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Abstract

Sequestration of Plasmodium falciparum-infected erythrocytes in placental intervillous spaces causes inflammation and
pathology. Knowledge of the profiles of immune cells associated with the physiopathology of pregnancy-associated malaria
(PAM) is scarce. We conducted a longitudinal, prospective study, both in Benin and Tanzania, including ,1000 pregnant
women in each site with systematic follow-up at scheduled antenatal visits until delivery. We used ex vivo flow cytometry to
identify peripheral blood mononuclear cell (PBMC) profiles that are associated with PAM and anaemia, determining the
phenotypic composition and activation status of PBMC in selected sub-groups with and without PAM both at inclusion and
at delivery in a total of 302 women. Both at inclusion and at delivery PAM was associated with significantly increased
frequencies both of B cells overall and of activated B cells. Infection-related profiles were otherwise quite distinct at the two
different time-points. At inclusion, PAM was associated with anaemia, with an increased frequency of immature monocytes
and with a decreased frequency of regulatory T cells (Treg). At delivery, infected women presented with significantly fewer
plasmacytoid dendritic cells (DC), more myeloid DC expressing low levels of HLA-DR, and more effector T cells (Teff)
compared to uninfected women. Independent associations with an increased risk of anaemia were found for altered
antigen-presenting cell frequencies at inclusion, but for an increased frequency of Teff at delivery. Our findings emphasize
the prominent role played by B cells during PAM whenever it arises during pregnancy, whilst also revealing signature
changes in other circulating cell types that, we conclude, primarily reflect the relative duration of the infections. Thus, the
acute, recently-acquired infections present at delivery were marked by changes in DC and Teff frequencies, contrasting with
infections at inclusion, considered chronic in nature, that were characterized by an abundance of immature monocytes and
a paucity of Treg in PBMC.
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Introduction

Pregnancy is characterized by still generally poorly defined

changes in the immunological equilibrium needed to protect the

mother and the fetus from invading pathogens whilst at the same

time tolerating the highly immunogenic paternal alloantigens in

order to sustain fetal integrity. Through their capacity to modulate

immunological responses, maternally-derived regulatory T cells

(Treg) are now thought to play a pivotal role in the tolerance of the

fetus by the mother’s immune system, a role reflected by their

reportedly dramatic increase in numbers during pregnancy [1–4].

Dendritic cells (DC), particularly those DC located in the decidual

tissues, are central controllers of the materno-foetal tolerance

process through their overall influence, governed by the presence

of Treg, on immune responses in general [3]. A further level of

maternal-foetal tolerance extends to the expression by fetal

trophoblasts of non-classical human leucocyte antigens (HLA)

class I molecules, such as HLA-G. Such molecules do not trigger

the natural killer (NK) cell-mediated cytotoxic response elicited by

abnormal expression of HLA molecules that commonly occurs on

cells that are stressed or infected [3]. For obvious reasons, the

knowledge we have of such aspects is derived from examination of

placental tissues at delivery and/or of peripheral blood, with the

latter providing the only accessible ‘window’ through which one

can view changes in cell numbers and phenotypes as a function of

gestational age. Indeed, data from recently conducted longitudinal

studies have revealed increasing evidence of significant changes in

both the quantity and the quality of Treg, DC and other cell types

during normal pregnancies in high-income countries [5–8].
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Infections during pregnancy can represent profound distur-

bances to the delicate materno-foetal equilibrium, especially

infections that are localised to the placenta itself. In the public

health context of low-income countries, one of the most prominent

and important examples of such an infection is, without doubt,

Plasmodium falciparum, the protozoan parasite that causes malaria.

Its prominence as such reflects the burden of maternal and

neonatal disease and death for which it is directly responsible

worldwide [9]. The clinical and pathological outcomes include

maternal anaemia, premature birth and low birthweight, which

are a direct consequence of infection of the placenta by P.

falciparum [10]. That tissue specificity arises from the adhesive

interactions between at least one parasite-derived protein, referred

to as VAR2CSA, that is inserted into the membrane of P.

falciparum-infected erythrocytes (PfiE), and a host receptor,

chondroitin sulphate A (CSA), that is expressed on syncytiotro-

phoblasts [11]. Those interactions lead to accumulations of PfiE in

the intervillous spaces of the placenta that are accompanied by an

inflammatory response, predominantly involving monocytes and

to some extent also B and NK cells and neutrophils [12,13].

Numerous published studies have documented the nature of the

immune response elicited by placental infection with P. falciparum,

using peripheral venous and/or placental blood collected at

delivery. Such studies have quantified levels of cytokines and

chemokines in plasma, and have also identified the phenotypes of

the cells as well as non-specific and parasite-specific response

profiles, following stimulation in vitro, of mononuclear cell

populations [14–16]. A single study has documented specific

infection-related alterations in DC populations at delivery [17].

There are, however, no published reports of similar data collected

longitudinally during pregnancy in women with and without P.

falciparum infection. The study presented here is therefore a first

step in the attempts to fill this large gap in our knowledge. Within

the overall framework of the STOPPAM project, the study’s

primary objective was thus to evaluate the impact of pregnancy-

associated malaria (PAM) on the phenotypic composition and

activation status of peripheral blood mononuclear cells (PBMC),

and to attempt to identify PBMC profiles that are associated with

particular outcomes e.g. maternal anaemia, in order to better

understand the pathogenesis of PAM. As such, we designed the

study to provide two ‘windows’ through which to observe cellular

profiles in women with or without infection by P. falciparum, the

first at inclusion into the study (during the second trimester for the

majority of participants) and the second at delivery. Identical

procedures were used, based on standardized flow cytometric

staining methods with PBMC ex vivo, in two geographically

separated study sites in sub-Saharan Africa, one in Benin and the

other in Tanzania, that differ distinctly with respect to the patterns

of transmission of malaria. In both sites, detailed clinical and

parasitological data were collected from each participant at

inclusion into the study and thereafter throughout pregnancy up

to and including delivery. The resulting databases thus allow for

in-depth assessments of outcomes related to the range of

immunological variables evaluated.

Materials and Methods

Ethics statement
The STOPPAM study received ethical clearance from the

ethics committees of the Health Science Faculty of the University

of Abomey-Calavi, Benin, and of the National Institute for

Medical Research of Tanzania.

Study population
The study populations comprise sub-groups drawn from the

cohorts of pregnant women that participated in a longitudinal

study known as ‘‘Strategies TO Prevent Pregnancy Associated

Malaria’’ (STOPPAM) that was conducted in parallel in the two

study sites i.e. Benin and Tanzania. After giving written informed

consent, ,1000 pregnant women at #24 weeks’ gestational age

were included both in Comé, located in the Mono province 70 km

west of Cotonou, the economic capital of Benin, and in Korogwe,

located in the Tanga Region of north-eastern Tanzania.

Transmission of malaria in the area of the Beninese study site is

considered as moderate-high (the entomological inoculation rate

(EIR) was 20.5 in neighbouring Tori Bossito) [18], whilst in the

Korogwe area transmission was, historically, high (EIR = 90) [19]

but has recently declined sharply [20]. Perennial transmission with

seasonal peaks characterizes both sites. The STOPPAM study

design has been described in detail elsewhere [21]. Briefly,

ultrasound examinations were used to determine gestational age,

and women were followed from inclusion up to and including

delivery through a series of scheduled ante-natal visits (ANV)

during which ultrasonographic, clinical and parasitological assess-

ments were conducted. Women were also encouraged to attend

the clinic (‘emergency’ visits) in the event of any perceived illness

or other pregnancy-related problem. At all visits (ANV or

emergency), infection with P. falciparum was identified through

the use of rapid diagnostic tests (RDT), and those with a positive

RDT were given appropriate anti-malarial treatment. Retrospec-

tive parasitological confirmation of infections comprised micro-

scopical examination of routinely prepared, giemsa-stained thick

and thin blood smears. All women received two standard curative

treatment doses, spaced at least 1 month apart, of sulphadoxine-

pyrimethamine according to the national policies for intermittent

preventive treatment in pregnancy (IPTp). The sub-groups

selected for cellular immunological studies both at inclusion and

at delivery described here were identified on the basis either of

their current or their past infection status, with a case-control

design. At inclusion, on the basis of an informed estimate of a

prevalence of 10%, we expected 100 women to present with

infection with P. falciparum. For immunological assessments at

inclusion we therefore planned to include a total of 200 women,

comprising 100 ‘cases’ of women infected with P. falciparum and

100 ‘controls’ of uninfected woman matched to ‘cases’ by age,

gravidity and gestational age. Cases were recruited sequentially

according to their inclusion into the overall study, with the

matched uninfected controls selected and recruited as soon as

practically possible after each case. At delivery infected women

(‘cases’ who may or may no have been infected earlier) were again

included into the immunological sub-study chronologically, but 2

different uninfected ‘control’ sub-groups, matched by age and

gravidity to cases, were defined using the detailed clinical and

parasitological histories available as a result of the follow-up: (i) an

uninfected group comprising those with no evidence of infection

with P. falciparum at inclusion or subsequently throughout follow-

up or at delivery, (ii) an exposed group comprising those

uninfected at delivery but who had at least one infection episode

at inclusion or during follow-up. In each site, a majority of those

selected at inclusion and delivery were different individuals

although samples from a minority were included in both. The

low prevalence of P. falciparum infection in Tanzanian women

resulted in markedly lower-than-expected numbers for inclusion in

sub-groups at both time-points. Data from women in either study

site with proven seropositivity for HIV or with unknown HIV sero-

status were not included in the analyses.

Immunology of Pregnancy-Associated Malaria
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P. falciparum parasites detection in blood smears
Plasmodial parasite detection in freshly-drawn blood was

performed using a rapid diagnostic test (RDT) (Parascreen*,

Zephyr Biomedical Systems, Goa, India), and retrospectively

through standard high-power microscopical examination of thin

and thick blood smears prepared from peripheral blood and of

placental impression smears.

Blood collection and cell preparation
Peripheral venous blood samples were collected at inclusion and

at delivery in vacutainers containing citrate phosphate dextrose

adenine (CPDA) anticoagulant. For the detailed immunological

studies described here, samples were taken from 131 and 111

Beninese women at inclusion and at delivery, and from 38 and 27

women in the Tanzanian cohort, respectively. The blood samples

were transported to the research laboratories in the respective

study sites and were processed for immunological assessments

within 4 hours. Peripheral blood mononuclear cells (PBMC) were

isolated using Leucosep tubes (Greiner-Bio) according to the

manufacturer’s description and were subsequently used for the

immunophenotyping described below.

Dendritic cell, B cell and monocyte immunophenotyping
PBMC were washed in staining buffer (PBSx1, EDTA 5 mM,

2% FBS) for 10 min at 150 g and resuspended at a concentration

of 10 million cells/ml. Cells were then incubated with 10 ml of FcR

Blocking reagent (Miltenyi Biotec, Gladbach, Germany) for

10 minutes in the dark at 4uC to prevent non-specific labelling.

Specific surface labelling was then performed by adding anti-

BDCA-1-Phycoerythrin (PE) for myeloid dendritic cells (mDC)

and anti-BDCA-2-PE for plasmacytoid DC (pDC) detection (all

Miltenyi Biotec), anti-CD14-Fluorescein isothiocyanate (FITC) for

monocytes, anti-CD-19-FITC for B cells, and the combination of

anti-HLA-DR-Peridinin chlorophyll protein (PerCP) and anti-

CD86-Allophycocyanin-cyanin (APC) (all BD Pharmingen, San

Diego, CA) antibodies for cells’ activation status. After incubating

for 30 minutes at 4uC in the dark, cells were then washed and

fixed with FACS lysing solution (BD Pharmingen). The cells were

finally resuspended in 300 ml of staining buffer, acquired using BD

FACSCalibur and analyzed using CellQuest Pro or FlowJo 7.6

software. Gating strategies are shown in Figure 1A.

T cell, NK cell and T regulatory cell immunophenotyping
Cells were resuspended and incubated with 10 ml of FcR

Blocking reagent (Miltenyi Biotec) for 10 minutes in the dark at

4uC. Cells were then incubated for 30 minutes in the dark, with

specific antibodies. Anti-CD3-APC, anti-CD8-FITC, anti-CD4-

PerCP and anti-CD56-PE (BD Pharmingen) were used for T

lymphocyte and NK cell labelling, whilst anti-CD25-FITC and

anti-CD127-PE (BD Pharmingen) were used for regulatory T cell

(Treg) labelling. Anti FoxP3-APC (BD Pharmingen) was added for

Treg labelling according to the manufacturer’s recommendations

after permeabilisation and fixation with PermFix (BD Pharmin-

gen). Cells were acquired in 300 ml of PBS 3% FBS using BD

FACSCalibur and analyzed by CellQuest Pro or FlowJo 7.6

software. Gating strategies are shown in Figure 1B & C.

Data analysis
When using matching for inclusion of controls our original

intention was to enhance statistical power through the use of

paired tests. In practice, resource restrictions precluded collection

of samples from the intended number of women. In addition, the

implementation of various exclusion criteria (HIV infection,

missing information and/or data) resulted in an overall reduction

in sample sizes and a consequently reduced number of ‘pairs’. In

order to maximize the use of available data, we therefore chose to

apply unpaired tests throughout, and retained gravidity, gesta-

tional age and age - the specific criteria used for matching - as

variables in all analyses. The decline in transmission of malaria in

the Tanzanian site resulted in a markedly lower prevalence of

infection compared with Benin, and hence smaller sub-group sizes.

Although it therefore lacked the same level of statistical power we

nevertheless opted to maximize the use of the hard-won

Tanzanian dataset to validate, where possible, the findings from

Benin.

Data analysis was performed using STATA/MP 11.2 (Stata-

Corp, College Station, TX USA) and Prism 5.0 (Graph pad Inc).

For each continuous biological variable, the median of the

distribution for uninfected women was used as the threshold value

for the transformation of the variable into categorical variable (i.e.

below or above the threshold). Categorical variables were

compared with chi2 (42) or Fisher’s exact tests and continuous

variables compared with non-parametric tests (Mann Whitney).

Multiple logistic, ordered logistic and linear regressions were

performed using respectively ‘‘logit’’, ‘‘ologit’’ and ‘‘regress’’

commands in STATA in order to identify biological variables

associated with the risk for or the level of P. falciparum infections

among pregnant women both at inclusion and at delivery in the

Beninese cohort. The threshold value of statistical significance in

univariate analyses for inclusion of variables into multivariate

analyses was set at p,0,2. Results of analyses of data from Benin

were confirmed in a multiple logistic regression by using data from

the Tanzanian cohort as an external set of validation. In order to

assess whether any of the biological variables measured were

independently associated with the risk of anaemia at inclusion

and/or at delivery, similar procedures to those described above

were used. A prospective evaluation of the association between

biological variables at inclusion and anaemia at delivery was also

conducted using similar procedures for selection.

Results

Demographic and other characteristics of the study
populations

In order to compare data between P. falciparum-infected and

uninfected pregnant women, sub-groups were selected from within

the whole STOPPAM cohort in each site. In Benin the sub-groups

selected comprised 131 women at inclusion (62 infected and 69

uninfected) and 111 at delivery (37 with infection at delivery, 27

‘exposed’ women who had been infected at least once during

pregnancy but were uninfected at delivery, 47 uninfected

throughout pregnancy, Tables 1 & 2). In Tanzania, the sub-group

at inclusion comprised 38 women (20 infected and 18 uninfected),

whilst at delivery it comprised 27 women (9 infected at delivery, 7

‘exposed’ and 11 uninfected throughout pregnancy, Table 2). To

assess whether the women included in the sub-groups for

immunological analysis were representative, relevant parameters

were compared between them and the whole study cohort. As

expected because of the bias inherent to the criteria used for their

selection at inclusion (P. falciparum infections are more common in

primigravidae, who are by definition younger), the sub-group of

131 Beninese women was of significantly lower gravidity and was

significantly younger than the whole cohort (Table 1), but at

delivery no such differences were apparent (Table 1). The smaller

size of the Tanzanian cohort meant that similar comparisons of

the sub-groups were not meaningful.

Immunology of Pregnancy-Associated Malaria
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We wished to assess the influence of P. falciparum infection on

multiple parameters, and therefore used univariate analysis in a

first step to make comparisons within the sub-groups. In Benin,

women infected with P. falciparum at inclusion showed a non-

significant trend to be younger, whilst a significantly higher

proportion were anaemic and significantly fewer declared

possessing a bednet compared with the uninfected group

(Table 2). The same set of parameters did not differ significantly

between the sub-groups of Tanzanian women at inclusion,

although the proportion of those infected who were also anaemic

was almost double that in the uninfected group (Table 2). At

delivery, we wished to make as detailed a comparison as possible

and therefore used the information generated by the longitudinal

surveillance of women through pregnancy to identify 3 different

groups of women based on their P. falciparum infection histories

since inclusion into the study, namely (i) those never found infected

from inclusion through to delivery (including at emergency clinic

visits outside scheduled ANV), (ii) an ‘exposed’ group comprising

those infected at least once during pregnancy but who were

uninfected at delivery and (iii) those infected at delivery with or

without recorded infection during pregnancy. We found that a

higher proportion of infected mothers in Benin were younger and

anaemia was more common amongst them compared with the

uninfected group (Table 2). A separate logistical regression

analysis, using dichotomised data for the sub-group at delivery

to compare the infected group with all women found to be

uninfected at delivery (i.e. both exposed and uninfected groups

combined together), revealed a higher proportion of primigravidae

in the infected group (data not shown). No such differences were

seen at delivery in the Tanzanian mothers but the small sample

sizes are restrictive in this case (Table 2).

P. falciparum infection-related changes in the peripheral
blood mononuclear cell composition at inclusion

The principal focus of this study concerned the effects of

infection with P. falciparum during pregnancy on PBMC profiles. At

inclusion into such a study, when access to placental blood is not

practicable, it cannot be determined with absolute certainty that

an infection detected in peripheral blood extends to the placenta.

Current knowledge indicates that the state of placental vascular-

ization first allows access to intervillous spaces by maternal blood,

and hence by P. falciparum-infected erythrocytes (PfiE), between the

10th–12th weeks of gestation. Our own findings concerning

VAR2CSA expression, nevertheless, suggest that PfiE do indeed

have access to cells expressing CSA (i.e. of placental origin) before

the start of the 2nd trimester in .90% of women (Tuikue Ndam

N., unpublished observations). Within the selected sub-group of

women in Benin there were eight (8) infected women with a

gestational age (GA) ,12 weeks at inclusion. Data from these

women were not excluded from the analysis presented here.

Univariate analysis of the Beninese dataset included immuno-

logical variables as well as age, gestational age, P. falciparum

infection status, and bednet possession. Figure 2 illustrates the flow

cytometry-based characterization by phenotypic markers of the

different populations of cells within PBMC that we identified for

comparisons. A number of variables were found to display

associations with P. falciparum infection detectable at inclusion

(Table 2). These included, as outlined above, age, anaemia and

bednet possession. Amongst the cellular phenotypes of antigen-

presenting cells, the frequencies of mDC/pDC and monocytes did

not differ according to infection status but the frequency of B cells

was significantly higher in PBMC of infected versus uninfected

women (Figure 3A–D). Within T cell subsets, the only difference

found concerned the significantly lower frequency of Treg in

PBMC of infected versus uninfected women (Figure 3E–H). With

Figure 1. Cytometry-based gating for definition of phenotypes. (A) Monocytes (CD14+), B cells (CD19+) were gated from PBMC. pDC were
directly gated from the CD142CD192 population whilst mDC were gated from the CD142CD192HLA-DR+ population. CD86 and HLA-DR expression
were determined by MFI (Mean Fluorescence Intensity). (B) NK, NK T and CD3+ cells were gated from PBMC. CD4+ and CD8+ T cells were gated from
CD3+. The gating strategies for Treg (CD4+CD25+CD1272) and Teff (CD4+CD25+CD127+) are presented in (C). Cell frequencies were determined as a
percentage of PBMC, and relative FoxP3 expression level determined as a function of FoxP3 expresssion by naı̈ve CD4+ T cells (CD4+CD252).
doi:10.1371/journal.pone.0049621.g001

Table 1. Characteristics of sub-groups compared with the whole cohort in Benin at inclusion and at delivery.

Inclusion Delivery

Variables Whole cohort Sub-group Whole cohort Sub-group

n n p* n n p*

Gestational age in
weeks

982 18.1 (5.0) 131 17.7 (4.1) 0.31 623 39.5 (2.3) 111 39.5 (1.5) 0.75

Gravidity 1037 3.4 (2.0) 131 3.0 (1.9) 0.02 630 3.5 (2.1) 111 3.3 (1.9) 0.25

Age in years 1023 26.4 (6.2) 131 25.2 (6.1) 0.04 618 26.7 (6.3) 110 26.2 (5.9) 0.50

% possessing a bednet 1037 32.1 131 28.2 0.37 630 29.5 111 34.2 0.32

% with haemoglobin
,11 g/dl

1029 60.7 130 66.9 0.17 578 46.4 102 40.2 0.25

Parasites/mL 176 1538 (299) 59{ 2399 (699) 0.19 70 15266 (1142) 33{ 13627 (1250) 0.83

Values are means (standard deviation) except for parasitaemia which are medians (interquartile ranges).
*Student t test or x2 for proportions.
{3 subjects were positive by RDT but negative by microscopy.
{4 subjects were positive by RDT but negative by microscopy.
doi:10.1371/journal.pone.0049621.t001
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respect to activation status, HLA-DR expression on both mDC

and monocytes was significantly lower whilst CD86 expression on

both pDC and B cells was significantly higher in PBMC of infected

versus uninfected women (Figure 4A–H).

All the variables displaying associations with infection in

univariate analysis were subsequently included in multiple logistic

regression analysis. The latter confirmed the independent associ-

ation between maternal anaemia and infection (Table 3), but the

association with bednet possession was lost. Variables that

remained significantly different in PBMC of infected compared

with uninfected women after multivariate analysis included the

lower frequency of Treg, the higher frequency of B cells overall

and the higher frequency of B cells expressing high levels of CD86

(Table 3). We next conducted a sub-analysis using ordered logistic

regression that categorised women according to their parasite

density as uninfected or with a parasitaemia above or below the

infected group’s median value. This revealed significant associa-

tions for the same set of variables as for infection alone, namely

that higher parasitaemia loads were associated with younger age

(OR 5.3, 95% CI 2.0–14.0; p,0.05), more frequent anaemia (OR

2.8, 95% CI 1.0–7.5; p,0.01), significantly fewer Treg (OR 3.8,

95% CI 1.6–9.2; p,0.01) and a significantly higher proportion of

B cells expressing high levels of CD86 (OR 3.4, 95% CI 1.4–8.2;

p,0.01). Linear regression analysis showed that higher parasitae-

mia loads were also associated with significantly reduced levels

(p#0.001 in both cases) of expression of both HLA-DR and CD86

on monocytes (data not shown).

Our overall analysis strategy comprised validation of the

findings generated by the analysis of the Beninese dataset through

identical analysis of the Tanzanian dataset. Using the latter, we

therefore next conducted multiple logistic regression analysis in the

same way as with the Beninese dataset, incorporating the same

variables for assessment as a function of the presence or absence of

P. falciparum infection. This revealed a significantly higher

proportion of B cells with a high level of expression of CD86

(OR 13.8; IC 95% 1.6–120.6; p,0.05), and a significantly lower

proportion of Treg (Treg/Teff ratio) (OR 8.4; IC 95% 1.2–57.5;

p,0.05) in infected versus uninfected Tanzanian women at

inclusion, confirming the results of analysis of the Beninese data.

Of note, we found no evidence of differences in the frequencies

of T (CD4+/CD8+, Figure 3G, H), NK or NKT cells (data not

shown) as a function of the presence or absence of P. falciparum

infection at inclusion.

P. falciparum infection-related changes in the peripheral
blood mononuclear cell composition at delivery

Univariate analysis of the Benin dataset at delivery included the

same set of variables as at inclusion. The analysis revealed

differences with respect to a comparatively restricted number of

variables, specifically concerning significantly higher frequencies of

B cells and effector T cells (Teff) but lower frequencies of pDC in

PBMC of infected versus uninfected women (Figures 3B,D,F &

4H). In multiple logistic regression analysis PBMC from infected

women were shown to contain significantly more B cells that

expressed higher levels of CD86, significantly fewer pDC,

significantly more mDC expressing a low level of HLA-DR, and

significantly more Teff cells compared to uninfected women

(Table 4).

We then performed a separate analysis combining the

uninfected and ‘exposed’ groups into a single ‘non-infected’ group

for comparison with the infected group that was itself dichot-

omised into those with either ‘low’ or ‘high’ parasite loads.

Ordered logistic regression analysis in this case showed increasing

parasite load to be associated with a significantly lower frequency

of pDC (OR 4.8, 95% CI 1.4–16.9, p = 0.01), a non-significant

trend for reduced expression of HLA-DR on mDC (OR 3.4, 95%

CI 0.8–13.7, p = 0.09), and a significant increase in the frequency

of Teff cells (OR 4.0, 95% CI 1.0–16.4, p = 0.05). Sample sizes

here were too small to allow analysis by linear regression, and the

small number of women included in the Tanzanian dataset at

delivery (Table 2) precluded validation of the findings from the

Beninese data.

As was the case for the analysis of data at inclusion, we found no

evidence for differences in the frequencies of monocytes

(Figure 3C), CD4+/CD8+ T cells (Figure 3G,H), NK or NKT

cells (data not shown) as a function of the presence or absence of P.

falciparum infection at delivery.

Predictors of maternal anaemia
Of those mothers with relevant data available, 87/131 and 41/

102 Beninese were anaemic (Hb,11 g/dL) at inclusion and

delivery, respectively. As was the case for evaluation of association

with infection, univariate analysis here included immunological

variables as well as age, gestational age, P. falciparum infection

status and bednet possession. Analysis at inclusion revealed the

strongest (p,0.01) associations for anaemia and infection, age and

reduced HLA-DR expression on mDC. Subsequent multivariate

analysis showed independent associations between anaemia and

infection, a gestational age at inclusion more than 17 weeks, and 3

separate PBMC-specific variables, namely (i) reduced HLA-DR

expression on pDC, (ii) lower frequency of mDC, and (iii) higher

expression of CD86 on monocytes (Table 5). Univariate analysis of

data at delivery revealed only a single variable (increased

frequency of Teff) associated with anaemia with a level of

significance below the 5% level. In multivariate analysis, the

increased frequency of Teff remained the only variable to display a

significant association with anaemia at delivery (Table 6).

In a prospective analysis, we examined the predictive value for

anaemia at delivery of variables measured at inclusion. Apart from

age, infection status, bednet possession and gravidity, the

Figure 2. Basic flow cytometry-based phenotypic characteriza-
tion of different cell populations investigated. The left panel lists
the cell types identified with different surface markers and the right
panel lists the separate markers used to characterize antigen-presenting
cells activation status (HLA-DR & CD86) and to distinguish CD4+

regulatory T cells (Treg, expressing the transcription factor FoxP3) from
effector T cells (Teff).
doi:10.1371/journal.pone.0049621.g002
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immunological variables retained for multivariate analyses as a

function of univariate analyses were monocyte frequency, mono-

cyte CD86 expression, B cell HLA-DR expression, Treg and Teff

freqeuncy. The multivariate model showed that the risk of

anaemia at delivery was associated with a higher frequency of

monocytes overall and of monocytes expressing high levels of

CD86 amongst PBMC at inclusion (Table 7).

Discussion

The immunological study we present here constituted a part of

our larger STOPPAM study. STOPPAM inevitably had a major

impact on various parasitological and immunological outcomes in

the mothers participating in it. This is due to both the active

(scheduled ante-natal clinic visits) and the passive (unscheduled

‘emergency’ visits) modes of detection of infection integral to it,

allied to the fact that curative anti-malarial treatment was given

whenever P. falciparum infection was detected. In addition, the

participants received intermittent preventive treatment with

sulfadoxine-pyrimethamine (IPTp SP) on two occasions during

pregnancy as per national policy in the two countries concerned.

Any interpretation of our findings must therefore necessarily take

into account these facts.

In the discussion that follows, we discuss the profiles of the

different cell types we observed sequentially, focusing on those that

our analysis revealed to vary significantly as a function of the

presence of infection with P. falciparum, whilst also comparing and

contrasting the profiles observed at inclusion versus delivery. It is

of particular note that maternal anaemia was independently

associated with P. falciparum infection present at inclusion but not

at delivery. In this context, the women’s infection histories, when

allied to molecular genotypic characterisation of parasite isolates

from them (Tuikue Ndam N., unpublished data), revealed that

90% of infections at delivery (29/32 women in the selected

immunology sub-group for whom relevant data was available)

were acquired within the preceding 4 weeks. This finding, coupled

with the complete absence of malarial haemozoin pigment in

placental biopsy samples from those with infections at delivery

(Fievet N., unpublished data), leads us to conclude that the

overwhelming majority of infections detected at delivery were

acute i.e. recently acquired in nature. In contrast, we can make no

similarly conclusive statement concerning the duration of P.

falciparum infections detected at inclusion. The median gestational

age at inclusion was 18 weeks, which allows a theoretical time-

frame for acquisition of infections prior to inclusion of 2–3 weeks

or, potentially, 1–4 months. Despite this possible range, for reasons

outlined below, our conclusions are based on the assumption that

a majority of the P. falciparum infections we detected at inclusion

were in fact chronic rather than acute in nature i.e. the

immunological assessments we made directly reflect the differing

character of the infections at inclusion and delivery. In this

context, it is also notable that we found gestational age-related

changes to PBMC profiles that were independent of womens’ P.

falciparum infection status (Ibitokou S et al, manuscript submitted)

Compared to PBMC of uninfected women we found a

significantly increased frequency of immature monocytes i.e. cells

expressing reduced levels of both HLA-DR and the co-stimulatory

molecule CD86 [22], in the PBMC of infected women at inclusion

but not in those of infected women at delivery. The latter finding is

consistent with that of an earlier study in which we showed that

the expression of markers of activation on monocytes present in

PBMC at delivery was similar, regardless of the presence or

absence of infection [16]. Circulating immature monocytes are

found during malaria attacks in children [23], and such cells are

indicative of an on-going inflammatory response [22]. There is

general consensus that monocytes form the principal component

of the inflammatory response to PfiE in the placenta [13,24,25].

Earlier studies, including our own, have shown that the monocytes

present in infected placentas are activated, as reflected by

upregulated expression of HLA-DR, CD86 and CCR5 [16,26].

We therefore speculate that chronic on-going P. falciparum

infections, as seen at inclusion of women into the current study,

lead to a localized and persistent turnover of monocytes in the

placenta requiring replacement from the bone marrow pool. By

corollary, recently acquired (acute) infections, as found here at

delivery, have not yet depleted the locally-available population

sufficiently to require recruitment of immature cells from the bone

marrow. In work to be reported elsewhere we show that the

concentrations of the chemokines interferon-gamma-inducible

protein (IP)-10, in particular, and monocyte chemotactic protein

(MCP)-1 were elevated in the peripheral plasma of infected

mothers, clearly indicating on-going monocyte chemoattraction

(Boström S & Ibitokou S, unpublished data). Enhanced activity of

various chemokines, including both IP-10 and MCP-1, is reported

to be associated with placental infection by P. falciparum [13,27–

32]. Moreover, it is well-established that chemokines show specific

binding affinities for glycosaminoglycans (GAG) [33–35], thereby

establishing concentration gradients via which cells are recruited

to sites of inflammation. The CSA expressed by syncytiotropho-

blasts that acts as the receptor for PfiE in the placenta is itself a

GAG, and its potential interactions with chemokines thus clearly

merit further research.

We found no significant infection-associated alterations to DC

frequencies in PBMC at inclusion, although reduced expression of

HLA-DR on mDC, possibly indicating functional impairment of

this subset, was seen. Infection at delivery, on the other hand, was

associated with loss of circulating pDC. These observations are

entirely consistent with those reported in studies of DC from

Senegalese mothers with P. falciparum infections at delivery [17].

They also accord well with DC profiles seen during malaria attacks

in Kenyan children and, in the case of loss of pDC, in Thai adults

[23,36,37]. It is known that pDC express CXCR3 [33], a receptor

with specificity for the chemokines monokine-induced by IFN-c
(MIG) and IP-10, as well as CCR2, the ligand for which is MCP-1.

MIG, IP-10 and MCP-1 were all present at significantly higher

levels in the peripheral plasma of infected women (Boström S &

Ibitokou S, unpublished data), potentially providing a stimulus for

migration of DC from the peripheral circulation to lymphoid

tissues at the site of infection. A prominent, potentially pivotal role

of pDC in the evolution of immune responses to malarial parasites,

as suggested recently [38], is not evident from our data, but more

detailed investigation would be necessary to clarify this point.

Figure 3. P. falciparum infection-related changes in peripheral blood mononuclear cell frequencies of pregnant Beninese at
inclusion and at delivery. Scatter plots include bars depicting medians with interquartile ranges of antigen-presenting cells (A, B, C and D) and T
cell subset frequencies (E, F, G and H) from 69 uninfected compared to 62 infected women at inclusion, and from 47 uninfected, 27 exposed and 37
infected women at delivery. The statistical significance of differences between profiles segregated according to the presence or absence of infection
were determined using the non-parametric Mann Whitney U test for data at inclusion combined with the non-parametric Kruskall Wallis test for data
at delivery. *p,0.05, **p,0.01.
doi:10.1371/journal.pone.0049621.g003
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Figure 4. P. falciparum infection-related changes in activation status of antigen-presenting cells at inclusion and delivery in
pregnant Beninese. Scatter plots include bars depicting medians with interquartile ranges of HLA-DR expression (A–D) and CD86 expression (E–H)
on APC of 69 uninfected compared to 62 infected women at inclusion and of 47 uninfected, 27 exposed and 37 infected women at delivery. The
statistical significance of differences in levels of expression were determined using the non-parametric Mann Whitney U test for data at inclusion
combined with the Kruskall Wallis test for data at delivery. *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0049621.g004
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The increased frequency in PBMC of B cells in association with

P. falciparum infections - including higher proportions expressing

elevated levels of the activation marker CD86 - was a consistent

finding at both time-points in the present study. This is indicative

of the strong involvement of B cells in the placental inflammation

associated with P. falciparum infections during pregnancy [13].

Overall B cell frequencies during acute P. falciparum infections in

children are reported to be either unchanged [39] or increased, as

seen here [40]. Since B cells are known to express toll-like receptor

(TLR) 9, upregulation of CD86 on B cells may result from the

same parasite antigen-mediated pathway reported for pDC [36].

As is also the case for pDC mentioned above, B cells are known to

express the chemokine receptor CXCR3, and they could thus be

assumed to be responding in the same way to the elevated

concentrations of the MIG and IP-10 chemokines present in the

plasma of infected women. The CXCL13-CXCR5 axis of B cell

recruitment has also been reported to play a prominent role in this

context [13]. A plausible conclusion from our own and others data

would therefore be that B cell responses, and by inference

antibody production and secretion locally in the placenta, are

primary components of the maternal immune response to

infection with P. falciparum during pregnancy. Such B cell responses

are thought to be activated in a T cell-independent manner [13].

A potent non-specific T cell-independent activator of B cells that is

able to bind multiple molecules, including IgM, has been identified

in P. falciparum [41,42], and VAR2CSA, the parasite-derived

ligand for CSA, displays a similar capacity for non-specific binding

of IgM [43]. Given the candidacy of VAR2CSA as a vaccine to

prevent malaria in pregnancy, priority should be given to fully

characterizing its domain(s) potentially mediating this particular

property and, equally, to determine whether it extends to non-

specific activation of B cells. Activated B cells, furthermore, are

purported to play a prominent role in the regulation of human DC

responses, particularly on the monocyte-mDC maturation axis

[44]. The importance of elucidating whether such interactions

occur in the context of PAM and/or a candidate vaccine thus

seems clear enough.

The changes in Treg and Teff profiles that were associated with

P. falciparum infections differed at inclusion and delivery. These

changes are of particular interest given the potentially pivotal role

Treg may play in determining the outcome of infection [45,46]. At

inclusion, Treg were found at a significantly lower frequency in

PBMC of infected women compared to uninfected women, whilst

at delivery the frequency of Teff relative to Treg was significantly

higher. Reduced frequencies of Treg in PBMC have not been

reported during P. falciparum infections, in fact they have been

reported to be elevated during infections of non-pregnant Africans

[46]. Our observation is nevertheless consistent with reports in the

literature of ‘sequestration’ of Treg during non-plasmodial

infections that display tissue- or organ-specificity. During preg-

nancy, P. falciparum displays a clear tissue-specificity, localising to

the placenta, that is in marked contrast to the normally systemic

distribution of PfiE in non-pregnant hosts. The apparent ‘loss’ of

Treg from PBMC of infected women that we observed at inclusion

thus probably reflects their migration to the infected placenta,

mediated, as for monocytes and other cell types, by the increased

concentrations of chemokines such as IP-10. The anti-inflamma-

tory functions of Treg involve production of, for example,

Table 3. Multiple logistic regression analysis for independent
associations of selected parameters with the presence of P.
falciparum infection in the Benin sub-group at inclusion.

Variables Odds Ratio 95% CI p

% with hemoglobin
,11 g/dl

4.2 1.5—11.7 ,0.01

% aged #25 years 2.7 1.0—6.9 ,0.05

% B cells ($median)a 2.5 1.0—6.1 ,0.05

% B cells expressing
CD86hi ($median)a

3.3 1.3—8.1 = 0.01

% Treg (,median)a 3.1 1.3—7.7 = 0.01

amedian value of uninfected group used for dichotomisation.
x2 Hosmer-Lemeshow test (15ddl) = 13.9, p = 0.53.
doi:10.1371/journal.pone.0049621.t003

Table 5. Multiple logistic regression analysis for independent
associations of selected parameters with the presence of
anaemia in the Benin sub-group at inclusion.

Variables Odds Ratio 95% CI p

P. falciparum infectiona 4.9 1.9—12.9 ,0.01

% pDC expressing
HLA-DRlow (,median)a

3.1 1.2—7.5 ,0.05

% mDC (,median)a 2.9 1.2—7.1 ,0.05

% Monocytes expressing
CD86hi ($median)a

2.8 1.1—7.2 ,0.05

Gestational age in weeks
(.17 weeks)a

3.3 1.4—7.9 ,0.01

amedian value of non-anaemic group used for dichotomisation.
x2 Hosmer-Lemeshow test (17ddl) = 7.91; p = 0.97.
doi:10.1371/journal.pone.0049621.t005

Table 4. Multiple logistic regression analysis for independent
associations of selected parameters with the presence of P.
falciparum infection in the Benin sub-group at delivery.

Variables Odds Ratio 95% CI p

% pDC (,median)a 2.3 1.0—5.7 = 0.06

% mDC expressing
HLA-DRlow (,median)a

3.4 1.3—8.6 = 0.01

% B cells expressing
CD86hi ($median)a

2.8 1.1—7.2 ,0.05

% Teff ($median)a 3.3 1.3—8.4 = 0.01

amedian value of uninfected group used for dichotomisation.
doi:10.1371/journal.pone.0049621.t004

Table 6. Multiple logistic regression analysis for independent
associations of selected parameters with the presence of
anaemia in the Benin sub-group at delivery.

Variables Odds Ratio 95% CI p

% mDC expressing
HLA-DRlow

(,median)a

2.5 0.9—6.8 = 0.07

% Teff ($median)a 3.0 1.1—8.1 ,0.05

amedian value of non-anaemic group used for dichotomisation.
x2 Hosmer-Lemeshow test (2ddl) = 0; p = 1.0.
doi:10.1371/journal.pone.0049621.t006
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cytokines such as IL-10, which could at least partially explain the

increased concentrations of IL-10 we observed in peripheral

plasma in parallel with the different chemokines mentioned earlier

(Boström S & Ibitokou S, unpublished data). The impact that any

of the infection-mediated changes in circulating Treg observed

here may have on the reported gestational age-related fluctuations

in the frequency of Treg in PBMC during normal, healthy

pregnancies remains to be determined [4,47,48]. Whether such

fluctuations occur during ‘normal’ healthy pregnancies in African

populations in any case requires confirmation. The increased

frequency of Teff associated with infections at delivery but not

with those at inclusion may be a further reflection of the acute

nature of the infections present at delivery, whilst the generalized

lymphopenia that is a classical feature of symptomatic P. falciparum

was not seen at either time-point, a finding that may reflect both

the asymptomatic character and the comparatively low-level

parasitaemias of the infections.

In the specific context of anaemia during pregnancy, the

associations with PBMC profiles we observed at inclusion and

delivery involved DC/monocytes and effector T cells, respectively.

The aetiology of anaemia during pregnancy is acknowledged to be

complex, but one plausible explanation for those differences might

be, as suggested by others [49], the relationship between the time-

course of inflammatory responses - exemplified here in particular

by the increased frequency of activated (CD86high) monocytes

associated with anaemia at inclusion - and P. falciparum infection,

in the sense that inflammation and hence anaemia will tend to ‘lag

behind’ infection. In the same context, we interpret the increased

frequency of Teff in PBMC at delivery, associated with both

infection and anaemia, as an indication of the presence of T cell

subsets (e.g. effector memory cells) that are able to respond rapidly

to infection. The contrasting association between anaemia and

reduced HLA-DR expression on DC, on the other hand, might

plausibly reflect the known suppressive effects of IL-10 - present at

significantly higher levels in the plasma of infected women - in this

context [50].

In summary, we have identified a number of features of PBMC

associated with P. falciparum infection and with anaemia during

pregnancy. The striking association between infection and

increased B cell frequencies in PBMC, irrespective of gestational

age, emphasizes the role such cells appear to have in the context of

infection-induced placental inflammation. Our data also serve to

clearly highlight the prominent role played by monocytes in that

inflammatory response. They further suggest that Treg provide a

balancing anti-inflammatory response through, we assert, their

migration to the placenta as the primary site of P. falciparum

infection during pregnancy. That Treg may respond and be

reallocated in such a way is entirely consistent with current

knowledge of the pathology-limiting controlling role such cells are

thought to play during tissue-specific infections.
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Thor Theander and Nicaise Tuikue Ndam is much appreciated in

contributing to the conduct and design of the study and in providing

fruitful comments on the manuscript.

Author Contributions

Conceived and designed the experiments: SI MO JL AM PD MTB SV

AJFL NF. Performed the experiments: SI MO CA SE NF CS SB.

Analyzed the data: SI MO LB SB AJFL NF CS. Wrote the paper: SI MTB

SV AJFL NF.

References

1. Aluvihare VR, Kallikourdis M, Betz AG (2004) Regulatory T cells mediate

maternal tolerance to the fetus. Nat Immunol 5: 266–271.

2. Leber A, Teles A, Zenclussen AC (2010) Regulatory T cells and their role in

pregnancy. Am J Reprod Immunol 63: 445–459.

3. Munoz-Suano A, Hamilton AB, Betz AG (2011) Gimme shelter: the immune

system during pregnancy. Immunol Rev 241: 20–38.

4. Somerset DA, Zheng Y, Kilby MD, Sansom DM, Drayson MT (2004) Normal

human pregnancy is associated with an elevation in the immune suppressive

CD25+ CD4+ regulatory T-cell subset. Immunology 112: 38–43.

5. Bachy V, Williams DJ, Ibrahim MA (2008) Altered dendritic cell function in

normal pregnancy. J Reprod Immunol 78: 11–21.

6. Darmochwal-Kolarz D, Rolinski J, Tabarkiewicz J, Leszczynska-Gorzelak B,

Buczkowski J, et al. (2003) Blood myeloid and lymphoid dendritic cells are stable

during the menstrual cycle but deficient during mid-gestation. J Reprod

Immunol 59: 193–203.

7. Della Bella S, Giannelli S, Cozzi V, Signorelli V, Cappelletti M, et al. (2011)

Incomplete activation of peripheral blood dendritic cells during healthy human

pregnancy. Clin Exp Immunol 164: 180–192.

8. Holloway JA, Thornton CA, Diaper ND, Howe DT, Warner JO (2009)

Phenotypic analysis of circulating dendritic cells during the second half of human

gestation. Pediatr Allergy Immunol 20: 119–125.

9. Dellicour S, Tatem AJ, Guerra CA, Snow RW, ter Kuile FO (2010) Quantifying

the number of pregnancies at risk of malaria in 2007: a demographic study.

PLoS Med 7: e1000221.

10. Rogerson SJ, Hviid L, Duffy PE, Leke RF, Taylor DW (2007) Malaria in

pregnancy: pathogenesis and immunity. Lancet Infect Dis 7: 105–117.

11. Hviid L, Salanti A (2007) VAR2CSA and protective immunity against

pregnancy-associated Plasmodium falciparum malaria. Parasitology 134:

1871–1876.

12. Brabin BJ, Romagosa C, Abdelgalil S, Menendez C, Verhoeff FH, et al. (2004)

The sick placenta-the role of malaria. Placenta 25: 359–378.

13. Muehlenbachs A, Fried M, Lachowitzer J, Mutabingwa TK, Duffy PE (2007)

Genome-wide expression analysis of placental malaria reveals features of

lymphoid neogenesis during chronic infection. J Immunol 179: 557–565.

14. Beeson JG, Duffy PE (2005) The immunology and pathogenesis of malaria

during pregnancy. Curr Top Microbiol Immunol 297: 187–227.

Table 7. Prospective analysis of association between
variables at inclusion and anaemia at delivery.

Variables Odds Ratio IC 95% p

% Monocytes
(.median)a

3.1 1.04—9.06 ,0.05

% Monocytes
expressing CD86hi

($median)a

3.2 1.04—9.73 ,0.05

% B cells expressing
HLA-DRhi ($median)a

2.6 0.88—7.46 = 0.08

amedian value of non-anaemic group used for dichotomisation.
x2 Hosmer-Lemeshow test (4ddl) = 0.91; p = 0.92.
doi:10.1371/journal.pone.0049621.t007

Immunology of Pregnancy-Associated Malaria

PLOS ONE | www.plosone.org 12 December 2012 | Volume 7 | Issue 12 | e49621



15. Diouf I, Fievet N, Doucoure S, Ngom M, Andrieu M, et al. (2007) IL-12

producing monocytes and IFN-gamma and TNF-alpha producing T-lympho-

cytes are increased in placentas infected by Plasmodium falciparum. J Reprod

Immunol 74: 152–162.

16. Diouf I, Fievet N, Doucoure S, Ngom M, Gaye A, et al. (2004) Monocyte

activation and T cell inhibition in Plasmodium falciparum-infected placenta.

J Infect Dis 189: 2235–2242.

17. Diallo M, Aldebert D, Moreau JC, Ndiaye M, Jambou R (2008) Decrease of

lymphoid dendritic cells in blood from malaria-infected pregnant women.

Int J Parasitol 38: 1557–1565.

18. Le Port A, Watier L, Cottrell G, Ouedraogo S, Dechavanne C, et al. (2011)

Infections in infants during the first 12 months of life: role of placental malaria

and environmental factors. PLoS One 6: e27516.

19. Bodker R, Akida J, Shayo D, Kisinza W, Msangeni HA, et al. (2003)

Relationship between altitude and intensity of malaria transmission in the

Usambara Mountains, Tanzania. J Med Entomol 40: 706–717.

20. Mmbando BP, Vestergaard LS, Kitua AY, Lemnge MM, Theander TG, et al.

(2010) A progressive declining in the burden of malaria in north-eastern

Tanzania. Malar J 9: 216.

21. Huynh BT, Fievet N, Gbaguidi G, Dechavanne S, Borgella S, et al. (2011)

Influence of the timing of malaria infection during pregnancy on birth weight

and on maternal anemia in Benin. Am J Trop Med Hyg 85: 214–220.

22. Serbina NV, Jia T, Hohl TM, Pamer EG (2008) Monocyte-mediated defense

against microbial pathogens. Annu Rev Immunol 26: 421–452.

23. Urban BC, Cordery D, Shafi MJ, Bull PC, Newbold CI, et al. (2006) The

frequency of BDCA3-positive dendritic cells is increased in the peripheral

circulation of Kenyan children with severe malaria. Infect Immun 74: 6700–

6706.

24. Ismail MR, Ordi J, Menendez C, Ventura PJ, Aponte JJ, et al. (2000) Placental

pathology in malaria: a histological, immunohistochemical, and quantitative

study. Hum Pathol 31: 85–93.

25. Ordi J, Menendez C, Ismail MR, Ventura PJ, Palacin A, et al. (2001) Placental

malaria is associated with cell-mediated inflammatory responses with selective

absence of natural killer cells. J Infect Dis 183: 1100–1107.

26. Tkachuk AN, Moormann AM, Poore JA, Rochford RA, Chensue SW, et al.

(2001) Malaria enhances expression of CC chemokine receptor 5 on placental

macrophages. J Infect Dis 183: 967–972.

27. Abrams ET, Brown H, Chensue SW, Turner GD, Tadesse E, et al. (2003) Host

response to malaria during pregnancy: placental monocyte recruitment is

associated with elevated beta chemokine expression. J Immunol 170: 2759–

2764.

28. Bouyou-Akotet MK, Issifou S, Meye JF, Kombila M, Ngou-Milama E, et al.

(2004) Depressed natural killer cell cytotoxicity against Plasmodium falciparum-

infected erythrocytes during first pregnancies. Clin Infect Dis 38: 342–347.

29. Chaisavaneeyakorn S, Moore JM, Mirel L, Othoro C, Otieno J, et al. (2003)

Levels of macrophage inflammatory protein 1 alpha (MIP-1 alpha) and MIP-1

beta in intervillous blood plasma samples from women with placental malaria

and human immunodeficiency virus infection. Clin Diagn Lab Immunol 10:

631–636.

30. Chaisavaneeyakorn S, Moore JM, Othoro C, Otieno J, Chaiyaroj SC, et al.

(2002) Immunity to placental malaria. IV. Placental malaria is associated with

up-regulation of macrophage migration inhibitory factor in intervillous blood.

J Infect Dis 186: 1371–1375.

31. Chaisavaneeyakorn S, Moore JM, Otieno J, Chaiyaroj SC, Perkins DJ, et al.

(2002) Immunity to placental malaria. III. Impairment of interleukin(IL)-12, not

IL-18, and interferon-inducible protein-10 responses in the placental intervillous

blood of human immunodeficiency virus/malaria-coinfected women. J Infect

Dis 185: 127–131.

32. Suguitan AL, Jr., Leke RG, Fouda G, Zhou A, Thuita L, et al. (2003) Changes

in the levels of chemokines and cytokines in the placentas of women with

Plasmodium falciparum malaria. J Infect Dis 188: 1074–1082.

33. Groom JR, Luster AD (2011) CXCR3 ligands: redundant, collaborative and

antagonistic functions. Immunol Cell Biol 89: 207–215.
34. Lau EK, Paavola CD, Johnson Z, Gaudry JP, Geretti E, et al. (2004)

Identification of the glycosaminoglycan binding site of the CC chemokine,

MCP-1: implications for structure and function in vivo. J Biol Chem 279:
22294–22305.

35. Johnson Z, Proudfoot AE, Handel TM (2005) Interaction of chemokines and
glycosaminoglycans: a new twist in the regulation of chemokine function with

opportunities for therapeutic intervention. Cytokine Growth Factor Rev 16:

625–636.
36. Pichyangkul S, Yongvanitchit K, Kum-arb U, Hemmi H, Akira S, et al. (2004)

Malaria blood stage parasites activate human plasmacytoid dendritic cells and
murine dendritic cells through a Toll-like receptor 9-dependent pathway.

J Immunol 172: 4926–4933.
37. Urban BC, Mwangi T, Ross A, Kinyanjui S, Mosobo M, et al. (2001) Peripheral

blood dendritic cells in children with acute Plasmodium falciparum malaria.

Blood 98: 2859–2861.
38. Wykes MN (2012) Are plasmacytoid dendritic cells the misguided sentinels of

malarial immunity? Trends Parasitol 28: 182–186.
39. Asito AS, Moormann AM, Kiprotich C, Ng’ang’a ZW, Ploutz-Snyder R, et al.

(2008) Alterations on peripheral B cell subsets following an acute uncomplicated

clinical malaria infection in children. Malar J 7: 238.
40. Nduati E, Gwela A, Karanja H, Mugyenyi C, Langhorne J, et al. (2011) The

plasma concentration of the B cell activating factor is increased in children with
acute malaria. J Infect Dis 204: 962–970.

41. Chen Q, Heddini A, Barragan A, Fernandez V, Pearce SF, et al. (2000) The
semiconserved head structure of Plasmodium falciparum erythrocyte membrane

protein 1 mediates binding to multiple independent host receptors. J Exp Med

192: 1–10.
42. Donati D, Mok B, Chene A, Xu H, Thangarajh M, et al. (2006) Increased B cell

survival and preferential activation of the memory compartment by a malaria
polyclonal B cell activator. J Immunol 177: 3035–3044.

43. Barfod L, Dalgaard MB, Pleman ST, Ofori MF, Pleass RJ, et al. (2011) Evasion

of immunity to Plasmodium falciparum malaria by IgM masking of protective
IgG epitopes in infected erythrocyte surface-exposed PfEMP1. Proc Natl Acad

Sci U S A 108: 12485–12490.
44. Morva A, Lemoine S, Achour A, Pers JO, Youinou P, et al. (2012) Maturation

and function of human dendritic cells are regulated by B lymphocytes. Blood
119: 106–114.

45. Scholzen A, Mittag D, Rogerson SJ, Cooke BM, Plebanski M (2009)

Plasmodium falciparum-mediated induction of human CD25Foxp3 CD4 T
cells is independent of direct TCR stimulation and requires IL-2, IL-10 and

TGFbeta. PLoS Pathog 5: e1000543.
46. Walther M, Tongren JE, Andrews L, Korbel D, King E, et al. (2005)

Upregulation of TGF-beta, FOXP3, and CD4+CD25+ regulatory T cells

correlates with more rapid parasite growth in human malaria infection.
Immunity 23: 287–296.

47. Heikkinen J, Mottonen M, Alanen A, Lassila O (2004) Phenotypic character-
ization of regulatory T cells in the human decidua. Clin Exp Immunol 136: 373–

378.
48. Kolte L, Gaardbo JC, Karlsson I, Sorensen AL, Ryder LP, et al. (2011)

Dysregulation of CD4+CD25+CD127lowFOXP3+ regulatory T cells in HIV-

infected pregnant women. Blood 117: 1861–1868.
49. Rogerson SJ, Pollina E, Getachew A, Tadesse E, Lema VM, et al. (2003)

Placental monocyte infiltrates in response to Plasmodium falciparum malaria
infection and their association with adverse pregnancy outcomes. Am J Trop

Med Hyg 68: 115–119.

50. Sato K, Nagayama H, Tadokoro K, Juji T, Takahashi TA (1999) Extracellular
signal-regulated kinase, stress-activated protein kinase/c-Jun N-terminal kinase,

and p38mapk are involved in IL-10-mediated selective repression of TNF-alpha-
induced activation and maturation of human peripheral blood monocyte-

derived dendritic cells. J Immunol 162: 3865–3872.

Immunology of Pregnancy-Associated Malaria

PLOS ONE | www.plosone.org 13 December 2012 | Volume 7 | Issue 12 | e49621


