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Abstract

Background

Soil-transmitted helminths (STH), Schistosoma spp. and Plasmodium falciparum are para-
sites of major public health importance and co-endemic in many sub-Saharan African coun-
tries. Management of these infections requires detection and treatment of infected people
and evaluation of large-scale measures implemented. Diagnostic tools are available but
their low sensitivity, especially for low intensity helminth infections, leaves room for improve-
ment. Antibody serology could be a useful approach thanks to its potential to detect both
current infection and past exposure.

Methodology

We evaluated total IgE responses and specific-IgG levels to 9 antigens from STH, 2 from
Schistosoma spp., and 16 from P. falciparum, as potential markers of current infection in a
population of children and adults from Southern Mozambique (N = 715). Antibody
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responses were measured by quantitative suspension array Luminex technology and their
performance was evaluated by ROC curve analysis using microscopic and molecular detec-
tion of infections as reference.

Principal findings

IgG against the combination of EXP1, AMA1 and MSP2 (P. falciparum) in children and NIE
(Strongyloides stercoralis) in adults and children had the highest accuracies (AUC = 0.942
and AUC = 0.872, respectively) as markers of current infection. IgG against the combination
of MEA and Sm25 (Schistosoma spp.) were also reliable markers of current infection (AUC
=0.779). In addition, 1gG seropositivity against 20 out of the 27 antigens in the panel differ-
entiated the seropositive endemic population from the non-endemic population, suggesting
a possible role as markers of exposure although sensitivity could not be assessed.

Conclusions

We provided evidence for the utility of antibody serology to detect current infection with para-
sites causing tropical diseases in endemic populations. In addition, most of the markers
have potential good specificity as markers of exposure. We also showed the feasibility of
measuring antibody serology with a platform that allows the integration of control and elimi-
nation programs for different pathogens.

Author summary

Parasitic worms and Plasmodium falciparum, the causal agent of malaria, are among the
most relevant parasitic diseases of our time and efforts are under way for their control
and, ultimately, elimination. An accurate diagnosis is relevant for case management, but
also allows calculating the prevalence and evaluating the effectiveness of treatment and
control measures. Unfortunately, current diagnostic methods for parasitic worms are not
optimal and many infections remain undetected. As for P. falciparum, current diagnostic
techniques are satisfactory but do not allow for ascertaining exposure, which is relevant
for evaluating control measures. Here we investigated the utility of measuring antibodies
to these parasites as a diagnostic method. Our results indicate that it is possible to detect
current infection with parasitic worms and P. falciparum using antibody detection with a
moderate to high accuracy. We also show that antibodies against the antigens in this study
have potential as markers of exposure. Importantly, we used a platform that allows for the
simultaneous detection of immunoglobulins to different parasites, which would be
extremely useful as a tool to integrate control and elimination programs for several
pathogens.

Introduction

Soil-transmitted helminths (STH) and Schistosoma spp. are amongst the most relevant
neglected tropical diseases (NTDs), affecting 1.5 billion and 236.6 million people worldwide,
respectively [1,2]. STH infections are caused by the parasitic worms Ascaris lumbricoides,
Ancylostoma duodenale, Necator americanus, Trichuris trichiura and Strongyloides stercoralis.
Malaria, caused by parasites of the genus Plasmodium, results in a high morbidity and
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mortality, with 241 million cases and 627,000 deaths in 2020 [3]. Both types of parasitic dis-
eases overlap geographically, especially in areas of sub-Saharan Africa [4].

Microscopic observation of eggs or larvae is the recommended procedure for the diagnosis
of STH and Schistosoma spp. infections. However, it requires well-trained personnel, is labori-
ous and time consuming. It is also dependent upon the intermittent shedding of eggs or larvae,
which requires collection of samples from different days for a correct detection [5-8]. On top
of that, the impact of the low sensitivity of microscopy is exacerbated with lower intensity and
prevalence of infections, which are likely after decades of Mass Drug Administration (MDA)
to control these infections [9].

The diagnosis of Plasmodium spp. is commonly done by the detection of parasites, their
genetic material or antigens in blood by microscopy, quantitative real-time polymerase chain
reaction (QPCR) or rapid diagnostic tests (RDT), respectively [10]. These methods also face
challenges, such as low parasitemia levels that remain undetected in the case of microscopy
and RDT, the need for well-trained personnel for microscopy or the required equipment in
low-income settings for qPCR.

Antibody serology could be a useful tool for detection of current infection but also expo-
sure, which is not captured by any of the diagnostic methods above. For helminths, antibody
serology has a particularly important role in the diagnosis of S. stercoralis infection, since con-
ventional methods have a very low sensitivity and specific antibodies generally decrease 6
months after treatment, which helps detect current and recent infections [11-13]. In fact, anti-
body serology against the NIE antigen from S. stercoralis has been used to monitor MDA pro-
grams thanks to the comparatively rapid decay of antibodies after clearance of infection
[14,15]. For other species, antibody serology is less common and not routinely implemented.
However, there is evidence of their potential. For example, a study has shown that increased
levels of immunoglobulin G4 (IgG4) against the Ascaris spp. antigen AsHb reflected recent
exposure to the parasite [16], and another study reported moderate accuracy of IgG against N.
americanus proteins in detecting current infection [17]. In the case of Schistosoma spp., there
are commercial kits that might be useful for the diagnosis of imported schistosomiasis in indi-
viduals from non-endemic or low-endemic areas, while in high- to moderate- endemic areas
they have proven limited utility [18,19]. For malaria, serology has mostly been used to measure
exposure and determine malaria endemicity, transmission intensity and to monitor interven-
tions [20,21]. In fact, this ability of antibodies to capture exposure even in the absence of cur-
rent infection has been exploited as an useful tool in control and elimination programs for
other infections to monitor changes in transmission, such as the elimination programs of lym-
phatic filariasis [22], onchocerciasis [23] and trachoma [24].

Identification of patent helminth infection and Plasmodium spp. parasitemia by serology
can be challenging, particularly in endemic areas, due to the generally long-lasting antibody
responses and repeated exposure [21,25]. However, it might be useful in patients who have
been in endemic areas for the first time, for less prevalent infections, or in cases of very low
parasite burden [26,27], for which highly sensitive diagnostic tests are required.

Increasing evidence indicates that the potent immunomodulatory effects of helminths
might have effects on the immune response to P. falciparum [4]. Moreover, we have recently
shown that this interaction might be bidirectional, since it was observed that exposure to or
co-infection with helminths and P. falciparum was associated with an increase in antibody
responses to antigens from both pathogens [28]. Given the reported bidirectional impact on
the immune responses to both parasitic infections, it is relevant to study antibody serological
diagnostic methods in a context where co-infections might occur and affect the accuracy of the
diagnosis. In this study we have evaluated total IgE and antigen-specific IgGs against a wide
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panel of antigens from helminths (STH, Schistosoma spp.) and P. falciparum parasitic infec-
tions as potential markers of current infection.

Methods
Ethics statement

The study was carried out according to the principles of the Declaration of Helsinki. Written
informed consent from individuals older than 18 years old who were willing to participate was
obtained. In the case individuals younger than 18 years old, their parents or guardians pro-
vided a written informed consent. Additionally, participants from ages 15 to 17 also gave writ-
ten informed assent. For illiterate individuals, written informed consent was conducted in
presence of a literate witness independent from the study. Samples analyzed in this study
received ethical clearance for immunological evaluation and/or inclusion as controls in immu-
noassays. The protocols and informed consent forms were approved by the Institutional
Review Board at Hospital Clinic in Barcelona (Ref.: CEIC-7455) and the National Bioethics
Committee for Health in Mozambique (Ref.: 517/CNBS/17).

Study samples

Stool, urine, and blood samples were collected and analyzed from children (5-15 years old)
(N =363) and adults (>15 years old) (N = 352) from Manbhica district, a malaria [29] and hel-
minth [30] endemic area in Maputo province, Southern Mozambique (N = 715). Biological
samples were collected in the context of a community-based, case-cohort study (MARS).
MARS aimed to design and implement a surveillance platform to identify and characterize
genotypically and phenotypically anthelmintic resistance in Manhiga district [30].

Briefly, collection of samples took place between December 2017 and December 2018 and
followed a grid-sampling methodology, whereby households in a defined area from Manhica
district were randomly selected and the closest to the centroid was chosen [30]. A field worker
visited the household and invited two people to participate, one between the ages of 5 and 15
and the other over 15 years old. The participants in the study were censed in the Manhica
Health Research Centre (CISM) Demographic Surveillance System and had not taken anthel-
mintics at any time during the previous 30 days [30]. No information regarding symptomatol-
ogy was collected. The samples analyzed here are from the initial cross-sectional survey
performed at the beginning of the study.

Initially, the study recruited 819 individuals. The final sample size for this analysis was 715.
One-hundred and three samples were excluded from the analysis because they were either not
shipped to Barcelona (Spain) (N = 5) or due to study withdrawal (N = 25), sample insufficiency
(N = 4) or incorrect serum elution (N = 69).

Serum samples from Spanish adult donors were used as unexposed negative controls (NC)
(N = 50) in the serological assays. They represent individuals from a non-endemic area who
had never travelled to any countries endemic for the infections addressed in the study.

Study area and evidence of prevalence of parasitic infections

As reported by national health ministries to the Expanded Special Project for Elimination of
Neglected Tropical Diseases (ESPEN) through World Health Organization (WHO) reporting
processes, the endemicity of STH and schistosomiasis prior to sample collection in the region
were moderate (20-49.9% and 10-49.9% prevalence, respectively), despite receiving MDA
(PZQ+ALB/MBD) [31]. However, differences at district or smaller areas are probable. In this
regard, a report from a hospital-based, cross-sectional study performed in Manhica district
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between 2015 and 2016 informed about the prevalence of hookworm, T. trichiura, A. lumbri-
coides and S. stercoralis in children between 2- and 10-years old attending the hospital and
reported a percentage of infection of 3% for N. americanus, 0.5% for A. duodenale, 4% for T.
trichiura, 7.4% for A. lumbricoides and 8.6% for S. stercoralis [32]. Nonetheless, that study was
biased toward sick and symptomatic children and is not representative of the whole popula-
tion. In addition, a previous report from the MARS study provided the quantitative results by
Kato-Katz and informed that none of the infections in the study were of high intensity and
only 1.8% had a moderate intensity infection detected by single Kato-Katz from one stool, sug-
gesting that this is a low-intensity infection area [30]. Regarding P. falciparum, there was a
trend for increased incidence of malaria from 2010 to 2016 in Mozambique and the country
appeared as the 4™ contributing country to global malaria cases in 2016, accounting for 4% of
the global toll [33]. In the region of Manhiga district, the most recent indicators of P. falcipa-
rum are from 2013 in a well-known high transmission area also included in this study, where
the increasing trend observed at national level was also observed [34].

Detection of helminth and P. falciparum infections by the reference
methods

Helminth infections were detected by microscopic and molecular diagnosis at the Manhiga
Health Research Centre (CISM) (Mozambique) and Leiden University Medical Center (The
Netherlands), respectively.

Microscopic diagnosis of N. americanus, A. duodenale, T. trichiura, A. lumbricoides and S.
mansoni was performed by search of eggs in two stool samples from two consecutive days
using duplicate Kato-Katz thick smear technique and Telemann technique [35,36]. S. stercora-
lis was detected in two stool samples from two consecutive days using the Telemann technique
[36]. S. haematobium infection was detected by microscopy after urine filtration [35]. Individ-
uals were considered to be positive for helminth infection by copromicroscopy if they had a
positive result in at least one of the stool samples [30].

Molecular diagnosis was also performed in one stool sample per participant by multiplex
semi-qPCR, as described in detail elsewhere [30]. Two different multiplex detection panels
were used; panel 1 targeted Schistosoma spp. and T. trichiura, and panel 2 targeted A. duode-
nale, N. americanus, A. lumbricoides and S. stercoralis. Of note, qQPCR to detect helminth infec-
tions was not performed in 25 out of the 715 samples from the endemic population.

P. falciparum infection was determined at the Barcelona Institute for Global Health (ISGlo-
bal) (Spain) by 18S ribosomal RNA gene detection through qPCR from dried blood spot
(DBS) samples as previously described [28].

Serological assays

A detailed explanation of the antigen panel and serum elution procedure from DBS used for
this analysis is described in Santano et al. 2021 [28]. Eluted serum was used to measure total
IgE and antigen-specific IgG by quantitative suspension array technology (qSAT) using xMAP
Luminex technology against a panel of 27 antigens: 16 from P. falciparum (o-gal, CelTOS,
SSP2,LSA1, EXP1, AMA1, EBA175, MSP1 block 2, MSP1,,, MSP2, MSP3, MSP5, P41, RH1,
RH5 and PTRAMP) and 11 from helminths (hookworm [NaGST1, NaAPR1, NaSAA2,
AyCp2], Trichuris spp. [TmWAP, Tm16], Ascaris spp. [As16, As37], S. stercoralis [NIE] and
Schistosoma spp. [MEA, Sm25]). The antigens and a capture anti-human IgE (Mouse anti-
Human IgE Fc; ref. ab99834, Abcam PLC, Cambridge, UK) were coupled to magnetic MagPlex
6.5um COOH-microspheres (Luminex Corporation, Austin, USA). The antigen-coupled
beads were used in multiplex while the anti-human IgE-coupled beads were used in singleplex.
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Coupled beads were incubated with test and control serum samples, in black 96-well puClear
flat bottom plates at 4°C overnight (ON) in a shaker at 600 rpm. For the antigen-specific IgG
quantification we assayed the samples at 1:100 and 1:2000 dilutions, and for total IgE quantifi-
cation we assayed the samples at 1:50 dilution. After the ON incubation beads were washed
three times with PBS-0.05% Tween20, using a manual magnetic washer platform (ref. 40-285,
Bio-Rad, Hercules, USA), and the biotinylated secondary anti-human IgG (ref. B1140-1ML,
MilliporeSigma, St. Louis, USA)] and anti-human IgE (ref. A18803, Invitrogen, Waltham,
USA) antibodies were added at 1:1250 and 1:100 dilutions, respectively, and incubated for 45
min at room temperature (RT) shaking at 600 rpm. Then, beads were washed three times and
streptavidin-R-phycoerythrin (ref. 42250-1ML, MilliporeSigma, St. Louis, USA) was added at
1:1000 dilution and incubated at RT for 30 min at 600 rpm. Finally, beads were washed, resus-
pended, and at least 50 beads per analyte and sample were acquired in a FlexMap 3D xMAP
instrument (Luminex Corporation, Austin, USA). Crude median fluorescent intensities (MFI)
and background fluorescence from blank wells were exported using the xPONENT software
v.4.3 (Luminex Corporation, Austin, USA).

Data analysis

To determine the seropositivity and perform the statistical analysis, normalized and dilution
corrected antibody data were log;o-transformed. Detailed information on the processing of
data can be found in Santano et al. 2021 [28].

The receiver operating characteristic (ROC) curves and their corresponding areas under
the curve (AUC) for each antibody response were built with the R CRAN package pROC [37]
using the log;,-transformed MFIs as predictor and the microscopic, molecular or combination
of both diagnoses as response variable. Since antibodies are acquired over time [28], we also
performed the analysis stratified by age group (children and adults). In addition, to eliminate
the possible interference of helminths and P. falciparum co-infections with the performance of
the assessed markers, we estimated additional ROC curves and AUC analyses where the log;
MFIs from samples with only one infection (cases) or no infection (controls) diagnosed by the
corresponding method were used as predictors, and the microscopic, molecular or combina-
tion of both diagnoses as response variables. Finally, we also evaluated the performance of
combined antibody serological markers for those parasites for which more than one antigen
was available. To do so, we built logistic regression models using the R function “glm” with the
combination of log;o-transformed MFIs as predictor variable and the microscopic, molecular
or combination of both diagnoses as response variable. The predicted values fitted by those
models were then used to build the ROC curves and calculate the corresponding AUCs. For
those parasites with only two antigens in the panel (Ascaris spp., Trichuris spp. and Schisto-
soma spp.), we performed the analysis with the combination of those two antigen-specific IgG
levels. For hookworm we performed all the possible combinations and selected the one that
gave the best AUC with the lowest number of predictors. In the case of P. falciparum antigens,
we followed the same strategy but we included only the top performers to calculate the combi-
nations, whether for the whole population (10 top performers, 1013 models) or stratified by
age (adults: 10 top performers, 1013 models; children: 3 top performers, 4 models). For the
analysis of antigen-specific IgG, MFI data from the 715 samples from endemic individuals and
the 50 samples from Spanish donors were used. In the case of total IgE only MFI data from
endemic individuals were used, since there are other IgE-inducing pathologies, such us allergy,
which are prevalent in Spain and render these samples not useful as negative controls.

Five seropositivity cutoffs were compared to evidence the options that can be used in sce-
narios requiring prioritization of specificity, sensitivity or a more balanced performance, and
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to contrast the performance of cutoffs calculated with data from non-endemic or endemic
populations. The Expectation-Maximization (EM) cutoff was estimated using Gaussian Mix-
ture Models for each antigen-specific IgG and total IgE in the study population. Two models,
estimated by the EM algorithm, were fitted assuming either equal or unequal variances, and
each of those two models were built with two clusters for classification, which were meant to
represent the distribution of seropositive and seronegative samples in the endemic population.
For each antigen, classification of samples was done using the model showing the optimal
Bayesian Information Criterion (BIC). The models were fitted using the R CRAN package
mclust [38]. The NC cutoff was calculated as the mean plus 3 standard deviations of the log;o-
transformed MFIs from the Spanish donors for each antigen-specific IgG. Finally, the ROC
curves were used to generate three different cutoffs. The first one prioritized a minimum speci-
ficity of 95% (95SP) and the maximum sensitivity within the possible cutoffs. The second one
prioritized a minimum sensitivity of 95% (95SE) and the maximum specificity within the pos-
sible cutoffs. The third one prioritized the maximum Youden’s index (YI), which is the cutoff
with the maximum distance from the line of identity.

We then evaluated whether having an infection with any of the parasites detected in the
study had an effect on the specific IgG levels and therefore influenced the false positive or false
negative rates for a given seropositivity cutoff. To do so, for each antigen in the panel we
selected the individuals who had a negative diagnosis for the corresponding species (i.e.: for
NIE [from S. stercoralis] we selected all individuals with a negative S. stercoralis diagnosis).
Among these individuals, we selected those who had only one single infection (to avoid inter-
ferences from co-infections) or no infection diagnosed. Finally, we compared the antibody lev-
els for each species to the levels of those with no infection diagnosed. Pairwise comparisons
were done by Wilcoxon rank-sum test and Holm adjustment for multiple testing. P
values < 0.05 were considered statistically significant.

All data processing and statistical analyses were performed using the statistical software R
version 4.0.3. R CRAN packages used to manage data, generate tables and plots were tidyverse
[39], ggpubr [40], ggbeeswarm [41] and UpSetR [42].

Results
Prevalence of infections among study participants

When considering both microscopic and qPCR diagnoses, the most prevalent helminth infec-
tion among study participants was hookworm (28%), followed by T. trichiura (14.41%), Schis-
tosoma spp. (12.03%), S. stercoralis (10.35%) and A. lumbricoides (7.41%) (S1 Table). T.
trichiura was more frequent among children while hookworm, S. stercoralis and Schistosoma
spp. were more common among adults, and A. lumbricoides had a similar distribution across
age groups. The percentage of the population of study with a P. falciparum infection detected
by qPCR was 9.93%, and it was slightly more common among adults.

Polyparasitism was less frequent than single infections, with a percentage among infected
people of 23.93% for helminth infections detected by microscopy, 30.81% when detected by
qPCR and 33.41% when detected by either of the methods (Fig 1). In general, the most com-
mon coinfections were with hookworm given that it was the most frequent parasite.

Antibody serological markers of current helminth infection

A good serological marker of current infection should be able to distinguish those currently
infected from those not infected although previously exposed. The ROC curves analyses and
their corresponding AUC showed that IgG levels against most of the helminth antigens in the
panel had alow (0.50 < AUC > 0.70) or null accuracy (0.50 < AUC) [43] in detecting current
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Fig 1. Frequencies of helminth and Plasmodium falciparum single infections and polyparasitism in the study
cohort. Rows represent the number of infections by parasite (sets) and columns represent the frequency of single
infections and coinfections (intersections) when helminth infection was detected by microscopy (A), gPCR (B) or the
combination of both (C). In all cases, infection of P. falciparum was detected by qPCR. In the case of helminth
detection by qPCR, there were 25 samples for which helminth qPCR was not available. Filled dots show which set is
part of an intersection and when more than one set is involved, they are connected by lines. At the bottom, the sample
size and percentage of single infections of polyparasitism with respect to the total of infected individuals are indicated.

https://doi.org/10.1371/journal.pntd.0010138.9001

helminth infection as defined by microscopy, qPCR or their combination (Fig 2A and S2
Table). However, IgG levels against some antigens showed a moderate accuracy

(0.70 < AUC > 0.90) in detecting current infection. Namely, NIE from S. stercoralis had an
AUC = 0.872 using qPCR as a reference, while the AUCs using microscopy or both techniques
were slightly lower (Figs 2A and 3). However, the number of S. stercoralis infections detected
by microscopy was very low (N = 8), probably giving unreliable results. MEA and Sm25 from
Schistosoma spp. had AUC = 0.746 and AUC = 0.741, respectively, using S. mansoni micros-
copy data as reference (Figs 2A and 3). Sm25 also showed moderate AUC when using Schisto-
soma spp. microscopy (AUC = 0.721), Schistosoma spp. gPCR (AUC = 0.712) or

S. haematobium microscopy (AUC = 0.711) as references (Figs 2A and 3). The remaining

e e e bl L (A
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Fig 2. Areas under the curve from receiver operating characteristic curve analysis for helminth-specific IgG levels in the whole population (A) or stratified by age
(B). Dashed lines represent the accuracy thresholds: null if AUC < 0.5, low if 0.5 < AUC > 0.7, moderate if 0.7 < AUC > 0.9 and high if AUC > 0.9. AUC: Area Under
the Curve; CI: Confidence Interval; M: Microscopy; P: gPCR; MP: Microscopy and qPCR combined. Asc: Ascaris spp.; Hoo: Hookworm; Tri: Trichuris spp.; Str:

Strongyloides stercoralis; Sch: Schistosoma spp.; Sh: Schistosoma haematobium; Sm: Schistosoma mansoni. Complementary information for this figure can be found in S2

Table.

https://doi.org/10.1371/journal.pntd.0010138.9g002
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Fig 3. Receiver operating characteristic curves and their corresponding areas under the curve from the best performing IgG responses in detecting
current helminths infection. IgG responses (log;o-transformed median fluorescence intensity [MFI] levels) against S. stercoralis (NIE) and Schistosoma spp.
(MEA and Sm25) antigens in serum samples from 715 endemic individuals and 50 Spanish donors were used as predictor variables. Microscopic (M), qPCR
(P) or the combination of both (MP) diagnoses were used as response variables. S spp.: Schistosoma spp.; Sh: Schistosoma haematobium; Sm: Schistosoma
mansoni. AUC: Area Under the Curve.

https://doi.org/10.1371/journal.pntd.0010138.9g003
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cases had all AUC < 0.700 (Fig 2A and S2 Table). When all specific-IgG responses were com-
bined for helminths with more than one antigen in the panel, we observed a slight improve-
ment in the AUCs for Schistosoma spp. (S1 Fig) but no improvement for the rest.

After stratifying by the age group, the performance for NIE improved for adults when using
microscopy as reference, but the cases were very few (N = 5) to generate reliable results (Fig
2B and S2 Table). On the other hand, the results using qQPCR or qPCR combined with micros-
copy as references were only slightly better in children compared to adults or equal, respec-
tively, but lower than before the age stratification (Fig 2B and S2 Table). As for Schistosoma
spp., moderate and high AUC values were higher than in the non-stratified analysis, but the
children (N < 5) and adult (N = 11) sample size after stratification was much reduced in those
cases (Fig 2B and S2 Table).

Finally, the analysis removing all individuals with other infections besides the one being
evaluated (for cases) and any infection at all (for controls), revealed that the AUC reached
excellent levels for NIE (AUC > 0.9), although the sample size of cases by microscopy was very
small (N = 3) (S4 Table).

Total, not antigen-specific IgE levels were also evaluated as a proxy of current helminth
infection. They showed low accuracy for most infections, but moderate accuracy in detecting
infections by Schistosoma spp. (AUC = 0.715), S. mansoni (AUC = 0.728), S. haematobium
(AUC =0.712) and hookworm (AUC = 0.700) as defined by microscopy (Figs 4A and 5 and
S2 Table). When infections were detected by qPCR or qPCR combined with microscopy,
AUCs were slightly lower. Total IgE also had a moderate accuracy for S. stercoralis
(AUC = 0.722), but the sample size of cases diagnosed by microscopy was very small (N = 8,
Fig 4A and S2 Table). After stratifying by age group, the AUCs for hookworm and Schisto-
soma spp. infections either did not improve or were only slightly better in children than adults
(Fig 4B and S2 Table). Finally, the analysis removing all individuals with other infections
besides the one being evaluated (for cases) or any infection at all (for controls), showed that
total IgE had an AUC = 0.707 using microscopic diagnosis of hookworm as reference (S4
Table). Total IgE using microscopic diagnosis of S. mansoni as reference had an AUC = 0.741,
but the sample size of controls was small (S4 Table).

Antibody serological markers of current P. falciparum infection

IgG levels against most P. falciparum antigens, including MSP2 (AUC = 0.826), EXP1

(AUC =0.798), MSP1,4, (AUC = 0.790), AMA1 (AUC = 0.785), MSP5 (AUC = 0.784), MSP3
(AUC = 0.772), PTRAMP (AUC = 0.735), RH1 (AUC = 0.726), EBA175 (AUC = 0.721) and
LSA1 (AUC = 0.707) showed a moderate accuracy in detecting P. falciparum infection as
defined by qPCR diagnosis (Fig 6A and S3 Table). IgG levels against the remaining P. falcipa-
rum antigens of the panel had low accuracy in detecting current P. falciparum infection (S3
Table). The top performers mentioned above were used to calculate all possible combinations
and build the regression models. The combination that yielded the highest AUC with the sim-
plest formula was AMA1 + EBA175 + MSP1,, + MSP2 + MSP3 + MSP5 with an AUC = 0.853
(S1 Fig), only slightly better than the best performer MSP2.

After stratifying by age group, AUC values improved for most of the antigens in children
except for CelTOS, LSA1, MSP1 block 2 MAD20, RH1 and PTRAMP, for which the values were
higher in adults (S3 Table). Remarkably, AUC values in children reached high levels (>0.9) for
EXP1, AMALI and MSP2 (Fig 6B and S3 Table). These top performers were used to calculate all
possible combinations for the analysis in the children group, while CelTOS, LSA1, EXP1, MSP1
block 2, MSP1,,, MSP2, MSP3, MSP5, RH1 and PTRAMP were used for the adult group. The
best combinations and their corresponding AUCs were: EXP1 + AMA1 + MSP2 with
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Fig 4. Areas under the curve from receiver operating characteristic curve analysis for total IgE. The performance of total IgE levels to detect helminth or Plasmodium
falciparum infections in the whole population is shown in A and stratified by age in B. Dashed lines represent the accuracy thresholds: null if AUC < 0.5, low if

0.5 < AUC > 0.7, moderate if 0.7 < AUC > 0.9 and high if AUC > 0.9. AUC: Area Under the Curve; CI: Confidence Interval; M: Microscopy; P: qQPCR; MP: Microscopy
and qPCR combined. Asc: Ascaris spp.; Hoo: Hookworm; Tri: Trichuris spp.; Str: Strongyloides stercoralis; Sch: Schistosoma spp. Hel: Helminths; Pf: Plasmodium
falciparum.; Sh: Schistosoma haematobium; Sm: Schistosoma mansoni. Complementary information for this figure can be found in S2 and S3 Tables.

https://doi.org/10.1371/journal.pntd.0010138.g004

AUC = 0.942 for children (S1 Fig) and LSA1 + EXP1 + MSP142 + MSP2 + MSP3 + MSP5

+ PTRAMP with AUC = 0.848 for adults (S1 Fig). In addition, when all individuals with helminth
infections were removed from the analysis, the AUC values slightly improved for most antigens
with moderate AUC in the analysis including adults and children together (54 Table).

Alternative seropositivity cutoffs for current infection

To further explore alternative ways to detect current infection, we investigated other possible
seropositivity cutoffs extracted from the ROC analysis that could serve in different scenarios
that would require prioritization of specificity, sensitivity or both. We also explored the ability
of the EM cutoff to detect current infection. Finally, we assessed the performance of the classi-
cal cutoff based on the IgG levels measured in samples from a naive population, in this case the
Spanish donors, calculated as the mean plus 3 standard deviations. The results are summarized
in Fig 7 for the top performer antigens of the panel (NIE, MEA, Sm25, EXP1, AMALI and
MSP2) and for the rest of the antigens in S2 and S3 Figs and S5 Table, where the specificity
and sensitivity of each cutoff method are indicated.

For NIE specially, the EM cutoff provided a good trade-off between specificity (~80%) and
sensitivity (~80%) and it overlapped with the Youden’s Index cutoft (Fig 7 and S5 Table). For
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Fig 5. Receiver operating characteristic curves and their corresponding areas under the curve from the best performing total IgE responses in detecting
current hookworm and Schistosoma spp. infection. Total IgE responses (log;,-transformed median fluorescence intensity levels) in serum samples from 715
endemic individuals were used as predictor variable. Microscopic (M), qPCR (P) or the combination of both (MP) diagnoses for hookworm and Schistosoma
spp. were used as response variables. DX: diagnosis; S spp.: Schistosoma spp.; Sh: Schistosoma haematobium; Sm: Schistosoma mansoni; AUC: Area Under the
Curve.

https://doi.org/10.1371/journal.pntd.0010138.9g005

Sm25, when taking Schistosoma spp. infection as a reference defined by the combination of
microscopy and qPCR, the EM cutoft also overlapped with the Youden’s Index cutoff but the
sensitivity was compromised (~70%) by the large variability in the NC, as reflected by the ele-
vated NC cutoff (Fig 7 and S5 Table). On the other hand, responses against MEA induced less
variability in the NC, but the EM and Youden’s Index cutoffs did not overlap. In this case, the
EM cutoff had a 28% sensitivity and 82% specificity, while the Youden’s Index cutoff had a
70% sensitivity and 56% specificity (Fig 7 and S5 Table) when taking Schistosoma spp. infec-
tion as a reference defined by the combination of microscopy and qPCR.

For EXP1, AMA1 and MSP2, all cutoffs, except the cutoff that prioritized specificity, had
sensitivity values above 94% and specificity values between 30-55% with the exception of the
Youden’s Index cutoff for MSP2 (~75% sensitivity and specificity) (Fig 7 and S5 Table).

Effect of other infections on parasite-specific antibody levels

We assessed the effect of each single infection analyzed on the antigen-specific IgG levels of
the top performer antigens of the panel (NIE, MEA, Sm25, EXP1, AMA1 and MSP2) to evalu-
ate if other infections could be associated with false seropositive responses. S. stercoralis single
infection was associated with statistically significantly higher IgG levels to MEA, Sm25, EXP1,
AMA1 and MSP2 compared to no infections (Fig 8). In addition, Schistosoma spp. single infec-
tion was associated with statistically significantly higher IgG levels to NIE, AMA1 and MSP2
compared to no infections (Fig 8). Conversely, infection with T. trichiura was associated with
statistically significantly lower IgG levels to MEA, EXP1, AMA1 and MSP2 compared to those
with no infections (Fig 8). The same patterns for S. stercoralis, Schistosoma spp. and T.
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Fig 6. Receiver operating characteristic curves and their corresponding areas under the curve from the best performing IgG responses in detecting
current Plasmodium falciparum infection. A. IgG responses (log;o-transformed median fluorescence intensity [MFI] levels) against LSA1, EXP1, AMA1,
EBA175, MSP1,,, MSP2, MSP3, MSP5, Rh1 and PTRAMP in serum samples from 715 endemic individuals and 50 Spanish donors were used as predictor
variables and qPCR results as response variable. B. IgG responses (log;o-transformed MFI levels) against EXP1, AMA1 and MSP2 in serum samples from
children (N = 363) and adults (N = 352) were used as predictor variables and qPCR results were used as response variable. In each age group, antibody levels in
samples from the 50 Spanish donors were used as negative controls. AUC: Area Under the Curve.

https://doi.org/10.1371/journal.pntd.0010138.g006

trichiura infections were observed among the rest of the antigens of the panel (S4 and S5 Figs).
We also evaluated how the proposed cutoffs would classify those individuals with increased
antibody levels that have a negative diagnosis for the corresponding parasite to the antigen.
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Fig 7. Helminth and Plasmodium falciparum antigen-specific IgG levels in non-endemic and endemic populations and seropositivity cutoffs calculated by different
methods. Antibody levels are presented as the log,o-transformed median fluorescence intensity (MFI) of IgG against Strongyloides stercoralis (NIE), Schistosoma spp.
(Sm25 and MEA) and P. falciparum (EXP1, AMA1 and MSP2) antigens. In the endemic population, filled dots highlight individuals with a helminth infection with the
corresponding parasite for each antigen detected by microscopy and/or qPCR in the case of helminths and qPCR in the case of P. falciparum. The boxplots represent the
median (bold line), the mean (black diamond), the first and third quartiles (box) and the largest and smallest values within 1.5 times the interquartile range (whiskers).
Data beyond the end of the whiskers are outliers. Cutoff95SE: cutoff prioritizing a minimum sensitivity of 95%; Cutoff95SP: cutoff prioritizing a minimum specificity of
95%; CutoffYT: cutoff corresponding to the maximum Youden’s Index; CutoffEM: cutoff defined by the Expectation-Maximization algorithm; CutoffNC: cutoff calculated
as mean + 3*standard deviations of the log;o-transformed MFI levels from the non-endemic population. NE: Non-Endemic (N = 50), E: Endemic (N = 715). The rest of
the antigens are in S2 and S3 Figs.

https://doi.org/10.1371/journal.pntd.0010138.9007

Taking NIE as an example only the 95% specificity cutoff classifies as seronegative most of
those individuals that are S. stercoralis negative but Schistosoma spp. positive (Fig 8). However,
this cutoff has a very reduced sensitivity (Fig 8 and S5 Table). This applies also to the rest of
the top performing antigens, although in the case of Sm25, the NC cutoff has the highest speci-
ficity (Fig 8 and S5 Table).

Performance of antibodies as markers of exposure

Besides current infection, in some contexts it may be useful to be able to detect and quantify
exposure. The cross-sectional design of this study did not allow for evaluating recent versus
past exposure. Therefore, we explored the ability of serology to differentiate individuals from a
non-endemic area (NC) from likely exposed individuals from an endemic area. To do so, we
took as reference the EM cutoff, which splits the Mozambican individuals into two populations
(seronegative and seropositive) based on the distribution of antibody levels to each antigen.
We considered as potential good markers of exposure those antibodies that had a high specific-
ity, i.e., those for which levels in the non-endemic population had little or no overlap with lev-
els in the seropositive individuals from the endemic population, as defined by the EM cutoff.
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Fig 8. Effect of single infections on IgG levels to other infections. Only individuals with single infections or no infections at all detected by the combination of
microscopy and gPCR are shown. Antibody levels are presented as the log;,-transformed median fluorescence intensity (MFI) of IgG against Strongyloides stercoralis
(NIE), Schistosoma spp. (Sm25 and MEA) and P. falciparum (EXP1, AMA1 and MSP2) antigens. For each antigen, antibody levels for each species were compared to the
levels of those with no infection and the corresponding species to the antigen was shown as a reference. Statistical comparison between groups was performed by Wilcoxon
rank-sum test and the adjusted P values by the Holm approach are shown. Statistically significant P values are highlighted in bold. The sample size of each group is shown
below each boxplot. The boxplots represent the median (bold line), the mean (black diamond), the first and third quartiles (box) and the largest and smallest values within
1.5 times the interquartile range (whiskers). Data beyond the end of the whiskers are outliers. Cutoff95SE: cutoff prioritizing a minimum sensitivity of 95%; Cutoffo5SP:
cutoff prioritizing a minimum specificity of 95%; CutoftYI: cutoff corresponding to the maximum Youden’s Index; CutoffEM: cutoff defined by the Expectation-
Maximization algorithm; CutoffNC: cutoff calculated as mean + 3*standard deviations of the log;o-transformed MFI levels from the non-endemic population. Asc: Ascaris
spp.; Hoo: Hookworm; Tri: Trichuris spp.; Str: Strongyloides stercoralis; Sch: Schistosoma spp. Hel: Helminths; Pf: Plasmodium falciparum. The rest of the antigens are in
S4 and S5 Figs.

https://doi.org/10.1371/journal.pntd.0010138.g008

Based on this, IgG levels against As37 (from Ascaris spp.), NIE (from S. stercoralis) and
MEA (from Schistosoma spp.) were able to perfectly separate the non-endemic population
from the seropositive endemic population (Fig 9). As16 (from Ascaris spp.), NaAPR1,
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Fig 9. Helminth antigen-specific IgG levels in non-endemic and endemic populations and seropositivity cutoffs by the Expectation-Maximization algorithm.
Antibody levels are presented as the log;,-transformed median fluorescence intensity (MFI) of IgG against helminth antigens. In the endemic population, filled dots
highlight individuals with a helminth infection with the corresponding parasite for each antigen detected by microscopy and/or qPCR. The dashed line represents the
serology cutoff calculated with the Expectation-Maximization algorithm. Individuals above (orange) or below (grey) this cutoff were considered seropositive or
seronegative, respectively. At the top of each plot, the absolute number and percentage of seropositive individuals with respect to the Non-Endemic (NE) (N = 50) or
Endemic (E) (N = 715) populations are indicated. The boxplots represent the median (bold line), the mean (black diamond), the first and third quartiles (box) and the
largest and smallest values within 1.5 times the interquartile range (whiskers). Data beyond the end of the whiskers are outliers.

https://doi.org/10.1371/journal.pntd.0010138.g009

NaGST1, NaSAA?2 (from hookworm) and Tm16 (from Trichuris spp.) also had quite good per-
formance in distinguishing the non-endemic population from the seropositive endemic popu-
lation with the only exceptions of a few outliers among the non-exposed individuals (Fig 9).
On the contrary, IgG levels against AyCp2 (from hookworm), TmWAP (from Trichuris spp.)
and Sm25 (from Schistosoma spp.), were elevated in the non-endemic population (Fig 9) sug-
gesting low specificity.

In the case of P. falciparum antigens, IgG levels against o.-gal, MSP1 block 2 and MSP2 per-
fectly distinguished the non-endemic population from the seropositive endemic population
(Fig 10). IgG levels against AMA1, EBA175, EXP1, LSA1, MSP1,,, MSP5, RH1, RH5 and
PTRAMP also distinguished the non-endemic population from the seropositive endemic
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Fig 10. Plasmodium falciparum antigen-specific IgG levels in non-endemic and endemic populations and seropositivity cutoffs by the Expectation-Maximization
algorithm. Antibody levels are presented as the log;,-transformed median fluorescence intensity (MFI) of IgG against P. falciparum antigens. In the endemic population,
filled dots highlight individuals with a P. falciparum infection detected by qPCR. The dashed line represents the serology cutoff calculated with the Expectation-
Maximization algorithm. Individuals above (orange) or below (grey) this cutoff were considered seropositive or seronegative, respectively. At the top of each plot, the
absolute number and percentage of seropositive individuals with respect to the Non-Endemic (NE) (N = 50) or Endemic (E) (N = 715) populations are indicated. The
boxplots represent the median (bold line), the mean (black diamond), the first and third quartiles (box) and the largest and smallest values within 1.5 times the
interquartile range (whiskers). Data beyond the end of the whiskers are outliers.

httpsz//doi.org/10.1371/journal.pntd.0010138.9010
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population with the only exceptions of a few outliers among the non-exposed individuals (Fig
10). Finally, IgG levels against CelTOS, MSP3, P41 and, specially, SSP2, were elevated in the
non-endemic population (Fig 10).

Discussion

Antibody serology is a useful tool that can be exploited not only for understanding and detect-
ing immunity to infections, but also for monitoring exposure and current infection. Here, we
evaluated the ability of serology, measuring total IgE and specific IgG against a panel of STH,
Schistosoma spp. and P. falciparum antigens, to detect current infection compared to micros-
copy, molecular diagnosis or the combination of both diagnoses, and to detect past exposure.
Our study has proved the feasibility to use gSAT to measure antibody levels against a large
panel of parasite antigens in serum eluted from DBS. The fact that Luminex allows for multi-
plexing several antigens with a very small amount of sample shows an advantage over conven-
tional ELISAs, since it could be easily implemented for the detection of antibody responses to
several pathogens simultaneously, and allows the integration of control programs for different
pathogens. In addition, finger-pricking for the collection of DBS is a minimally invasive tech-
nique and is particularly practical for remote health and surveillance programs, since it offers
simplified logistics and it is more cost effective than serum collection.

While IgG levels against most of the helminth antigens included in our panel were not
good markers of current infection, many might be good enough markers of exposure. IgG to
NIE (S. stercoralis), MEA and Sm25 (Schistosoma spp.), and MSP2 (P. falciparum) antigens
showed the most promising results in detecting current infection. This is of particular interest
for S. stercoralis due to the need for improved diagnosis. Microscopic examination has a very
low sensitivity [44,45], as we have also verified by comparing the low number of S. stercoralis
positive individuals detected by microscopy with those detected by qPCR. However, qPCR
and other methods with better sensitivity than microscopy, such as the Baermann technique
and Koga agar plate culture, could still leave out some infections given the frequency of low-
burden infections [45]. Serological tests based on the detection of antibodies to whole S. ster-
coralis parasites or crude extracts have already shown excellent results [44,45]. Nonetheless,
the need for a constant supply of parasites and variability of the source are limitations of those
assays [46]. On the other hand, antibody serological methods based on recombinant proteins,
such as NIE [47], are more reproducible. Recently, a study evaluated the performance of two
ELISAs that detect IgG and IgG4 against NIE and S. stercoralis immunoreactive (SsIR) antigen
and found specificities between 91-98% and sensitivities between 78-92% [48]. In our study,
the cutoff with the maximum Youden’s index results in specificity and sensitivity of around
79% and 85%, respectively. One source of variations in accuracy is cross-reactivity. For exam-
ple, the AUC for IgG against NIE increased and reached high accuracy after elimination of
those samples from participants with other helminth and P. falciparum infections detected in
our study. This informs of a possible cross-reactivity with other species and therefore accuracy
might vary depending on the prevalence of other infections in the target area. This is particu-
larly relevant for international travelers and people living in very low prevalence settings for
co-infections. However, a study using NIE serology found no cross-reactivity between S. ster-
coralis and infections with other STH [49].

Interestingly, our results indicate that infection by Schistosoma spp. was associated with
increased levels to NIE, AMA1 and MSP2, among others in the panel, and infection by S. ster-
coralis was associated with elevated IgG levels to all antigens. Such generalized pattern would
suggest other mechanisms rather than cross-reactivity, like induction of polyreactive antibod-
ies [50,51]. Another possibility is that increased antibody levels simply reflect an increased
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susceptibility and exposure to infections among Schistosoma spp. and S. stercoralis infected
individuals. In any case, it should be considered that these infections might reduce the specific-
ity of the assay, resulting in false positive results. These findings also underscore the impor-
tance of evaluating antibody serological tools in areas of co-endemicity. Conversely, the
opposite pattern has been associated with T. trichiura infected individuals, in which IgG levels
were generally lower than the non-infected individuals. This suggests a possible immunomo-
dulation by T. trichiura as observed by others [52] which could reduce the sensitivity of the
assay.

The WHO included the control of morbidity caused by S. stercoralis as one of its objectives
for 2030 [1] and in September 2020 there was a WHO meeting to discuss diagnostic methods
for the control of strongyloidiasis [11]. The control strategy is based on the distribution of iver-
mectin using established platforms to control other STH, and pilot interventions are currently
being evaluated [1]. Such control strategies require monitoring of the transmission in order to
guide future steps of the program. According to the meeting, serological assessment by NIE
ELISA is the best available option, although it is not perfect and it should be accompanied by a
Baermann or agar-plate method whenever possible [11]. NIE has been used in different plat-
forms including ELISA, Luminex and luciferase immunoprecipitation system (LIPS)
[48,49,53]. Also, it has been proposed as a valuable point-of-care diagnostic tool for its use in
lateral flow cassettes [54,55]. While NIE serology shows promising results as a diagnostic tool,
it is important to consider that total serological reversion is unlikely to occur and, therefore,
differentiating between past exposure and current infection can be challenging. However,
unlike for other parasitic infections, S. stercoralis-specific antibodies decrease markedly within
the following months post-treatment [11,12] and, as we and others have demonstrated, it is
possible to achieve a moderate to high accuracy based on antibody levels. This is particularly
useful to evaluate the success of chemotherapy or MDA and verify transmission interruption
[14,15].

Regarding Schistosoma spp., antibody serology is a valuable screening tool in non-endemic
or low-transmission areas [19]. In addition, the WHO strategy for control of Schistosoma spp.
infections is based on administration of preventive chemotherapy at large scale. Therefore, for
the same reasons mentioned above for S. stercoralis, serology could be a valuable tool to inform
decisions in the program. In our study, the cutoff with the maximum Youden’s index for IgG
against MEA and Sm25 antigens showed sensitivities of 59-84% and 56-75%, respectively,
and specificities of 54-69% and 63-85%, respectively. The wide range is affected by the diag-
nostic method and the species used as a reference. In fact, the genus-specific qPCR was a
potential limitation since S. haematobium can also be detected in feces [56]. Therefore, the
inability to distinguish species could have affected the accuracy of MEA and Sm25. In addition,
better specificities and sensitivities are also possible depending on the cutoff method selected.
Other studies with other antigens and platforms have found also a wide range of specificity
and sensitivity with different assays [18,19] and have reported a limited utility of Schistosoma
spp. serology in the detection of current infection in individuals from endemic areas or in the
follow-up after treatment [46]. The reason for this is that antibody levels may remain elevated
for a long period of time after elimination of the infection, contrary to what it is observed for
S. stercoralis [19,57]. The Sm25 antigen has been evaluated previously and it was proposed as
an excellent antigen for measuring responses to S. mansoni [58]. However, we observed a simi-
lar accuracy when the reference species was S. haematobium. Thus, it most likely detects both
Schistosoma species due to cross-reactivity.

Specific IgG against many of the P. falciparum antigens from our panel were moderately
good in detecting current infection, especially IgG against MSP2. In addition, for EXP]I,
AMA1 and MSP2, the accuracy particularly increased to high levels in children after
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stratification by age group, presumably because there is less interference from past exposures
compared to adults, as observed also by others for other P. falciparum antigens [27]. IgG levels
against these antigens were also very low in the non-endemic population. Given the long-lived
nature of antibody responses, especially in endemic areas, it is unlikely that antibody responses
find a niche among P. falciparum diagnostic methods, although others have identified anti-
body responses against different antigens from P. falciparum [59,60] and P. vivax [61] as
potential markers of recent exposure. Our results suggest that IgG against the antigens in our
panel could be useful markers in the context of control and elimination programs to monitor
transmission using children as sentinels in medium- to high-transmission areas, where long-
lasting antibody responses in adults might not represent the current transmission scenario. In
addition, serology might be particularly relevant in areas of low transmission where large sam-
ple size are required to monitor prevalence and the use of other methods such as qPCR or
microscopy would require high costs [27], time and would not be able to capture recent expo-
sure. Additional longitudinal studies with a larger sample size in different age groups and areas
of varying transmissions would be necessary to corroborate the utility of the markers proposed
here as reliable indicators of infection. Interestingly, our results align with others that found
IgG to MSP2 among the top 10 responses predictive of malaria incidence in study participants
[62], a strong correlation of IgG to AMAL1 with both clinical malaria and asymptomatic infec-
tion [60] and IgG to AMAL1 and different allelic variants of MSP2 among the top performers of
recent malaria exposure markers in a Kenyan children population [63]. However, the use of
these antigens also comes with potential disadvantages. MSP2 is a highly polymorphic antigen
[64,65] and therefore, the genotypes prevalent in the community might differ from that
included in the assay [66]. As for EXP1, and specially AM A1, their high immunogenicity leads
to high levels that reach saturation since early age at high transmission intensities, but they
might be suitable for low transmission intensities [66]. Interestingly, the FlexMAP 3D platform
from Luminex has a wider dynamic range compared to other platforms such as the Luminex
200 or ELISA. We hypothesize that this probably allowed for the detection of increases induced
by current infections with respect to the basal levels even for highly immunogenic antigens.

The comparison of seropositivity cutoffs estimated by different methods highlights the
importance of setting the cutoffs based on the antibody data from the endemic target popula-
tion, as opposed to the classic approach of using data from a non-endemic population as refer-
ence. The reason behind is to take background responses into account, which might differ
depending on the origin of the samples. For instance, we have observed here an elevated NC
cutoff for some antigens, which is suggestive of the presence of antibodies in the non-endemic
population that cross-react with some of the antigens in our panel. We have provided an
approach to calculate the seropositivity cutoffs based on the distribution of antibody levels in
an endemic population using the EM algorithm, also previously used by others [67]. Other cut-
offs extracted from the ROC curves provided varying sensitivities and specificities, sometimes
at the expense of a much reduced balance between these parameters, which can be used in dif-
ferent scenarios. For example, in the context of public health, in low prevalence settings or
control programs, particularly towards the final elimination stage, high sensitivity with a prior-
itization of a high specificity is desirable since it reduces the number of false positive results
and saves unnecessary interventions [68]. On the contrary, in the context of individual-focused
diagnosis, sensitivity might be prioritized over specificity. In non-endemic areas where the
number of imported cases is low, it may be preferable to treat a false positive patient than leav-
ing out a potential infection that can be more threatening in people from non-endemic settings
due to inexistent immunity.

In addition to IgG, IgG subclasses or other isotypes could be more useful for different spe-
cies given the properties of each antibody type. For example, here we evaluated also total IgE
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responses, which are a well-known hallmark of the Th2 predominant responses typical of hel-
minth infections [69]. IgE has a shorter half-life than IgG (~3 days versus ~21 days), which
makes it a good candidate of recent exposure to helminths [70]. We have found that total IgE
levels are a good marker of hookworm and Schistosoma spp. recent infections with moderate
accuracy. Besides IgE, other studies have suggested Ascaris-specific IgG4 to perform better
since it showed less cross-reactivity with other helminths than IgG1, IgG2 and IgG3 [71,72].
Moreover, for P. falciparum, the long-standing issue of finding a good marker of recent expo-
sure could also benefit from combining the right antigen with the detection by IgG3 antibod-
ies. IgG3 is one of the main IgG subclasses produced during Plasmodium spp. infection and it
has a shorter half-life compared to the rest of IgG subclasses (~7 days versus ~21 days) [73].

Many of the antigens included in the analysis were not reliable markers of current infection
since they were not able to classify correctly the population based in the reference diagnostic
methods and reach an AUC > 0.7. On one hand, IgG levels may stay elevated long after acute
infection, leading to high residual responses from past infections in the exposed non-infected
population. On the other hand, due to antibody dynamics, there is a window of time between
infection and detection of antibody titers that should also be taken into account, but we could
not account for this since we did not have information on the specific time of infection for
each participant. For example, in our study, all malaria cases included were probably asymp-
tomatic given the non-hospital setting of the study and it could be that many of these infec-
tions were recent. In addition, the specificity of the responses might be against antigens from a
specific stage of the life cycle of the parasite that has not been reached yet. Other possible rea-
sons for lack of accuracy are: i) the lack of a proper gold standard diagnostic method for some
parasites; ii) the low immunogenicity of some antigens; iii) and shared epitopes between anti-
gens leading to cross-reactive antibodies in the non-infected population. In relation to the lack
of a proper gold standard for comparison, serology might be able to capture infections that
yield a low number of diagnostic forms for microscopy such as chronic Schistosoma spp. infec-
tions, which are characterized by low or absent egg production [74]. For this reason, conven-
tional microscopy is not completely optimal for the diagnosis of Schistosorma spp. and using it
as a reference may result in a false low sensitivity.

The design of the current study is subject to other limitations. The Telemann technique
used in this study for the detection of S. stercoralis by microscopy is not among the recom-
mended methods and therefore, positive cases might have passed underdiagnosed. Moreover,
although qPCR has in general a better sensitivity than microscopy, it should be noted that it
might also detect genetic material of dead parasites after resolving the infection. In addition, it
would have been ideal to have longitudinal data to properly evaluate exposure and time since
infection within the endemic population. This limitation hampered the calculation of sensitiv-
ity in the exposure analysis. Therefore, at this stage, we can only suggest that the antigens pro-
posed as potential markers of exposure have good specificities. However, further investigations
with longitudinal data from the endemic population and travelers with known exposure are
needed to establish their sensitivity to detect early or cumulative past exposure. We also
acknowledge the difficulty of field implementation of Luminex equipment in low- and mid-
dle-income settings, but a reference lab with the necessary equipment could be in charge of
processing the samples. Furthermore, it might be that other antigens would have had a better
performance. For P. falciparum, there is more availability and characterization of antigens in
comparison to helminths and we selected antigens found to be immunogenic and associated
with protection in our previous studies and that represented each phase of the complex life
cycle of the parasite. In the case of helminths, S. stercoralis NIE was selected based on the
already known utility for diagnosis of S. stercoralis, but another option would have been the
SsIR antigen [75]. In the case of Schistosoma spp., Sm25 and MEA are major proteins on the
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tegument and eggs, respectively. Other possible recombinant antigens to consider are the Ser-
ine Protease Inhibitor (SERPIN) from S. haematobium and S. mansoni [76]. As for the rest of
STH, the antigens selected are all vaccine candidate antigens and represent accessible antigens
to the immune system. There are other recombinant antigens for helminths that could have
been considered such as Ascaris suum haemoglobin (AsHb) [77] or the Ancylostoma Secreted
Proteins (ASP) 1 and 2, which are the most abundant L3 hookworm larvae secreted antigens
[78]. Finally, lack of information on symptomatology can be a limitation since antibody signa-
tures might differ depending on the clinical manifestations. However, the participants had
low-intensity P. falciparum and helminth infections, which shows the ability of antibody serol-
ogy against specific antigens to detect an active infection even at low density.

In conclusion, we provide evidence for the utility of serology as a marker of current infec-
tion with some parasitic infections of public health importance in a co-endemic population
from Southern Mozambique. We corroborate the reported good accuracy of IgG against the
NIE (S. stercoralis) and show that IgG against MEA, Sm25 (Schistosoma spp.), EXP1, AMA1
and MSP2 (P. falciparum) might also be markers of current infection reliable enough to be
employed as decision-making tools within control and elimination programs. Importantly,
antibody serology by Luminex allows for multiplexing and, therefore, integration of control
programs for different pathogens in co-endemic areas. Furthermore, we also show that IgG
seropositivity against many of the antigens differentiated the seropositive endemic population
from the non-endemic populations, suggesting a low background in the non-endemic popula-
tion and a potential role as markers of exposure that merits further assessment.
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quartile range (whiskers). Data beyond the end of the whiskers are outliers. Cutoff95SE: cutoff
prioritizing a minimum sensitivity of 95%; Cutoff95SP: cutoff prioritizing a minimum speci-
ficity of 95%; CutoffYT: cutoff corresponding to the maximum Youden’s Index; CutoffEM: cut-
off defined by the Expectation-Maximization algorithm; CutoffNC: cutoff calculated as mean
+ 3*standard deviations of the log;o-transformed MFI levels from the non-endemic popula-
tion. The rest of the antigens are in Fig 8.
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S5 Fig. Effect of single infections on IgG levels to antigens from Plasmodium falciparum.
Only individuals with single infections or no infections at all detected by the combination of
microscopy and gPCR are shown. Antibody levels are presented as the log;o-transformed
median fluorescence intensity (MFI) of IgG against P. falciparum antigens. For each antigen,
antibody levels for each species were compared to the levels of those with no infection and the
corresponding species to the antigen was shown as a reference. Statistical comparison between
groups was performed by Wilcoxon rank-sum test and the adjusted P values by the Holm
approach are shown. Statistically significant P values are highlighted in bold. The sample size
of each group is shown below each boxplot. The boxplots represent the median (bold line), the
mean (black diamond), the first and third quartiles (box) and the largest and smallest values
within 1.5 times the interquartile range (whiskers). Data beyond the end of the whiskers are
outliers. Cutoff95SE: cutoff prioritizing a minimum sensitivity of 95%; Cutoff95SP: cutoff pri-
oritizing a minimum specificity of 95%; CutoftYT: cutoff corresponding to the maximum You-
den’s Index; CutoffEM: cutoft defined by the Expectation-Maximization algorithm; CutoffNC:
cutoff calculated as mean + 3*standard deviations of the log;,-transformed MFI levels from
the non-endemic population. The rest of the antigens are in Fig 8.
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