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Quantification of the dynamics of antibody ==

response to malaria to inform sero-surveillance
in pregnant women

A.D.V.Tharkeshi T. Dharmaratne', Saber Dini', Katherine O'Flaherty? David J. Price'?, James Beeson®*?,

Rose McGready®”, Francois Nosten®’, Freya J. I. Fowkes '8, Julie A. Simpson'"® and Sophie G. Zaloumis''

Abstract

Background: Malaria remains a major public health threat and tools sensitive to detect infections in low malaria
transmission areas are needed to progress elimination efforts. Pregnant women are particularly vulnerable to malaria
infections. Throughout pregnancy they access routine antenatal care, presenting a unigue sentinel population

to apply novel sero-surveillance tools to measure malaria transmission. The aim of this study was to quantify the
dynamic antibody responses to multiple antigens during pregnancy so as to identify a single or multiple antibody
response of exposure to malaria in pregnancy.

Methods: This study involved a secondary analysis of antibody responses to six parasite antigens [five commonly
studied merozoite antigens and the variant surface antigen 2-chondroitin sulphate A (VAR2CSA), a pregnancy-specific
erythrocytic antigen] measured by enzyme-linked immunosorbent assay (ELISA) over the gestation period until deliv-
ery (median of 7 measurements/woman) in 250 pregnant women who attended antenatal clinics located at the Thai-
Myanmar border. A multivariate mixture linear mixed model was used to cluster the pregnant women into groups
that have similar longitudinal antibody responses to all six antigens over the gestational period using a Bayesian
approach. The variable-specific entropy was calculated to identify the antibody responses that have the highest influ-
ence on the classification of the women into clusters, and subsequent agreement with grouping of women based on
exposure to malaria during pregnancy.

Results: Of the 250 pregnant women, 135 had a Plasmodium infection detected by light microscopy during preg-
nancy (39% Plasmodium falciparum only, 33% Plasmodium vivax only and 28% mixed/other species), defined as cases.
The antibody responses to all six antigens accurately identified the women who did not have a malaria infection
detected during pregnancy (93%, 107/115 controls). Antibody responses to P, falciparum merozoite surface protein 3
(PAMSP3) and P vivax apical membrane antigen 1 (PvAMA1) were the least dynamic. Antibody responses to the anti-
gens P, falciparum apical membrane antigen 1 (PFAMA1) and PVAR2CSA were able to identify the majority of the cases
more accurately (63%, 85/135).

Conclusion: These findings suggest that the combination of antibodies, PPAMAT and PVAR2CSA, may be useful for
sero-surveillance of malaria infections in pregnant women, particularly in low malaria transmission settings. Further
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investigation of other antibody markers is warranted considering these antibodies combined only detected 63% of

the malaria infections during pregnancy.

Keywords: Malaria, Pregnancy, Antibodies, PFAMAT1, PEBA175, PIMSP2, PAMSP3, PvAMA1, PAVAR2CSA, Longitudinal
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Background

Malaria is a major infectious disease causing around
229 million clinical cases and 409,000 deaths globally in
2019 [1]. Pregnant women are particularly vulnerable to
malaria infection, as well as presenting with more severe
symptomatic infections [2]. Each year, around 125 mil-
lion pregnant women, living in malaria endemic coun-
tries, are at risk of malaria infection [3, 4]. Malaria in
pregnancy poses substantial risks to the pregnant woman
and their baby, increasing the risk of maternal anaemia,
hypertensive disorders, miscarriage, stillbirth and neo-
natal death and as such there are several prevention and
treatment strategies provided to women attending ante-
natal care to reduce the burden of malaria in pregnancy
[5, 6]. Pregnant women routinely attending antenatal care
are also considered an easy-access population which can
serve as sentinel surveillance populations to estimate
malaria transmission [7].

The development of novel serological surveillance
(sero-surveillance) tools for use in sentinel populations
of pregnant women is a potential powerful technique
for detecting recent and ongoing malaria infections, and
monitoring malaria transmission [8, 9]. This is particu-
larly pertinent in low malaria transmission settings such
as Southeast Asia, where parasite density is often low and
standard surveillance methods (microscopy and rapid
diagnostic tests) have reduced sensitivity with low den-
sity, submicroscopic and asymptomatic infections [10].
Sero-surveillance tools have the potential to increase
the time window for detecting an infection, and thereby
increasing the resolution of surveillance [9]. Antibod-
ies targeting blood-stage antigens, predominantly rela-
tively conserved antigens expressed on the merozoites,
have been the focus of sero-surveillance studies in non-
pregnant populations [9, 11]. In pregnant women, sero-
logical studies have also investigated antibody responses
to the pregnancy-specific Plasmodium falciparum anti-
gen (PfVAR2CSA), which is expressed on the surface of
infected erythrocytes (IEs), and mediates sequestration
of P. falciparum in the placenta via binding to placental
chondroitin sulphate A (CSA) receptors [12, 13]. Anti-
bodies specific for PfVAR2CSA may reduce the accu-
mulation of the IEs in the placenta [14]. High antibody
levels against P/VAR2CSA can be acquired with succes-
sive pregnancies [15], potentially reducing the suscepti-
bility to falciparum malaria in multigravida women by

preventing or clearing parasite sequestration in the pla-
centa [16]. While numerous studies have investigated
PfVAR2CSA antibodies in pregnant women as markers of
infection [17], few studies have incorporated non-preg-
nancy specific antibodies [18, 19], such as those targeting
merozoite antigens, and none have considered the com-
bined effects of these antibodies.

The aim of this study was to quantify the dynamic
antibody responses to multiple blood-stage antigens
(merozoite and PfVAR2CSA) during pregnancy to
determine which, if any, of the antibody response(s) are
biomarker(s) of exposure to malaria in pregnancy that
could subsequently be used for sero-surveillance. Lon-
gitudinal antibody responses to both P falciparum and
Plasmodium vivax previously measured by ELISA in
pregnant women attending antenatal clinics on the Thai-
Myanmar border [18], a low malaria transmission setting
[20, 21], were jointly analysed to account for the correla-
tions between the antibodies to inform sero-surveillance
approaches in pregnant women.

Methods

Study population and design

The study population was pregnant women attending
antenatal clinics (ANCs) at the Shoklo Malaria Research
Unit (SMRU) [22, 23], where malaria transmission is low
and peaks between May and September. The ANCs were
located in the Maela refugee camps, where approximately
90% of women attend on a weekly basis [23].

Details of the nested case—control study design and
procedures have been published previously [18]. In brief,
participants were identified from 1000 Karen women
who were enrolled in a placebo randomized controlled
trial of chloroquine prophylaxis against P. vivax infection
during pregnancy from November 1998 through Janu-
ary 2000 [24]. Samples were obtained weekly from the
women for Plasmodium species infection detection by
microscopic examination of blood smears and fortnightly
for serum sample collection. Case subjects were women
with Plasmodium infection detected by light microscopy
at any time during pregnancy during the trial (n=136).
Of the 864 women with no detectable parasitaemia at any
time while pregnant during the trial, 331 were randomly
selected to be control subjects (3:1 ratio). All available
serum samples from the 136 case subjects were included
for quantification of antibodies to multiple antigens over
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time [18]. A subset of 115 control subjects was selected
for longitudinal antibody determination based on IgG
responses to P. falciparum (3D7) schizont extract meas-
ured by ELISA at enrollment. The 115 controls were
selected as follows. All available control enrollment
samples (320 of the 331 randomly selected controls had
serum samples measured at enrollment) were first tested
for total IgG in response to P, falciparum schizont protein
extract. A cut-off threshold for seropositivity to schizont
extract was set to the mean + 3 standard deviations of the
IgG responses to schizont extract for 8 negative controls
(non-exposed Melbourne donors). The subset of 115 con-
trols consisted of 78 individuals seropositive to schizont
extract at enrollment (total of n=572 samples included)
together with 37 randomly selected individuals who were
seronegative to schizont extract at enrollment (total of
n=323 samples included) (Fig. 1). See Additional file 1,
Fowkes et al. [18] for further details. Of note, the nested
case—control study design for the selected serum samples
was not designed for this analysis.

Antibody determination

High throughput enzyme-linked immunosorbent assay
(ELISA) [18, 25] was used to determine the total IgG
magnitude (measured as optical density (OD) values) of
P. falciparum merozoite antigens and one P. vivax mero-
zoite antigen (apical membrane antigen-1 [PVAMAI]
ectodomain based on the Sall sequence, PVX_ 092275)
[26]. P. falciparum antigens included were (from 3D7 ref-
erence sequence): apical membrane antigen 1 (PfAMAIL;
ectodomain) [27], erythrocyte binding antigen 175
(PfEBA175; region 3-5) [28], merozoite surface pro-
tein 2 (PfMSP2, full length) [27], merozoite surface pro-
tein 3 (PfMSP3; amino acids 154—249) [29, 30], schizont
extract, P/VAR2CSA (DBL5e domain), (Additional file 1:
Supplementary methods and Fowkes et al. [18]). Schizont
lysate was prepared from P falciparum (3D7) cultures
according to previously described methods [27].

Statistical analysis

Patient characteristics at baseline were summarized using
median (25th-75th percentiles) for continuous variables
or frequency (%) for categorical variables.

A multivariate mixture linear mixed model was used
to identify clusters (i.e., latent classes) of pregnant
women that have similar antibody responses to all six
antigens over gestational age [31]. To construct a mul-
tivariate mixture linear mixed effects model, first a lin-
ear mixed effects model was specified for each of the
six antibody responses. The following covariates were
included as fixed effects for each antibody response: age
(years), primigravidae (1 if primigravidae and 0 if mul-
tigravida), treatment arm (1 if given chloroquine (CQ)
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as prophylaxis at enrolment and O if given a placebo)
and having a history of malaria prior to enrolment (1 if
exposed to malaria at least once prior to enrolment and
0 otherwise). To capture the between-subject variabil-
ity in the six antibody responses over gestational age,
a random intercept and random slope for gestational
age were included in the linear mixed effects model for
each antibody response. The random intercepts and
slopes for each response and woman (i.e., 12 random
effects per woman) are assumed to follow a mixture of
multivariate normal distributions.

The mixAK package in R [32] was used to fit the mul-
tivariate mixture linear mixed effects model to the six
antibody response profiles available from each of the
250 women (135 cases and 115 controls) in this study.
The mixAK package adopts a Bayesian approach to
inference and implements a block Gibbs sampler with
Metropolis—Hastings steps to sample parameter val-
ues from the posterior distribution (Additional file 1,
Komaiarek and Komdrkova (2013, Appendix B) [31]).
Weakly informative prior hyperparameters in the
mixAK package were used (Additional file 1, Komarek
and Komadrkova (2013, Appendix A) [31]). Two chains
were initialized. The first 500 parameter values sam-
pled for each chain were discarded as burn-in and an
additional 5,000,000 parameter values (in total for both
chains) were sampled after burn-in. Every 50th itera-
tion after burn-in was kept, resulting in 100,000 (50,000
per chain) samples per parameter for calculation of
posterior summaries. Results are presented as the
posterior median (50th percentile) and 95% credible
interval, calculated as the 2.5th and 97.5th percentiles
of the 100,000 samples for each parameter. Traceplots
were examined to assess whether the 50,000 parameter
draws from each chain had appropriately converged.

The number of clusters was selected by fitting a mix-
ture model assuming each of 1-4 clusters. The number
of clusters was selected according to the model that pro-
duced the lowest penalized expected deviance and/or
greatest shift of the posterior distribution of deviances to
lower values [31]; Additional file 1: Supplementary meth-
ods, Statistical Analyses.

The posterior probability of a woman belonging to a
cluster (posterior class probability) was calculated at each
iteration of the fitting algorithm and these probabili-
ties were used to assign a woman to a cluster as follows.
First, a woman was assigned to the cluster which had the
highest median posterior class probability. Second, the
woman remained in the cluster if the lower limit of the
95% credible interval for the posterior class probabil-
ity exceeded 0.5; otherwise, the woman was considered
unclassified (Additional file 1: Supplementary methods,
Statistical Analyses).
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1000 women randomised to
receive CQ or Placebo at the
enrolment

Detected with plasmodium
infection (Cases)

(n=136)

No detectable parasitaemia at
anytime during pregnancy

(Controls)
(n=331)

Controls available with an
enrolment sample

(n = 320)

All 136 cases

All 78 women with
relatively high IgG

A random sample of
37 women who had

antibody responses relatively low IgG
at enrolment antibody responses at
enrolment

Infection(s) Cases
P. falciparum only 54
Both P. falciparum and P. vivax 31
P. falciparum, P. vivax and mixed infection 4
P. falciparum and P. malariae infection 1
P. falciparum, P. vivax and P. malariae 1
P. vivax and P. malariae 1
P. vivax only 44

_

Fig. 1 Flow diagram of cohort selection for the current study

Current study:

Cases: 136
Controls:

115

The variable-specific entropy was calculated to iden-
tify the antibody responses that have the highest influ-
ence on the classification of the women into clusters.
The variable-specific entropy indicates how well the
antibody response to a single antigen predicts the classi-
fication based on antibody responses to all six antigens,
and ranges from 0 to 1 [33]. Antibody responses with

variable-specific entropy values close to 1 drive the clas-
sification of women into clusters (Additional file 1: Sup-
plementary methods, Statistical Analyses).

To compare and identify the best antibodies for classi-
fying women as being a case (defined as malaria detected
by microscopy during pregnancy) or control, additional
univariate and pairwise multivariate mixture linear
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mixed-effects modelling were performed with the num-
ber of clusters set at two groups, and the proportion of
cases and controls classified in the high and low antibody
response groupings calculated.

Results

Patient characteristics

A total of 1692 samples were included in the analysis;
727 samples were available from the 135 cases (1 case
excluded because only an enrolment sample was avail-
able) and 965 from the 115 controls. For the 135 cases,
39% had P falciparum infections only, 33% P vivax
only and 28% mixed/other species, see Additional file 1:
Table S1 for number and species of infection(s) recorded
during pregnancy.

Table 1 presents the baseline characteristics of the 135
cases (women with P, falciparum and/or P. vivax detected
by microscopy during pregnancy) and 115 controls
(women without detected Plasmodium infection). The
proportion of cases in their first pregnancy (22.2%) at
enrolment was around twice of that in the control group
(13.9%). Anaemia was more prevalent among cases at
enrolment (23.7%), compared to controls (9.6%). The pro-
portion of women who had received chloroquine prophy-
laxis (only to prevent vivax episodes) [24] was slightly
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higher for the control group (47.8% vs 41.5%). For both
cases and controls, most women were enrolled in the
trial during their first trimester (cases 75.6% and controls
85.2%). Nearly all controls were residing in refugee camps
(99.1%), while less than half of the cases (45.2%) were
living in refugee camps during pregnancy (the remain-
ing cases were residing in villages south of the Mae Sot
township).

More than half of the cases (55.6%) had a documented
history of malaria at the SMRU ANC:s (any Plasmodium
spp.; 37.9% P falciparum and 24.2% P. vivax) prior to
enrollment compared with 36.5% of the controls (27.8%
P, falciparum and 11.3% P. vivax).

Antibody dynamics over gestation

For all six antigens, the antibody response profiles of
pregnant women who were infected with malaria dur-
ing the trial (cases) tended to be maintained at higher
levels compared to women who were free from malaria
(controls) (Fig. 2). However, substantial variation in the
antibody profiles of P/AMA1, PfEBA175, PMSP2 and
PfVAR2CSA was observed, irrespective of exposure to
malaria (Fig. 2A-C, F). For PMSP3 and PvAMALI, the
antibody profiles tended to remain low over gestation
for most controls, while the antibody responses for the

Table 1 Distribution of patient characteristics at enrollment for cases and controls

Characteristic Cases Controls
(n=135) (n=115)

Age (years), median (IQR) 24 (20-30) 26 (22-32)
Gravidity, median (IQR) 3(2.0-4.5) 3(2.0-5.0)
Primigravida, n (%) 30(22.2) 16 (13.9)
Multigravida, n (%) 105 (77.8) 99 (86.1)
Parity, median (IQR) 1(0-3) 2(1-4)
Haematocrit (%), median (IQR) 32.5(30-35) 34.0 (32-36)
Anaemia®, n (%) 32(23.7) 11 (9.6)
Residence in refugee camp 61 (45.2) 114 (99.1)
Received chloroquine prophylaxis, n (%) 56 (41.5) 55 (47.8)
Estimated Gestational Ageb(weeks), median (IQR) 9.7 (7-14) 94 (76-11.6)
Trimester

1 (< 14 weeks), n (%) 102 (75.6) 98 (85.2)

2 (14 to < 28 weeks), n (%) 31(23) 17 (14.8)

3 (28 week or more), n (%) 2(1.5) 0(0.0)

Plasmodium spp. before enrolment, n (%) 75 (55.6) 42 (36.5)

Infected with P fa/c/parumd, n (%) 50(37.9) 32(27.8)

Infected with P vivax®, n (%) 32(24.2) 13(11.3)

Follow up (weeks), median (range) 289 (22.6-32.1) 30.9 (28.3-324)

@ Haematocrit < 30%

b Determined at enrolment

€ Any microscopically confirmed Plasmodium infection documented at SMRU before enrolment into the study

9 Includes women that have a history of both P. falciparum and P. vivax infections. Hence, the summation of P. falciparum® and P. vivax! women does not add up to

Plasmodium spp. before enrolment®
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Fig. 2 Longitudinal antibody levels against six antigens for all women. Spaghetti plots A-F represent the antibody profiles of PFAMA1, PfEBA175,
PAMSP2, PAVISP3, PvAMA1 and PIVAR2CSA, respectively. The antibody levels of the pregnant women exposed to malaria (cases) and free from malaria
by microscopy (controls) are represented by orange and blue, respectively. Locally estimated scatterplot smoothing (LOESS) curves for all pregnant
women (in black) and for each exposure group are superimposed on each spaghetti plot. The shaded area around each LOESS curve represents the
95% confidence interval (Cl). Of note, the Y axes of the plots of A, B and D are truncated at 0; the Cls did extend to negative values due to limited
information in the early period of gestation. OD optical density

cases exhibited greater variability (Fig. 2D—E). The con-
trols consisted of 78 individuals’ seropositive to schizont
extract at enrolment together with 37 randomly selected
individuals who were seronegative to schizont extract at
enrolment. Additional file 1: Fig. S1 shows that the lon-
gitudinal antibody responses of these two control sub-
groups are similar, with slightly higher values in PFAMA1
and PMSP2 for those seropositive to schizont extract.

The behaviour of the longitudinal antibody profiles
by gravidity (primigravidae versus multigravidae) of
the pregnant women are presented in Additional file 1:
Fig. S2, and suggest similar between- and within-individ-
ual variation in levels for primigravid and multigravida
women.

Classification of pregnant women

The best fitting multivariate mixture linear mixed effects
model according to the penalized expected deviance
and the posterior distribution of the deviances classified
the six antibody profiles from each of the 250 pregnant
women into two clusters (Additional file 1: Supplemen-
tary methods, Sects. 1-5): 186 into Cluster 1 and 55
into Cluster 2, with 9 unclassified (see Additional file 1:

Table S3 for baseline characteristics of pregnant women
by cluster group). The antibody response profiles allo-
cated to each cluster are shown in Fig. 3 and demonstrate
that the clustering method has clearly differentiated
Cluster 1 as a group of pregnant women with antibody
profiles maintained at relatively low levels or dynamic
low-medium levels across all 6 antibodies, from Cluster
2 as those who had relatively high or dynamic medium—
high antibody levels over gestational age. As such, herein
clusters 1 and 2 are referred to as “low immune” and
“high immune” groups, respectively.

Association between maternal factors and antibody
responses

Posterior summaries for the fixed effect and population
average intercept and slope parameters of the multivar-
iate mixture linear mixed effects model are presented
in Table 2. For most antigens, the mean change in
antibody responses increased with age (per year) and
were higher for those pregnant women that received
chloroquine prophylaxis; the exceptions were the
mean change in antibody titer to PvAMA1 decreased
by — 0.001 with age (per year) (95% Credible Interval
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Fig. 3 Trajectory plot of the antibody responses versus gestation (weeks) for each individual by cluster (cluster 1 (low immune)—green, cluster 2
(high immune)—red). The trajectories in blue are the pregnant women who were not classified with certainty into either cluster. OD optical density

(CrI): — 0.002, 0.0004)) and the mean antibody titer to
PfMSP3 were — 0.003 (95% Crl: — 0.019, 0.013) lower
for those that received chloroquine prophylaxis com-
pared to those that did not. Mean antibody responses
to PAAMA1, PfMSP2 and PfMSP3 were increased for
primigravidae compared to multigravidae women. For
pregnant women with a history of malaria, only mean
antibody responses to the antigen PvAMAL were
increased (0.012 (95% Crl: — 0.005, 0.028)) compared
to women without a history of prior infection(s). Of
note, the majority of the limits of the 95% Crls ranged
from decreasing to increasing changes in mean anti-
body responses so the associations with the maternal
factors described above are weak.

The posterior medians for the population average slope
indicate that, on average, antibody responses to PFAMA1
and PvAMAL1 decreased with gestational age in both the

low and high immune groups. For PfEBA175, PfMSP2
and PfVAR2CSA, the posterior medians for the popula-
tion average slope indicated that, on average, antibody
responses decreased with gestational age in the low
immune group but increased with gestational age in the
high immune group; these trends were reversed for anti-
body responses to PMSP3.

Influence of specific antibodies on the classification

into high and low immunity groups

The variable-specific entropy for the antibody responses
to the six antigens are given in Table 3. Antibody
responses to the antigen PMSP2 played a lesser role in
cluster allocation (lowest entropy=0.763), whereas the
relatively high entropy values for PMSP3 (0.949) and
PvAMAL1 (0.935) indicate that the allocation of women
to the low or high immune group was predominantly
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Table 3 Influence of specific antibodies on the classification into
high and low immunity profiles

Antibody Entropy value®
PAMSP3 0.949
PYAMAT1 0.935
PAVAR2CSA 0.873
PIAMA1 0.844
PEBA175 0.817
PAMSP2 0.763

?The entropy is a value between 0 and 1 and values closer to 1 indicate that an
antibody highly contributes towards the classification of women to cluster 1 or
2.The influence on classification declines as the entropy value declines

determined by their antibody responses to these anti-
gens. Therefore, additional analyses were performed to
assess the importance of including both PfMSP3 and
PvAMA1 antibodies in allocating a woman to the low or
high immune group. These analyses found that at least
one of the two antigens, PvAMA1 or PfMSP3, is neces-
sary for correctly grouping pregnant women with low
antibody profiles (Additional file 1: Supplementary meth-
ods, Sect. 7).

Antibodies that best identify malaria cases

Using all six antibody responses, the multivariate model
performed well for the controls by classifying them into
the low immune group (107 of 111 controls, 96.4%);
whereas the cases were poorly identified by the antibody
responses to the six antigens; 51 (39%) and 79 (61%) cases
classified in high and low immune groups, respectively (9
unclassified—4 controls and 5 cases).
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Analyses including each antigen separately (i.e. uni-
variate linear mixed-effects modelling), found anti-
body responses to the antigen PAMA1 were best able
to discriminate between cases and controls and clas-
sified 66% of controls in the low immune group (77 out
of 115 controls) and 55% of cases in the high immune
group (74 out of 135 cases) (Table 4). The model fit to
antibody responses to PvAMA1 was best at identify-
ing the controls (95%, 109 of 115 controls), followed by
PfMSP3 (90%, 103 of 115 controls). The model fit to anti-
body responses to P/EBA175 was best at identifying the
majority of the cases (60%, 81 of 135 cases), followed by
PfAMAL (55%, 74 of 135 cases). Although the model fits
to antibody responses to PvAMA1 and PfEBA175 were
best at identifying controls and cases, respectively, they
were unable to accurately classify the pregnant women
in the other exposure group (Table 4). Although antibod-
ies are acquired to VAR2CSA from exposure to malaria
infection in pregnancy, antibodies to VAR2CSA did not
perform as well as several merozoite antigens.

Pairwise analyses of the antibody responses were fur-
ther explored considering the top 3 antibodies which
correctly identified >55% of all women (cases and con-
trols) into the expected cluster in the univariate analy-
ses, i.e. PAAMA1, PfVAR2CSA and PfEBA175 (Table 4).
The results of selected pairwise multivariate analyses
(Additional file 1: Tables S6, S7) indicate that antibody
responses to both P/AMA1 and PfVAR2CSA were best
at identifying the cases as most women were classified
into the high immune group. This combination classi-
fied 63% (73 of 115) of the controls into the low immune
group and 63% (85 of 135) of the cases into the high
immune group. For classification of falciparum and

Table 4 Performance of classifying controls to Cluster 1# and cases to Cluster 2° based on univariate analyses®

Number of controls? classified into

Number of cases® classified into Cluster Total women classified into

Cluster 1 (%) 2 (%) the expected Clusterf (%)
PFAMA1 76 (66.1) 74 (54.8) 150 (60)
PA/AR2CSA 86 (74.8) 57 (42.2) 143 (57.2)
PfEBA175 61 (53.0) 81 (60.0) 142 (56.8)
PvAMA1 109 (94.8) 28 (20.7) 137 (54.8)
PMMSP3 103 (89.6) 33 (244) 136 (54.4)
PMSP2 63 (54.8) 67 (49.6) 130 (52)

2 Cluster 1 (low immunity group)
b Cluster 2 (high immunity group)

€ Antibodies are ordered from the highest to the lowest percentage of classifying pregnant women into the expected cluster

4 0ut of 115 controls
€ Out of 135 cases

fComputed based on the decision made that Cluster 1 would represent controls and Cluster 2 would represent cases. The sum of controls classified into Cluster 1 and
cases classified into Cluster 2 were then divided by the total pregnant women, i.e. 250 to obtain the percentage
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vivax infections, antibody responses to PfAMA1 and
PfVAR2CSA classified the majority of P. falciparum only
(81% [43/53]) and both P. falciparum and P. vivax (77%
[24/31]) infections as cases, but performed poorly at clas-
sifying P vivax only infections as cases (27% [12/44])
(Additional file 1: Table S8).

Discussion

Pregnant women may serve as an accessible sentinel
population to estimate the burden of malaria [34] and
potentially for sero-surveillance studies to detect infec-
tions. In this cohort, antibody responses to the malaria
parasite were highly dynamic, varying greatly within and
between women during pregnancy. Modelling the longi-
tudinal antibody response to six different antigens simul-
taneously found that pregnant women were classified
into two major clusters, high immune and low immune
response groupings, where 96% of the women who
did not have a malaria infection detected during preg-
nancy had a low immune response. Combined antibody
responses to the antigens PAAMA1 and PfVAR2CSA were
best for identifying exposure to malaria during preg-
nancy, suggesting that these two antibodies may be good
candidates for sero-surveillance of malaria infections in
pregnant women.

Antibodies specific for Plasmodium spp. blood-stage
antigens, in particular PfVAR2CSA, are an attrac-
tive candidate for sero-surveillance of malaria in preg-
nancy as they have been demonstrated as a biomarker
of recent exposure to malaria during pregnancy (sys-
tematically reviewed in [17]) and to monitor changes in
malaria transmission over time [35]. However, the anti-
body to P/VAR2CSA when used on its own was not the
best marker of malaria infection in pregnancy. A com-
bination of antibodies to Pf/VAR2CSA and the merozo-
ite antigen P/AMA1 was the most accurate indicator of
exposure to malaria during pregnancy. Our results show
that the overall immunity corresponding to the P. falci-
parum parasite is positively correlated with increasing
age, potentially due to increased lifetime exposure to
malaria [36, 37]. No strong correlation with gravidity was
observed, even with the pregnancy-specific immunity
(PfVAR2CSA), which may reflect the specific epidemi-
ology of malaria in pregnancy in low endemic settings
[38]. Antibody responses to PMSP3 and PvAMA1 were
the least dynamic, influencing the classification of preg-
nant women into the low immunity cluster suggesting
that they are less suitable serological markers of recent
exposure to malaria during pregnancy. Conversely, these
properties meant that they were the most useful anti-
gens studied in classifying women as controls (i.e. para-
site negative) so may have potential for use as part of a
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broader panel of antigens. Other biomarkers of exposure
to P. falciparum and P. vivax infection have been identi-
fied in non-pregnant individuals and would be valuable
to investigate in future studies [39, 40]. This is the first
study to incorporate and combine pregnancy and non-
pregnancy specific antibodies, so our findings provide a
novel avenue for improved sero-surveillance studies to
be validated in a range of transmission settings. A further
consideration in the application of sero-surveillance is
the longevity of antibodies. In this study population, we
previously estimated that PfVAR2CSA antibodies may
have a very long half-life (30—50 years), whereas PFAMA1
antibodies decay more rapidly (half-life 2-3 years)
[18]. Inclusion of long lived antibody responses, such
as PfVAR2CSA, should be interpreted with caution as
markers of malaria exposure.

Several methods have been developed to cluster indi-
viduals based on longitudinal data, but the majority can
only cluster a single longitudinal trajectory from each
individual [41-45] or assume that multiple longitudinal
trajectories from a single individual are independent [46]
and cannot allow samples taken at irregularly (or une-
venly) spaced time points [47]. The multivariate mixture
linear mixed model approach was selected because it can
handle all the statistical complexities/issues posed by the
antibody data in this study, i.e., it allows classification of
irregularly sampled multivariate longitudinal antibody
response data, it is not constrained to assume independ-
ence between the longitudinal antibody response profiles
from an individual and covariates can be included on the
mixture model parameters [31].

This study has several limitations to consider. First,
the availability of only one antibody marker for P. vivax,
PvAMA1, limits what can be understood about the
immune response of pregnant women exposed to vivax
malaria. The antibody responses to PvAMA1 remained
relatively low compared to other antibodies (except for
PfMSP3, the only synthetic peptide antigen included in
the study which may explain the lower immunogenicity
of this P. falciparum antigen). Parasite density is believed
to have a proportional relationship with antibody main-
tenance and boosting [48-50]. That these densities are
lower in vivax infections compared to falciparum infec-
tions [51] could possibly explain the maintenance of
PvAMAL antibody responses at low levels. Administra-
tion of chloroquine, preventing vivax episodes, could be
a significant confounding factor in disrupting antibody
responses to PYAMAL1 [24]. The association of chloro-
quine prophylaxis with PvAMA1 responses was observed
though to be in the counterintuitive direction, however,
there were a greater proportion of women in the chloro-
quine prophylaxis arm with a history of P. vivax infection
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which increased marginally the PvAMALI response. This
study also only assessed six antibody responses and one
domain of VARCSA, therefore, there may be other anti-
gens that are better candidates for sero-surveillance.

Another limitation of this study was that the detec-
tion of exposure to malaria was based on microscopy,
thereby, failing to detect low density sub-microscopic
infections [52]. However, women in the study were tested
for malaria infections by microscopy at multiple time-
points during pregnancy, potentially reducing the likeli-
hood of missing low density infections. Pregnant women
who regularly access antenatal care comprise an attrac-
tive sentinel surveillance population to estimate malaria
transmission. Indeed, malaria incidence data from preg-
nant women spanning 10 years at the very same ante-
natal clinics was shown to correlate with presentation
of clinical malaria in children under 5 years of age [53].
However, further studies are required to determine the
utility of this sentinel surveillance population to monitor
malaria transmission and if this surveillance method is
more sensitive than multiple blood smears to detect a low
level parasitaemia. Additionally the generalizability of
these antigen combinations to accurately detect exposure
to submicroscopic infections needs to be determined
in future studies given the high rates of submicroscopic
infections in malaria endemic regions [54].

Conclusions

This study demonstrates that the combination of anti-
PfAMALI and anti-PfVAR2CSA antibodies could be used
as a potential biomarker of exposure to malaria during
pregnancy. However, only 63% of the malaria infections
during pregnancy were detected, therefore further inves-
tigation of other antibody markers is warranted. This
combined antibody diagnostic tool may facilitate the
detection of microscopic infections as an alternative to
standard diagnostic methods, particularly in low trans-
mission settings. This proposed malaria sero-surveillance
tool may also enhance malaria control and progress
efforts to eliminate malaria.
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