, antibodies to speci c targdis. T
markers @5—but these were better markers of cumulativeantigens identi ed here were selected to enable rapid twoad
exposure in our and other4@-45 48) studies—indicating of analyses to directly inform malaria control programs
the need for caution and validation of these targets across Haiti.
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Here we described the selection of antibodies associatefirectly. Thumbprint consent or assent (countersigned by
with cumulative and recent malaria exposure in Haiti. Wea witness) was used for illiterate participants. For the HH-
used antibody responses (IgG) to P3falciparunrecombinant  Artibonite survey, verbal consent for overall permission to
proteins and peptides from 29,481 participants across threeonduct the survey was obtained from the head of household
surveys. In the absence of a gold standard (i.e., longialdinand/or primary caretaker and documented in the electronic
data), we used age and hsRDT status to make this selectiatata collection instrument. Individual-level verbal conse
Seropositivity to AMA-1 and/or MSP4} was selected to was sought from each present individual for the blood sample
represent cumulative malaria exposure, while seropositiagity collection, and assent from persons aged 7-17 years.

Etramp 5 ag 1 was selected to represent recent exposure to
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