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Abstract

In pregnant women, Plasmodium falciparum infections are an important cause of maternal morbidity as well as fetal and
neonatal mortality. Erythrocytes infected by these malaria-causing parasites accumulate through adhesive interactions in
placental intervillous spaces, thus evading detection in peripheral blood smears. Sequestered infected erythrocytes induce
inflammation, offering the possibility of detecting inflammatory mediators in peripheral blood that could act as biomarkers
of placental infection. In a longitudinal, prospective study in Tanzania, we quantified a range of different cytokines,
chemokines and angiogenic factors in peripheral plasma samples, taken on multiple sequential occasions during pregnancy
up to and including delivery, from P. falciparum-infected women and matched uninfected controls. The results show that
during healthy, uninfected pregnancies the levels of most of the panel of molecules we measured were largely unchanged
except at delivery. In women with P. falciparum, however, both comparative and longitudinal assessments consistently
showed that the levels of IL-10 and IP-10 increased significantly whilst that of RANTES decreased significantly, regardless of
gestational age at the time the infection was detected. ROC curve analysis indicated that a combination of increased IL-10
and IP-10 levels and decreased RANTES levels might be predictive of P. falciparum infections. In conclusion, our data suggest
that host biomarkers in peripheral blood may represent useful diagnostic markers of P. falciparum infection during
pregnancy, but placental histology results would need to be included to verify these findings.
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Introduction

Plasmodium falciparum infections during pregnancy cause sub-

stantial maternal and neonatal morbidity and mortality [1].

Malaria during pregnancy, often referred to as placental malaria

(PM), results from infected erythrocytes (iE) binding to chondroi-

tin-sulphate A (CSA) in the placenta [2]. A major consequence of

PM is low birth weight (LBW) [3]. The reason for this is not

completely understood but may be due to impaired uteroplacental

blood flow [4], metabolic/growth hormone disturbances [5],

alterations of the syncytiotrophoblast layer [6], or impaired

trophoblast invasion, leading to intrauterine growth retardation.

This makes prompt and accurate diagnosis of PM extremely

important, but the combination of the asymptomatic character of

infections and the frequent paucity of iE in peripheral blood

smears makes diagnosis difficult. In a recent study from Malawi

[7], the authors investigated whether a different suite of bio-

markers could predict placental infection at delivery in the absence

of circulating parasites. The results from that study suggested that

host biomarkers in peripheral blood may indeed improve the

detection of PM when parasites are undetected in circulation.

PM is usually more frequent and more severe in primigravidae

as they lack antibodies that inhibit iE binding to CSA.

Sequestration of iE in intervillous spaces leads to monocytic

inflammatory infiltration in the placenta [8,9]. This inflammation

may affect cellular functions by altering the cytokine and

chemokine balance both in the periphery and in the placental

blood [10–15]. Fetal and maternal cells secrete inflammatory and

immunoregulatory molecules in response to sequestered iE [11].

In this context it is notable that PM and pre-eclampsia share many

features including an altered cytokine balance and some studies

have demonstrated an increased risk of preeclampsia among

pregnant women with malaria [16].
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Pregnancy represents a state of immunological tolerance in

which maternal pro-inflammatory T helper (Th) lymphocyte type

1 cytokines are down-regulated to protect the fetus from allograft

rejection [17]. Th1-type responses in the placenta are detrimental

for the fetus: high levels of pro-inflammatory cytokines have been

shown to be incompatible with successful pregnancy in mice [18].

In humans, PM results in elevated levels of both tumor necrosis

factor (TNF)-a and interferon (IFN)-c in placental plasma,

affecting the delicate cytokine balance [12,13]. These cytokines

may help eliminate parasites by enhancing the phagocytic activity

of monocytes/macrophages, but uncontrolled inflammatory

responses in the placenta could be pathological, interfering with

normal maternal-fetal exchange. Chemokines mediate the initial

inflammatory responses to pathogens via chemotactic interactions

with their corresponding receptors expressed on multiple leucocyte

cell-types. Binding of iE in the placenta leads to chemokine

secretion that stimulates leucocyte infiltration and initiates an

inflammatory cascade. Several chemokines are increased during

PM [11], some associated closely with monocytic infiltrates [10].

A recent study from Cameroon [19] reported an association

between plasma soluble TNF receptor-2 levels and LBW in

women infected by P. falciparum, suggesting that biomarkers in

peripheral blood might discriminate women with poor pregnancy

outcomes as a function of malarial infection status. Since PM

induces a local host response in the placenta, and soluble

components from the placental compartment may circulate in

the peripheral blood, investigating host proteins as possible

candidate biomarkers might be a good way to detect PM. In the

study described here peripheral venous plasma concentrations of

several pro- and anti-inflammatory molecules and angiogenic

factors were measured on multiple occasions during pregnancy

and at delivery in a cohort of Tanzanian women, and their

association with infection by P. falciparum was evaluated.

Methods

Ethics Statement
Written informed consent was obtained from all mothers before

inclusion, and ethical clearance was obtained from the Tanzanian

Medical Research Coordinating Committee (NIMR7HQ/R.8a/

Vol.IX/688).

Study Area
This study was carried out between September 2008 and

October 2010 in the Korogwe district, located about 100

kilometers inland from the coastal city of Tanga, northeastern

Tanzania. Historically, malaria transmission in the area was

reported to be intense and perennial but with seasonal peaks

during and following the rainy seasons from March to July and

from October to December [20]. However, malaria transmission

has markedly declined in recent years [21]. P. falciparum is the

predominant malaria species in the area [21].

Study Design
STOPPAM (‘‘Strategies To Prevent Pregnancy Associated

Malaria’’), a longitudinal cohort study of pregnant women, was

conducted in parallel in two separate sites in Tanzania and Benin.

In both study sites, 1000 pregnant women with a gestational age

#24 weeks based on ultrasound evaluation were included and

followed during pregnancy with a series of scheduled antenatal

visits (ANV) until delivery. Delivery samples were collected within

24–48 hours of delivery. Details of the study design and

procedures used have been published elsewhere [22]. Here we

present data from a part of the study focused on immunological

aspects conducted in the Tanzanian study site.

Parasitological Diagnoses and Treatment
For diagnosis of plasmodial infection at each ANV and at

delivery, ParascreenTM (Zephyr Biomedical Systems) rapid di-

agnostic tests (RDT) were used except during May-July 2009 and

July-September 2009 when ParacheckPfH (Orchid Biomedical

Systems) and ParaHITHf (Span diagnostics Ltd) were used,

respectively. Thick and thin blood smears were also systematically

made at each visit, as well as placental impression smears at

delivery. Smears were routinely stained with Giemsa and read by

two expert microscopists. PCR-based detection was not used. All

women presenting with infection diagnosed by RDT at any ANV

received anti-malarial treatment according to the national guide-

lines.

Study Population
For the sub-study described here a group of 121 pregnant

women (42 infected and 79 uninfected) was retrospectively

identified for the assessment of potential bio-markers in peripheral

venous plasma. The infected women were selected based on the

following criteria: (i) P. falciparum infection - defined by the

combination of a positive RDT and the presence of parasites in

blood/placental impression smears - once during pregnancy, (ii)

attendance at all three scheduled ANV at gestational ages 26

(ANV2), 30 (ANV3), and 36 (ANV4) and at delivery, with

corresponding plasma samples available and (iii) being HIV

seronegative and not pre-eclamptic. Each infected woman was

matched to two separate uninfected controls of similar age (64

years), gestational age (62 weeks) at the time the infection was

detected, and gravidity. Of note, of the 1000 pregnant women

enrolled 78 were identified at some point during pregnancy to be

infected with Plasmodium. Of these 78 women, 42 met the above

mentioned criteria to be included in this sub-group for analysis of

biomarkers. The characteristics of these pregnant women are

summarized in Table 1.

Sample Collection
Venous blood samples from the women were collected at all

visits in vacutainers (Greiner bio-one, Denmark) with citrate

phosphate dextrose adenine anticoagulant. After centrifugation,

undiluted plasma was collected, aliquoted and stored at 280uC
until use in assays.

Cytometric Bead Arrays
Levels of IL-1b, IL-6, IL-8, IL-10, IL-12p70, TNF, regulated on

activation normal T cell expressed and secreted (RANTES),

monokine-induced by IFN-c (MIG), monocytes chemotactic

protein (MCP)-1 and IFN-gamma-inducible protein (IP)-10 were

measured in plasma using cytometric bead arrays (CBA, BD

Biosciences, San Diego, CA, USA) according to the manufac-

turer’s recommendations. The samples and standards were

acquired on a flow cytometer (FACSCalibur, Becton Dickinson,

France) and analyzed using FCAP Array software v1.0.1 (BD/

Softflow, Hungary). Calibration was performed on the flow

cytometer before acquisition using BD FACSCompTM and BD

CaliBRITETM beads. The lower detection limits were 3.6, 7.2,

2.5, 3.3, 3.7, 1.9, 1.0, 2.5, 2.7 and 2.8 pg/ml for IL-8, IL-1b, IL-6,
IL-10, TNF, IL-12p70, RANTES, MIG, MCP-1 and IP-10,

respectively. All samples from a given woman were assayed

simultaneously and the positive women were always assayed

together with the corresponding control women’s plasma samples.

Inflammatory Factors during Pregnancy
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ELISA
Commercially available ELISA-based kits for IFN-a, IFN-c

(Mabtech, Stockholm, Sweden), vascular endothelial growth factor

receptor 1 (VEGF R1/Flt1), urokinase receptor (uPAR), Angio-

poietin (Ang)-1 and Ang-2 (R&D system, Minneapolis, MN) were

used according to the manufacturer’s recommendations. The

enzyme-substrate reaction was developed using p-nitrophenyl

phosphatase (Sigma, St Louis, MO, USA) for IFN-a and IFN-c
and tetramethylbenzidine substrate (R&D systems) for the others,

measuring optical densities in a multiscan ELISA reader at 405

and 450 nm, respectively. The concentrations were calculated

from standard curves established with corresponding purified

recombinant human proteins. The lower detection limits were 7,

2, 78, 16, 27, 78 pg/ml for IFN-a, IFN-c, VEGF R1/Flt1, uPAR,

Ang-1 and Ang-2, respectively.

Statistical Analysis
Statistical differences in plasma protein concentrations between

P. falciparum infected women and controls were evaluated by the

Mann-Whitney U non-parametric test. Statistical significance was

declared when p,0.05. To detect significant changes in plasma

protein concentrations during healthy pregnancies, Friedman’s

test was performed with observations from all five time points for

the non-infected women. Multiple logistic regression was used to

assess the association between different molecules and P. falciparum

infection. A stepwise procedure was performed to select a model

including the factors with the strongest association with infection.

The predictive power of such a model was summarized using

receiver operating characteristics (ROC) curves, and area under

ROC curve (AUC). The observations used for these analyses were

from the time point for infection together with the corresponding

matched observations. The statistical software packages used were

StatView 5.0.1 and Stata 12.

Results

Cytokines, Chemokines and Other Factors During
Pregnancy in Plasma Obtained from P. falciparum
Negative Pregnant Women
Little is known about cytokine and chemokine levels during

normal pregnancies and to our knowledge baseline levels at

different gestational ages of African populations have not been

reported. We therefore first determined the levels of a panel of

markers (IL-1b, IL-6, IL-8, IL-10, IL-12p70, TNF, RANTES,

MIG, MCP-1, IP-10, IFN-a, IFN-c, Ang-1, Ang-2, uPAR and

VEGF R1/Flt1) in the plasmas of 79 women who remained

infection-free from inclusion through to delivery (Fig. 1). The levels

of the majority of the cytokines (Fig. 1A), chemokines (Fig. 1B) and

angiogenic factors other factors (Fig. 1C) were not statistically

significantly different over time with the exception, at delivery, of

IL-6, IL-8, IP-10, uPAR and VEGF R1/Flt1 that increased

notably (p,0.0001 for all). TNF and IL-1b were in most cases

undetectable (Fig. 1A).

Inflammatory Factors and P. falciparum Infection
To evaluate the effect of P. falciparum infection we compared the

concentrations of the different molecules in the plasmas of infected

and uninfected pregnant women (Fig. 2). The level of RANTES

was significantly lower whilst the levels of IL-6, IL-10, MIG, MCP-

1 and IP-10 were all significantly higher in the infected women.

Levels of IL-8 and uPAR were also altered as a result of infection,

but in neither case did the difference reach statistical significance.

The levels of Ang-1, Ang-2, IFN-a, IFN-c and VEGF R1/Flt1

were unaffected by infection (Fig. 2). Of note, there were no

differences at any time in the levels of either TNF or IL-1b
between infected and uninfected individuals (data not shown).

Longitudinal Assessment of IL-10 and IP-10 during
Pregnancy
We next determined whether the levels of the different

molecules changed as a function of women’s gestational age at

the time of infection with P. falciparum. For this purpose, the

infected and matched uninfected women were grouped according

to the gestational age at the time infection was identified (Fig. 3).

The results showed that the levels of both IL-10 and IP-10

increased significantly when women were infected, irrespective of

gestational age. Following anti-malarial treatment the levels

decreased to background levels as reflected consistently by the

assessments of samples taken at the subsequent ANV. Of all the

molecules evaluated in this way, only IL-10 and IP-10 showed this

consistent infection/treatment-related change in profile (Fig. 3 and

data not shown).

Levels of Markers Differ Based on Gravidity and Infection
Status
Primigravidae are at greatest risk of infection with P. falciparum

and are more likely to suffer severe complications and to have

poorer pregnancy outcomes compared to multigravidae. We

therefore assessed the levels of different factors according to

gravidity (Fig. 4). Infected primigravidae and secundigravidae had

significantly higher levels of MCP-1 (Fig. 4A) but lower levels of

RANTES (Fig. 4B) compared to their uninfected counterparts.

These differences were not seen in the multigravidae, although

RANTES displayed the same trend towards lower concentrations

Table 1. Description of the pregnant women included in the present study.

Characteristics Uninfected Infected p

Number of subjects (n) 79 42

Age of mother, (mean 6 SD), years 2465.3 2465.3

Mean parasitemia, (min-max 6 SD), (parasites/ml) - 27969.2 (39.5–390749617132.4)

Primigravidae 22 12

Secundigravidae 33 17

Multigravidae $3 25 13

Neonatal birth weight (median 6 IQR), g 32006600 30006780 0.067b

bMann-Whitney non-parametric U test.
doi:10.1371/journal.pone.0048763.t001
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in infected women. Levels of IP-10 were significantly higher in all

infected women, irrespective of gravidity, compared to uninfected

women (Fig. 4C). The levels of IL-10 were significantly increased

in infected primigravidae and multigravidae but not in secundi-

gravidae (Fig. 4D).

Predicting P. falciparum Infection during Pregnancy
Associated Malaria
We included a number of biomarkers in our analysis that have

previously been shown to be altered in the peripheral blood of

women with placental malaria. To investigate their predictive

value for infection, selected factors were analyzed using multiple

logistic regression (Table 2). The results show that the likelihood of

having been infected with P. falciparum increases by a factor of

2.85, 2.82 and 0.32 with the doubling of concentration of IP-10,

IL-10 and RANTES, respectively. We further analyzed the

diagnostic accuracy of these three putative biomarkers using

ROC curve analysis (Fig. 5). Individually all markers displayed

moderate predictive ability with areas under the curve (AUC)

between 0.61–0.77 (data not shown). However, when combining

the factors identified by the multiple logistic regression analyses,

we found the combination of elevated IL-10 and IP-10 levels with

decreased RANTES levels to be predictive of infection, with the

highest AUC of 0.83 (Fig. 5).

Discussion

An essential component of the sub-study described here

comprised the detailed longitudinal clinical and parasitological

surveillance of women during pregnancy that was an integral

aspect of the overall STOPPAM study. This enabled us to make

assessments of sequential samples from a sub-group of women in

whom a single defined asymptomatic infection with P. falciparum

was identified, along with equivalent samples from appropriately

matched women who remained infection-free up to and including

delivery. The study design thus sets it apart from other published

studies. Amongst the latter, those that focus on individuals with

asymptomatic P. falciparum are scarce. Children with asymptomatic

P. falciparum infections have elevated plasma IFN-c, TNF and IL-4

levels [23], whilst a cross-sectional study of third trimester

pregnancies reported increased G-CSF and IL-10 in women with

asymptomatic infections [24]. To our knowledge, few studies have

used a longitudinal design to assess aspects of the timing of

infection during pregnancy and the relationship with potential

biomarkers in plasma. The advantage of using such a prospective

study design is that it gives a full picture of changes in the levels of

Figure 1. Baseline plasma levels of several inflammatory factors and others throughout pregnancies not complicated by malaria.
Plasma levels of (A) cytokines, (B) chemokines, and (C) angiogenic factors in plasma samples from 79 uninfected pregnant women measured
throughout their pregnancy. Samples were analyzed at inclusion, at antenatal visit (ANV) 2, 3 and 4 and at delivery by ELISA or CBA. The dots
represents the mean value and the bars the standard deviation.
doi:10.1371/journal.pone.0048763.g001

Figure 2. Plasma levels of several inflammatory and other factors in pregnant women with or without P. falciparum infection. Plasma
levels of selected factors were measured in 42 P. falciparum infected women, who were infected once at single time points during pregnancy, and
matched to 79 uninfected controls. The factors were measured using ELISA or CBA. The boxes represent the values between 25% and 75% quartile
and the line indicates the median. The whiskers indicate the 10% and 90% percentiles. The p-values were determined by non-parametric Mann-
Whitney U test.
doi:10.1371/journal.pone.0048763.g002
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Figure 3. Longitudinal assessment of IL-10 and IP-10 during pregnancy. All women that were infected during their pregnancy were
grouped according to the time point when the women were infected. For each group of infected women, samples from the negative control women
at the same occasion were grouped together in the same graph. The three antenatal visits (ANV) were at gestational ages 26 (ANV2), 30 (ANV3), and
36 (ANV4). At inclusion: uninfected (n = 24), infected (n = 13); at ANV2: uninfected (n = 13), infected (n = 7); at ANV3: uninfected (n = 15), infected
(n = 8); at ANV4: uninfected (n = 13), infected (n = 7); at Delivery: uninfected (n = 14), infected (n = 7). The red lines illustrate mean values for the
infected women and the blue line illustrates the mean values for the uninfected control women. The statistical significance of differences in the
concentrations between infected and uninfected women at the different time-points is illustrated.
doi:10.1371/journal.pone.0048763.g003
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Figure 4. Comparison of inflammatory factors in peripheral plasma from P. falciparum infected and uninfected women stratified by
gravidity status. Plasma levels of (A) MCP-1 (B) RANTES, (C) IP-10 and (D) IL-10 according to gravidity of the women. Infected primigravidae (n = 12),
uninfected primigravidae (n = 22), infected secundigravidae (n = 17), uninfected secundigravidae (n = 33), infected multigravidae (n = 13) and
uninfected multigravidae (n = 25). The boxes represent the values between 25% and 75% quartile and the line indicates the median. The whiskers
indicate the 10% and 90% percentiles. P-values were determined by non-parametric Mann-Whitney U test.
doi:10.1371/journal.pone.0048763.g004

Figure 5. Assessment of biomarkers in predicting P. falciparum infection during pregnancy. Receiver operating curve (ROC) for the
multiple logistic regression model, with IL-10, IP-10 and RANTES as predictors. The area under the ROC curve (AUC) with 95% confidence interval is
0.83 (0.75, 0.91).
doi:10.1371/journal.pone.0048763.g005
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such biomarkers as a function both of gestational age and of

a defined infection event rather than the ‘snapshot’ image that

a cross-sectional design gives. For example, a longitudinal study

involving a relatively small number of women in Cameroon

identified changes in plasma angiopoietin levels during pregnancy

as a function of infection with P. falciparum [25,26]. Such infections

were shown by Thévenon and colleagues – using samples from the

same study in Cameroon – to be associated with altered TNF

receptor profiles [19]. Importantly, we have shown that, over the

course of a normal pregnancy, the concentrations of the majority

of the factors measured remained stable with few fluctuations

except at delivery. Notably, however, at times when the women

were infected with P. falciparum the levels of several molecules

changed, in particular those of IL-6, IL-10, MIG, MCP-1 and IP-

10 that increased, while the level of RANTES decreased. Integral

to our study design was the fact that the comparisons made were

with the levels of the same factors in two uninfected women, who

were matched for several potentially confounding parameters.

Consistently increased concentrations in relation to infection,

regardless of gestational age, were only seen for IL-10 and IP-10.

The latter two factors were also found to be present at significantly

higher concentrations in infected primigravidae, the group known

to be most susceptible to malaria during pregnancy. ROC curve

analyses revealed the combination of IL-10, IP-10 and RANTES

to be strongly predictive of P. falciparum infection during

pregnancy.

The fact that the levels of most factors studied were stable, from

inclusion right through to delivery, indicates a strict degree of

regulation during pregnancy. In particular, the levels of IFN-a and

IFN-c, factors known to be associated with spontaneous abortions

and preterm delivery [18] were very stable. Notable also was the

absence of detectable levels of TNF in the peripheral plasma of

both uninfected and infected women. Numerous studies have

shown TNF to be elevated in placental plasma during P. falciparum

infection [12,13,15]. This again suggests tight regulation restricting

potentially harmful molecules to isolated areas such as the

placenta. Emphasizing the latter, one of those studies did quantify

TNF levels in a small number of peripheral plasma samples at

delivery and found that the relatively low concentrations detected

were weakly associated with P. falciparum infection [15]. Of note,

other factors measured in our study, especially IL-6, IL-8, IP-10,

uPAR and VEGF R1/Flt1, increased markedly at delivery. These

findings are consistent with those reported by others [27], showing

increased IL-6 levels at the end of normal pregnancies, possibly

contributing to the process of initiation of labor. Increased levels of

IL-6 at delivery have been reported in pre-eclampsia [28],

indicating that IL-6 can be harmful, possibly playing a role in

the inflammation and endothelial dysfunction associated with pre-

eclampsia.

That infection with P. falciparum during pregnancy alters the

cytokine balance in both placenta and periphery is widely

accepted. We consequently found elevated levels of MIG, MCP-

1 and IP-10 in infected women compared to uninfected controls.

MIG, MCP-1 and IP-10 are all chemokines that attract different

immune cell populations to the sites of infection. MIG and IP-10

are a (CXC) chemokines that are produced by a variety of

leucocytes in response to IFN-c and TNF and are chemoattrac-

tants for activated T and NK cells and macrophages. MCP-1 is

a b (CC) chemokine produced primarily by monocytes, macro-

phages and endothelial cells and is a potent monocyte chemoat-

tractant [29]. Monocytes and macrophages predominate in the

inflammatory infiltrate of infected placentas [8,9]. Our findings

point to MIG, MCP-1 and IP-10 as pivotal in recruiting such cells

into the placenta. Little is known concerning IP-10 and MIG in

the context of placental malaria, although IP-10 has been shown to

be produced by cultured intervillous blood mononuclear cells

isolated from the placentas of women infected with P. falciparum

[30]. High levels of IP-10 are found in pre-eclampsia [31], and

have recently been shown to be involved in the pathogenesis of

cerebral malaria, both in mice [32] and in humans [33]. In the

latter study IP-10 was identified as a biomarker associated with

mortality in P. falciparum-mediated cerebral malaria. IP-10 has

both pro- and anti-inflammatory properties, and has been

proposed to be a potential link between inflammation and anti-

angiogenesis in preeclampsia [34]. We found that IP-10 levels

were increased irrespective of gravidity, emphasizing its associa-

tion with infection, and lending support for this chemokine as

a potential biomarker.

We also found increased levels of uPAR in the infected women

compared to uninfected controls, although this did not reach

statistical significance. Elevated levels of uPAR have previously

been shown to predict LBW in maternal malaria [35], and to be

associated with parasitaemia in children with acute P. falciparum

infections [36]. Various immune cells express uPAR which can be

shed from the cell surface [37]. Given the fact that activated

monocytes have increased expression and release uPAR, it could

be that monocytes within the placenta contribute to the high blood

levels of this factor during malaria infection. In addition, high

levels of pro-inflammatory cytokines, or presence of adherent and

circulating parasitized erythrocytes could also contribute to

enhanced uPAR release from vascular endothelial cells, but the

exact source for this molecule is still not known.

Of all the molecules quantified, only the concentration of

RANTES decreased upon infection. Low circulating levels of

RANTES have previously been shown to be associated with severe

malaria [38], and especially with mortality in children with

cerebral malaria [39]. Thrombocytopenia is frequent in severe

malaria cases and is associated with increased mortality in children

[40]. Since platelets are a major reservoir of RANTES in the

circulation [41], it has been suggested that lower levels of

RANTES in patients with severe malaria may be due to

parasite-induced thrombocytopenia [42]. Of relevance to our

study is the fact that pregnant women with acute uncomplicated

malaria become more thrombocytopenic than non-pregnant

women [43]. The possible pathological relevance of the decreased

amounts of RANTES in women with P. falciparum during

pregnancy – all of whom, it should be stressed, were asymptomatic

at the time of diagnosis – therefore remains to be clarified.

Increased levels of IL-10 at delivery in the infected women have

been reported by Kabyemela and colleagues [44]. Here, our

longitudinal study has extended that finding, revealing that IL-10,

in tandem with IP-10 levels, increase in infected women

irrespective of their gestational age. IL-10 is a key cytokine both

Table 2. Estimated odds ratio with 95% confidence interval
for the multiple logistic regression model.

Factor Odds ratio 95% CI p

IP-10 2.85 1.39–5.84 0.004

IL-10 2.82 1.21–6.58 0.016

RANTES 0.32 0.15–0.68 0.004

Concentration values of factor 2 were log2-transformed which means that odds
ratio estimate applies for a doubling of concentration.
doi:10.1371/journal.pone.0048763.t002
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in the protection and in the pathogenesis of malaria. High levels of

IL-10 may be beneficial to the host by reducing inflammatory

responses, but on the other hand may be detrimental by

suppressing protective anti-parasitic Th1-type responses. Low

levels of IL-10 or a low IL-10/TNF ratio are associated with

malarial anemia in African children [45]. Elevated levels of IL-10

in infected pregnant women may, thus, plausibly play a role in the

down-regulation of pathological parasite-induced Th1-type re-

sponses in order to maintain a healthy pregnancy. The anti-

inflammatory properties of IL-10 are mediated through blockade

of monocytes/macrophage functions including the production of

pro-inflammatory cytokines such as IL-6, TNF and IL-1 [46]. The

latter are primary mediators of acute phase responses that regulate

the induction of acquired immune responses. The asymptomatic

nature of the infections in our pregnant women could, thus, reflect

the suppressive effects of increased amounts of IL-10. The

increased IL-10 levels seen in asymptomatic pregnant Ghanaian

women infected with P. falciparum in their third trimester further

confirm of our observations [24]. The important role IL-10 plays

in suppressing Th1 responses during pregnancy is reflected by the

increased levels of IL-10 seen during normal healthy pregnancies

compared to non-pregnant controls [47].

The combination of biomarkers may be a better way to provide

better diagnostic or prognostic accuracy than single markers. In an

attempt to identify the best biomarker(s) of P. falciparum infection

during pregnancy from amongst the panel of molecules quantified,

we first used a logistic regression model that revealed IL-10, IP-10,

MIG and RANTES as potentially useful in this regard. We then

used ROC curve analysis as the most appropriate means of

determining predictive values. The conclusion from those analyses

is that the combination of increased IL-10 and IP-10 with

decreased RANTES levels was most predictive of infection. While

the result of this study is promising, the specificity of this

combination requires further detailed investigation in a larger

sample that should optimally include women with symptomatic as

well as asymptomatic P. falciparum infections and also needs to be

validated in other populations with differing levels of malaria

endemicity. In this context, it should be noted that, in the Benin

cohort of the STOPPAM study, PCR-based detection of ‘occult’

infections with P. falciparum at inclusion – undetected by either

RDT or microscopy - has revealed significant associations with

elevated plasma IL-10 levels (N Tuikue Ndam, unpublished data).

One major limitation of this study is the relatively small sample

size, but this lack of power is at least partly offset by our use of

samples from two closely matched controls per case. Placental

histological evidence of infections that could have shed further

light on the issue was not available to us due to technical problems

during placental biopsy preparations and storage. We did not

assess all potential biomarkers, including some more recently

identified, but the plasma samples are still available and, resources

permitting, could easily be screened to identify other candidates.

Conclusion
To the best of our knowledge, there are no comprehensive

prospective, longitudinal studies that describe cytokine and

chemokine profiles during pregnancy and at delivery in an African

cohort. Our study shows that IL-10, IP-10 and RANTES are

increased upon infection with P. falciparum and therefore might be

valuable for diagnostic purposes during pregnancy-associated

malaria. The biomarkers that we have identified will need to be

validated together with other biomarkers that have recently been

associated with placental infection alongside malaria rapid di-

agnostic tests and PCR to compare accuracy and whether they

could be combined to improve PM diagnosis. Our results

contribute to the overall picture of P. falciparum-induced changes

in cytokine and chemokine levels during pregnancy but more

detailed studies are needed to further clarify the mechanisms

underlying the patho-physiology of pregnancy-associated malaria.
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