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Abstract

Malaria is a potentially life-threatening disease with approximately half of the world’s popula-

tion at risk. Young children and pregnant women are hit hardest by the disease. B cells and

antibodies are part of an adaptive immune response protecting individuals continuously

exposed to the parasite. An infection with Plasmodium falciparum can cause dysregulation

of B cell homeostasis, while antibodies are known to be key in controlling symptoms and

parasitemia. BAFF is an instrumental cytokine for the development and maintenance of B

cells. Pregnancy alters the immune status and renders previously clinically immune women

at risk of severe malaria, potentially due to altered B cell responses associated with changes

in BAFF levels. In this prospective study, we investigated the levels of BAFF in a malaria-

endemic area in mothers and their infants from birth up to 9 months. We found that BAFF-

levels are significantly higher in infants than in mothers. BAFF is highest in cord blood and

then drops rapidly, but remains significantly higher in infants compared to mothers even at 9

months of age. We further correlated BAFF levels to P. falciparum-specific antibody levels

and B cell frequencies and found a negative correlation between BAFF and both P. falcipa-

rum-specific and total proportions of IgG+ memory B cells, as well as CD27− memory B

cells, indicating that exposure to both malaria and other diseases affect the development of

B-cell memory and that BAFF plays a part in this. In conclusion, we have provided new infor-

mation on how natural immunity against malaria is formed.

Introduction

Plasmodium falciparum malaria remains a major global health concern and is estimated to

cause over 400 000 deaths every year [1]. Children under five and pregnant women in sub-
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Saharan Africa are most severely affected by the disease. Malaria during pregnancy can cause

symptoms of disease even in women who grew up in malaria-endemic areas and thus acquired

clinical immunity prior to the pregnancy [2]. The placenta offers a new breeding ground for

the malaria parasite with resulting erythrocytic sequestration through pregnancy-specific viru-

lence factors, such as placental adhesion by the VAR2CSA protein [3]. The consequences of

placental malaria include fetal death, preterm delivery and low birth weight of the infant.

Humoral immunity is a key component in naturally acquired immunity to clinical malaria.

This has been shown by passive transfer of immunoglobulins from malaria-immune adults to

children with acute malaria, resulting in a drop in parasite levels and clinical improvement [4].

Also, in primigravidae women, the risk of complications in the fetus as well as in the mother is

higher than in multigravidae women, and antibodies against VAR2CSA have been shown to cor-

relate with protection [5–8]. Achieving clinical immunity to malaria takes years of exposure, and

antibody responses are known to be short-lived in the absence of continuous infections, especially

in children, even though more long-lived responses have also been seen [9–12]. B cells, as the

source of antibodies, have been shown to be dysregulated by malaria infection [13–15]. The mech-

anisms behind, and consequences of this disrupted B cell homeostasis are currently unclear.

B cell activating factor (BAFF) is a cytokine belonging to the tumor necrosis factor (TNF)

family of ligands, and is released by myeloid cells such as monocytes, macrophages and den-

dritic cells [16]. BAFF is known as a survival factor for B cells and is effective throughout the

developmental stages of a B cell after release from the bone marrow [17, 18]. BAFF maintains

B cell homeostasis, supports the survival of plasma cells [19], and promotes class switch recom-

bination [20]. Both membrane-bound and soluble forms of BAFF are functionally active,

either directly by cross-linking one of three different receptors on the B cells via surface-

expressed BAFF, or indirectly by enzymatic release of soluble BAFF [21].

BAFF and the related cytokine APRIL (a proliferation-inducing ligand) are both TNF fam-

ily cytokines with important roles in promoting peripheral B cell survival, development, and

activation. BAFF exerts its impact on B cells by binding to one of the following three receptors:

the BAFF-R, transmembrane activator and CAML interactor (TACI), and B cell maturation

Ag (BCMA), whereas APRIL binds TACI and BCMA. In mice, BCMA is thought to function

mainly as a plasma cell-specific survival receptor [22, 23]. In humans, plasma cells and mem-

ory B cells express both TACI and BCMA, while BAFF-R is expressed on most mature B cells

beyond pre-B cells, except for plasma cells [24, 25]. In line with this, BAFF-R deletion causes

the loss of peripheral B cells beyond the transitional stage [26]. BAFF-R is thus crucial for the

survival and development of mature naive B cells, but it is not needed for the maintenance of

memory B cells and long-lived plasma cells in the bone marrow [27]. In contrast to systemic

BAFF, which is essential for homeostatic control of pre-immune B cell pools, locally produced

BAFF is involved in regulating aspects of humoral immune responses [22]. Mesenchymal cells

in term placental villi have been shown to be major sites of BAFF and APRIL synthesis [28].

During the acute phase of malaria, patients have been shown to have high levels of BAFF in

plasma, and children have also been shown to have elevated expression levels of TACI and BCMA

while BAFF-R was decreased [29]. This finding was corroborated using controlled human malaria

infection [30]. In contrast, malaria in mice resulted in a decrease in the proportion of dendritic

cells that expressed BAFF, leading to a reduced ability of these dendritic cells to support memory

B cell differentiation into antibody secreting cells [31]. Increased expression of BAFF mRNA in

placental samples from women with placental malaria has also been reported [32].

Previous studies investigating the levels of BAFF in cord blood from children born in non-

endemic areas have shown increased levels of BAFF compared to adults [33–35]. However, the

opposite has also been reported [36]. The levels of BAFF in newborns from malaria-endemic

areas is of interest given the potential in utero exposure to an infection skewing the B cell
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response. A recently published study in Kenya showed that levels of BAFF in cord blood of

healthy newborns were double that of their mothers’ levels at birth [37]. In the current study,

we sought to measure the plasma BAFF-levels in mothers and their infants in a malaria-

endemic setting. Variations in BAFF-levels were compared over time during the first nine

months of the babies´ lives. Furthermore, levels of BAFF were correlated to P. falciparum-spe-

cific B cell phenotypes and outlined in relation to data on antibody titers to P. falciparum
schizont extract [38, 39].

Materials and methods

Study design

Mothers and their infants were enrolled between March 2012 and July 2013 for a longitudinal

study at Kasangati Health Centre, Uganda. Kasangati is located about 20 km from Kampala

and receives patients from a surrounding peri-urban area with mesoendemic malaria. Peak

transmission occurs after the rainy seasons in February-March and September-October. The

study cohort is described in detail elsewhere [39]. In short, 131 mother-infant pairs were

enrolled at birth and followed up at three subsequent time points coinciding with the regular

vaccination schedule. Infants were sampled at birth (cord blood) and then at 10 weeks, 6

months and 9 months of age. Their mothers were sampled at delivery and 9 months after deliv-

ery. None of the study individuals had any signs of severe infection at any given point of sam-

pling. Peripheral blood mononuclear cells (PBMC), and at the first sampling of infants, cord

blood mononuclear cells (CBMC) and plasma were separated and stored. Rapid diagnostic

tests (RDT) for malaria were used for all study participants on all sampling occasions. Positive

RDT results were verified by light microscopy. A written informed consent was obtained from

all the mothers prior to study enrollment. Out of the 131 samples, we included 109 with ade-

quate volumes to perform measurements of BAFF at all time points. The study was approved

by the School of Medicine Research and Ethics Committee (SOMREC) of Makerere Univer-

sity, the Uganda National Council of Science and Technology (approval 2011–114) and by

Regionala Etikprövningsnämnden in Stockholm, Sweden 2014/478-32.

BAFF ELISA

Plasma samples were tested for the concentration of BAFF (Quantikine ELISA kit, R&D Systems)

according to the manufacturer’s instructions with the following modification: the volume of stan-

dard was doubled while retaining the same concentration. Plasma samples were diluted 1:5 for

the majority of samples and 1:10 in case of plasma shortage. Optical density was determined at

450 nm using a SPECTRA max340PC384 microplate reader. BAFF concentrations were calcu-

lated using SoftMax pro software. All samples were run in either duplicate or triplicate.

P. falciparum schizont extract ELISA

Total anti-P. falciparum IgG and IgM in blood plasma were measured as described [39].

Briefly, microtiter plate wells were coated with schizont extract and blocked with 5% skimmed

milk (Sigma) for IgG and super block dry blend (Thermo Scientific) for IgM. Diluted plasma

samples were added to the wells in the microtiter plates and incubated at room temperature

for 1 hour. Plates were washed 4 times between the incubation steps and subsequently incu-

bated with peroxidase-conjugated goat anti-human IgG/IgM (Sigma) and rewashed. Bound

secondary antibody was quantified using TMB (3,30,5,50-Tetramethylbenzidine) substrate

(Promega). Optical density (OD) was read at 450 nm. All samples were analyzed twice and the

means of the OD used in the analysis.
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B cell phenotyping

PBMC were phenotyped using a LSRII flow cytometer (Becton-Dickinson Immuno Cytometry

Systems, San Jose, USA) as described [39]. The following fluorochrome-conjugated monoclonal

antibodies were used for B cell phenotyping: CD19 PE-CF594-clone HIB19, CD20 V450-clone

L27, CD27 PE-Cy7-clone M-T271, and IgG FITC-clone G18-145 (all from BD). B cells specific

for P. falciparum were identified utilizing Quantum dots (Invitrogen) conjugated to extract of

schizont- and trophozoite-stage parasites as described in detail previously [38]. Proportions of B

lymphocytes (defined as CD19+ cells) specific for P. falciparum (Pf+) were defined in the follow-

ing cell compartments: IgG positive memory B cells (IgG+ MBC) (CD19+CD20+CD27+IgG+),

IgG negative memory B cells (non-IgG+ MBC) (CD19+CD20+CD27+IgG−), naïve B cells

(CD19+CD20+CD27−IgG−), plasma cells/blasts (CD19+CD20−CD27+IgG−), and CD27− MBC,

including atypical memory B cells (CD19+CD20+CD27−IgG+). Data was processed using

FLOWJO software (Tree Star Inc, San Carlos, CA, USA).

Detection of malaria parasites

Parasite prevalence in the cohort was determined using pLDH/HRP2 RDT strips (Combo

Rapid Diagnostic Test of Premier Medical Corporation Limited, India) for all individuals on

every sampling occasion. For verification and determining parasitemia, Giemsa-stained thick

and thin blood smears were prepared from all RDT-positive individuals.

Statistical analysis

Measures were taken on mothers at birth (M0), infants at birth (B0), infants at 10 weeks (B2.5),

infants at 6 months (B6), infants at 9 months (B9) and mothers at 9 months (M9). We report

the mean and range as descriptive summary measures of numeric variables. In a first analysis,

we used a linear random-intercept model to estimate mean BAFF concentration across different

time-points (birth, 10 weeks, 6 months and 9 months), between mothers and infants, and

between parasitemic and non-parasitemic individuals. The random intercept was included to

take the potential intra-individual dependence into account. BAFF concentration was the

dependent variable. The independent variables were the indicator variables for the four time

points, an indicator for whether a measure was taken on the mother or the infant, an indicator

whether the individual was parasitemic or not, and interaction terms between the mother indi-

cator and the time-point indicators. The birth time point was the reference category.

In a second analysis we used linear random-intercept models to estimate mean proportions

of the following variables: IgG+ MBC, non-IgG+ MBC, CD27− MBC, naïve B cells and plasma

cells/blasts. We evaluated the change in mean over time. Correlations between mean propor-

tion of cell compartments and BAFF concentration were assessed using rho = and obtained p-

values were adjusted for multiple testing using the Benjamini-Hochberg [40] correction. BAFF

concentration was also correlated to levels of anti-schizont-IgM and IgG. BAFF levels were

prior log10 transformed to reduce the impact of outliers. All statistical analyses were performed

using Stata 13, Graphpad Prism and R [41].

Results

Concentration of BAFF in mothers and infants

BAFF levels were measured in the plasma from 109 mother-infant pairs. Individual levels of

BAFF in the infants varied between 182 pg/mL and 10472 pg/mL, with both the highest and

lowest values measured at birth (Fig 1A). In mothers, the lowest and highest levels of BAFF

measured were 113 pg/mL and 2928 pg/mL, respectively (Fig 1B). Both values were measured
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at birth. The mean concentration of BAFF for all infants and time points were as follows:

Birth: 2075 pg/mL, 10 weeks: 1265 pg/mL, 6 months: 1483 pg/mL and 9 months: 1363 pg/mL.

Mean BAFF-concentrations for mothers were at Birth: 670 pg/mL and at 9 months: 733 pg/

mL. Mean BAFF-levels in children were significantly higher than in mothers at birth with a

difference of 1405 pg/mL (p<0.0001; 95% confidence interval 1590 to 1219) (Fig 1C). The dif-

ference between mean BAFF-levels was smaller at 9 months; 631 pg/mL (95% confidence

interval 747 to 515) but remained significantly higher (p<0.0001).

Mean BAFF concentration in infants was reduced by 810 pg/mL from baseline to 10 weeks

(p<0.001; 95% CI: 623 to 998), and levelled off from that point onward. Conversely, no signifi-

cant change between birth and nine months was detected in mothers (p = 0.38).

Parasitemia effect on mean BAFF concentration

During the entire study period, 17 individuals had a positive RDT out of which 14 were found

to have parasites in the blood by microscopy. Six mothers and one infant were parasitemic at

birth. Parasites were found in one infant at 10 weeks, three infants at 6 months and one infant

and two mothers at 9 months. Since the samples containing parasites were very few, we ana-

lysed these values of BAFF together as a group and compared to those samples that did not

contain parasites. No significant difference in BAFF concentration was found between parasi-

temic and non-parasitemic samples (p = 0.11).

Correlation between P. falciparum schizont-specific antibodies and BAFF

levels

Antibody levels to schizont extract in all individuals at each time point were previously

reported [39]. Here, we statistically reanalyzed the data and correlated with BAFF levels to

investigate potential associations. Mean schizont-specific IgG levels in infants were highest at

birth. These levels decreased at 10 weeks with a subsequent tendency towards an increase at 9

months of age (S1 Fig). Mean IgM levels in infants were lowest at birth and then steadily

increased over the time of the study period. In mothers, mean levels of both IgG and IgM were

higher than in infants and stable over both time points. Hence, from the ELISA data it is clear

Fig 1. Distribution of individual and mean levels of measured BAFF concentrations for children and mothers at each time point. A) BAFF levels in children over

the course of the study. B) BAFF levels in mothers at birth and 9 months postpartum. C) Comparison of mean BAFF levels in children and mothers at birth and at 9

months using unpaired t test with Welch’s correction. ���� p<0.0001. All figs show bars and errors with geometric mean + 95% confidence interval. For A, B: Mean

values indicated by interconnecting line.

https://doi.org/10.1371/journal.pone.0245431.g001
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that the infants were exposed to malaria during the first 9 months of life, however levels of

antibodies did not reach adult levels during the study period (S1 Fig). The correlation analysis

for BAFF and antibodies to schizont extract generated no associations between BAFF levels

and IgG (S1 and S2 Tables), while, there was a significant negative association between BAFF

levels and IgM at birth in infants and a positive correlation at 9 months in mothers (S3 and S4

Tables).

Correlation between total and P. falciparum-positive B cell subsets and

BAFF levels

As BAFF has a role in B cell survival and differentiation, we correlated BAFF levels with total

and Pf+ B cell subsets, previously reported for these individuals [39]. Pearson correlation anal-

yses were performed with p-value correction for multiple testing (FDR< 0.05) and we consid-

ered rho -values between 0.3–0.7 associations of moderate strength. Mean proportions of IgG+

MBC, non-IgG+ MBC, Naïve B cells, CD27− MBC and plasma cells within the CD19+ B cell

compartment in infants are shown in S2 Fig, and the gating strategy used is shown in S3 Fig.

At birth, changes in BAFF concentrations in newborns were negatively correlated with CD27−

MBC (rho = –0.48) including Pf+ proportions (rho = –0.46). In children at nine months,

changes in BAFF concentrations were negatively correlated with IgG+ MBC and CD27− MBC

(rho = –0.44 and rho = –0.55, respectively) including Pf+ proportions for both these compart-

ments (rho = –0.43 and rho = –0.5, respectively) (Fig 2). The reported associations were of

moderate strength and highly significant. All statistical results are outlined in S6–S9 Tables. In

addition, we found a significant, albeit weak negative association at birth in the IgG+ MBC

subset of both total and Pf+ cells (rho = –0.26 and rho = –0.28, respectively). Conversely, in

children at nine months, a positive correlation with BAFF-levels was found in the naïve B cell

subset in both total and Pf+ compartments (rho = 0.43 and rho = 0.41, respectively). In moth-

ers at delivery, changes in BAFF concentration were weakly to moderately negatively corre-

lated with CD27− MBC (rho = –0.29), and Pf+ CD27− MBC (rho = –0.30) (Fig 3). On the

other hand, naïve B cells were weakly positively correlated with BAFF-levels at delivery

(rho = 0.24).

Discussion

In the current study, we analyzed blood plasma samples of mothers and their infants which

were prospectively collected at four time points from birth up to 9 months. Study individuals

were consecutively recruited throughout the year in an area of mesoendemic malaria transmis-

sion in Uganda. The follow-up samples were therefore collected at various periods of the year

following the study schedule regardless of endemicity. Mean levels of BAFF for each time

point are thus the result of individual levels at varying exposure to malaria.

Previous studies investigating BAFF concentrations in infants and mothers have been con-

ducted both in non-endemic countries in Europe [33–35], and in Kenya [37]. Consistent with

these publications, our results show overall higher levels of BAFF in infants than in mothers,

possibly mirroring a developing immune system. In our relatively large cohort of newborns

and their mothers, mean BAFF-levels in cord blood were 2075 pg/mL and in mothers 670 pg/

mL. These results are in the same order as those found both in malaria-free areas and in Kenya

[34, 35, 37]. Mesenchymal cells in term placental villi are major sites of BAFF synthesis [28]

which may explain the substantially higher levels of BAFF seen in newborns compared to their

mothers. Levels of BAFF were highest in cord blood and decreased when measured in periph-

eral blood at 10 weeks, subsequently levelling off at 6 to 9 months. This finding is also in line

with a longitudinal study in Sweden [35]. Interestingly, the lowest individual concentrations of

PLOS ONE BAFF and B-cells in a malaria endemic area

PLOS ONE | https://doi.org/10.1371/journal.pone.0245431 January 19, 2021 6 / 14

https://doi.org/10.1371/journal.pone.0245431


BAFF measured among either infants or mothers was at birth, and was in the same mother-

infant pair, potentially indicating a strong genetic or environmental component in determin-

ing BAFF levels. The highest individual levels of BAFF were also measured at birth but did not,

however, correspond within the mother-infant pairs. Yeo et al. showed that cord blood of

healthy Kenyan neonates had higher levels of BAFF when compared with United States neo-

nates born to healthy mothers [37]. Also, cord blood from Kenyan neonates exposed to HIV

and/or CMV and/or P.falciparum in utero had higher levels of BAFF than US cord blood,

while there was no significant difference between US cord blood and Kenyan cord blood from

neonates exposed to P.falciparum only, although the small sample size may not suffice to show

any potential difference. This suggests that malaria exposure among other factors, could be a

driving factor causing higher levels of BAFF in cord blood of infants born in endemic areas.

Fig 2. Correlation heatmap of BAFF concentration and given subsets of B cells in infants. A. Pearson correlation with adjusted p-value for multiple testing using the

Benjamini-Hochberg method. Pearson’ rho values with a false discovery rate (FDR)< 0.05 in bold. B. Correlation heatmap of BAFF concentration and Pf+ proportions

of given subsets of B cells in infants. Pearson correlation with adjusted p-value for multiple testing using the Benjamini-Hochberg method. Pearson’ rho values with a

false discovery rate (FDR)< 0.05 in bold.

https://doi.org/10.1371/journal.pone.0245431.g002
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Other infections, such as helminths, must be taken into consideration as these are very com-

mon in tropical areas and may elicit a considerable immune response in addition to malaria.

Nduati et al. showed that, during the acute phase of malaria infection, children had high

plasma BAFF levels and elevated TACI and BCMA expression levels, while the BAFF-R

expression level decreased [29]. Also, monocytes exposed to the schizont fraction of malaria-

infected erythrocytes in vitro strongly expressed BAFF and induced B-cell proliferation and

IgG secretion [42]. In our study, although we did have a few individuals with detectable parasi-

temia, we did not observe significantly increased BAFF-levels in these individuals compared to

non-parasitemic individuals (S5 Table). This is not surprising however due to several reasons.

Firstly, none of the individuals had overt signs of infection on the scheduled day for sampling

and so the ones with positive RDT and/or microscopy likely represent a carrier state rather

Fig 3. Correlation heatmap of BAFF concentration and given subsets of B cells in mothers. A. Pearson correlation with adjusted p-value for multiple testing using

the Benjamini-Hochberg method. Pearson’ rho values with a false discovery rate (FDR)< 0.05 in bold. B. Correlation heatmap of BAFF concentration and Pf

+ proportions of given subsets of B cells in mothers. Pearson correlation with adjusted p-value for multiple testing using the Benjamini-Hochberg method. Pearson’ rho

values with a false discovery rate (FDR)< 0.05 in bold.

https://doi.org/10.1371/journal.pone.0245431.g003
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than acute infection. This finding is interesting in itself, as it indicates that the mere presence

of parasites does not induce increased levels of BAFF, if not accompanied by clinical symptoms

of disease. Secondly, very few individuals within the cohort were found positive for malaria

and were spread out over the study period, which restricts comparative analysis. In addition,

pregnant women at Kasangati Health Center are offered intermittent preventive treatment

(IPT) in order to prevent clinical malaria during pregnancy. Although we had no data on com-

pliance with IPT within our cohort, experience indicates that IPT is generally well established

and practiced in this area. This could then explain the low number of malaria positive mothers

at birth. Bearing in mind the small number of parasitemic individuals, it is still possible that

acute febrile malaria results in increased plasma BAFF-levels.

Pregnancy in malaria-naive women has been associated with a significant expansion of

switched MBC and a decrease of naïve B cells, while malaria-exposed pregnant women had

more atypical MBC and fewer marginal zone–like MBC [43]. In our cohort, both IgM and IgG

antibody levels to schizont extract were stable in the mothers, likely indicating repeated previ-

ous exposure to malaria. In infants, IgG which crosses the placenta, was high in cord blood

and then decreased as expected. IgM, however, which is produced by the child and thus the

most appropriate indicator of previous malaria exposure, showed a low level at birth and then

increased towards the 9-month sampling. This dynamic can probably be attributed to the loss

of maternal protection and formation of the child’s own malaria-specific immune response. B

cell data in infants initially showed high proportions of naïve B cells and low proportions of

IgG+ MBC, non-IgG+ MBC and CD27− MBC in cord blood. While the frequency of naive B

cells steadily decreased over time, IgG+ MBC and CD27− MBC increased. These shifts in B cell

proportions appear plausible as a reflection of the developing humoral response with gradual

exposure to pathogens. Non-IgG+ MBC rapidly increased from birth to 10 weeks of age and

then decreased over the following 9 months. Plasma cells, on the other hand, showed a mar-

ginal increase from cord blood levels at the two middle sampling points and then dropped

again at 9 months. Plasma cell numbers are however, normally very low in peripheral blood

and usually only expand in connection with a recent, or ongoing, infection [44]. The rapid

increase followed by a slow decrease of non-IgG+ MBC may mirror the clonal expansion of B

cells responding to unknown antigens and subsequent isotype switching. Non-IgG+ MBC

could also be innate-like B cells that expand rapidly with subsequent levelling of the propor-

tions as other more specific subsets expand.

In infants, significant negative correlations were found between BAFF levels and both total

and Pf+ IgG+ MBC and CD27− MBC at 9 months. The high BAFF levels could indicate a more

immature immune system where a larger proportion of B cells are still naïve, while continuous

pathogen exposure will drive maturation of the immune response toward more memory cells

and activated B cells, and likely simultaneously reducing available peripheral BAFF levels.

Based on previous findings [15], the CD27− MBC subset in our cohort can be expected to be

enriched for atypical MBC, which are known to be functionally impaired compared to classical

MBC [45, 46]. Considering the nature of malaria exposure and the consistent correlation

between BAFF and both total and Pf+ proportions of IgG+ MBC and CD27− MBC, one can

hypothesize that BAFF in relation to P. falciparum could have a specific impact on the B cell

response. Conversely, there was a significant positive correlation between BAFF levels and

naïve B cells at 9 months, including the Pf+ proportion. This association could potentially be

explained by higher levels of BAFF leading to an increase in naïve B cells, or that these individ-

uals had a more immature immune response, retaining more of the early elevated BAFF levels.

There was a weak albeit significant negative correlation between BAFF levels and IgM antibod-

ies to schizont extract in cord blood which could indicate that high levels of BAFF is important

for mounting an immune response against malaria. In mothers, weak but significant negative
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correlations were found between BAFF-levels and CD27− MBC at delivery, but not at 9

months. This might be due to the absence of parasitemia following IPT leading to lower

BAFF-levels. IgM antibodies to schizont extract were only weakly associated with BAFF-levels

at 9 months which might represent a return to a normal immune state post pregnancy. In con-

trolled human malaria infection there was a positive correlation between increased plasma

BAFF and IFN-γ levels, and atypical B cells which also showed the strongest proliferative

response of all memory B cell subsets upon infection [30]. These experimental malaria-infec-

tions are conducted on healthy, malaria-naïve adults, however, and cannot be directly trans-

ferred to interpret immune responses in endemic areas. Nevertheless, in natural P. falciparum
infection we have previously shown that CD11c+ B cells enriched for atypical B cells are the

most proliferative during acute malaria [47]. However, the interplay between BAFF and

immune cells in adults may be different from that occurring in infants and older children.

As reviewed by Sakai et al. [18], BAFF levels in serum have been shown to increase during

viral infections, such as HIV and HCV. Similarly, bacterial infections such as M. pneumoniae
and M. tuberculosis can cause increased levels of BAFF in respiratory tract samples, and cere-

brospinal fluid from patients with neuroborreliosis show increased levels of BAFF. A number

of autoimmune disorders display dysregulation of BAFF, and overexpression of BAFF has

been implicated in the pathogenesis of systemic lupus erythematosus (SLE) [48]. In HIV,

hypergammaglobulinemia appears to be a result of a dysregulated B cell compartment charac-

terized by the BAFF-induced expansion of marginal zone B cells [49]. P. falciparum infection

is also accompanied by hypergammaglobulinemia, and it has been shown to be a consequence

of parasite-induced polyclonal B cell activation [14, 50]. Analogous to an infection with HIV,

the non-IgG+ MBC population seen in our study may constitute a similar mechanism of mar-

ginal zone B cells expanding in response to BAFF. Our results suggest both stimulatory and

regulatory functions of BAFF in infants and in the aftermath of pregnancy, although from this

study we cannot establish a causal link between BAFF and different subpopulations of B cells.

A limitation of this study is the restricted selection of markers used to characterize the B

cell populations. In the absence of a wider repertoire of B cell markers, some of the cells that

are classified as naïve B cells may indeed belong to a pool of more immature B cells [51]. How-

ever, it was shown before that proportions of naïve B cells decrease with age during childhood

[52], overlapping with what we also observe here. Similarly, as mentioned previously, the non-

IgG+ memory B-cells may represent innate-like/MZ-like B cells. Taken together, we believe

that the results obtained in our study indicate several interesting potential associations that

can constitute the basis for further studies, especially since our results include both P. falcipa-
rum-positive and total proportions of B cells. Ideally though, future studies could include

more B cell markers such as CD24/CD38, CD21 and IgD for better separation of subpopula-

tions of B cells.

In conclusion, plasma BAFF levels in infants from malaria-endemic areas are significantly

higher than their mothers’ BAFF levels, both at birth and after 9 months. BAFF levels correlate

with IgG+ MBC and CD27− MBC of both total and Pf+ compartments in infants, suggesting

that BAFF could play a role in the development of naturally acquired immunity against

malaria. Additional prospective studies in older children in endemic and non-endemic areas,

including immunophenotyping and monitoring of BAFF, in conjunction with active and pas-

sive malaria detection are warranted to further establish the role of BAFF in malaria.
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Writing – review & editing: Allan Lugaajju, Christopher Sundling, Kristina E. M. Persson.

References
1. WHO. World malaria report 2019 2019 [Available from: https://www.who.int/publications/i/item/world-

malaria-report-2019.

2. Rogerson SJ, Desai M, Mayor A, Sicuri E, Taylor SM, van Eijk AM. Burden, pathology, and costs of

malaria in pregnancy: new developments for an old problem. The Lancet Infectious diseases. 2018; 18

(4):e107–e18. https://doi.org/10.1016/S1473-3099(18)30066-5 PMID: 29396010

3. Rogerson SJ, Hviid L, Duffy PE, Leke RF, Taylor DW. Malaria in pregnancy: pathogenesis and immu-

nity. The Lancet Infectious diseases. 2007; 7(2):105–17. https://doi.org/10.1016/S1473-3099(07)

70022-1 PMID: 17251081

4. Cohen S, Mc GI, Carrington S. Gamma-globulin and acquired immunity to human malaria. Nature.

1961; 192:733–7. https://doi.org/10.1038/192733a0 PMID: 13880318

5. Fried M, Nosten F, Brockman A, Brabin BJ, Duffy PE. Maternal antibodies block malaria. Nature. 1998;

395(6705):851–2. https://doi.org/10.1038/27570 PMID: 9804416

6. Staalsoe T, Shulman CE, Bulmer JN, Kawuondo K, Marsh K, Hviid L. Variant surface antigen-specific

IgG and protection against clinical consequences of pregnancy-associated Plasmodium falciparum

malaria. Lancet. 2004; 363(9405):283–9. https://doi.org/10.1016/S0140-6736(03)15386-X PMID:

14751701

7. Ndam NT, Denoeud-Ndam L, Doritchamou J, Viwami F, Salanti A, Nielsen MA, et al. Protective Anti-

bodies against Placental Malaria and Poor Outcomes during Pregnancy, Benin. Emerg Infect Dis.

2015; 21(5):813–23. https://doi.org/10.3201/eid2105.141626 PMID: 25898123

8. Salanti A, Dahlback M, Turner L, Nielsen MA, Barfod L, Magistrado P, et al. Evidence for the involve-

ment of VAR2CSA in pregnancy-associated malaria. J Exp Med. 2004; 200(9):1197–203. https://doi.

org/10.1084/jem.20041579 PMID: 15520249

9. Crompton PD, Kayala MA, Traore B, Kayentao K, Ongoiba A, Weiss GE, et al. A prospective analysis

of the Ab response to Plasmodium falciparum before and after a malaria season by protein microarray.

PNAS. 2010; 107(15):6958–63. https://doi.org/10.1073/pnas.1001323107 PMID: 20351286

10. Wipasa J, Suphavilai C, Okell LC, Cook J, Corran PH, Thaikla K, et al. Long-lived antibody and B Cell

memory responses to the human malaria parasites, Plasmodium falciparum and Plasmodium vivax.

PLoS Pathog. 2010; 6(2):e1000770. https://doi.org/10.1371/journal.ppat.1000770 PMID: 20174609

11. Giha HA, Staalsoe T, Dodoo D, Elhassan IM, Roper C, Satti GM, et al. Nine-year longitudinal study of

antibodies to variant antigens on the surface of Plasmodium falciparum-infected erythrocytes. Infect

Immun. 1999; 67(8):4092–8. https://doi.org/10.1128/IAI.67.8.4092-4098.1999 PMID: 10417178

12. Yman V, White MT, Asghar M, Sundling C, Sonden K, Draper SJ, et al. Antibody responses to merozo-

ite antigens after natural Plasmodium falciparum infection: kinetics and longevity in absence of re-expo-

sure. BMC Med. 2019; 17(1):22. https://doi.org/10.1186/s12916-019-1255-3 PMID: 30696449

13. Illingworth J, Butler NS, Roetynck S, Mwacharo J, Pierce SK, Bejon P, et al. Chronic exposure to Plas-

modium falciparum is associated with phenotypic evidence of B and T cell exhaustion. J Immunol.

2013; 190(3):1038–47. https://doi.org/10.4049/jimmunol.1202438 PMID: 23264654

14. Scholzen A, Sauerwein RW. How malaria modulates memory: activation and dysregulation of B cells in

Plasmodium infection. Trends Parasitol. 2013; 29(5):252–62. https://doi.org/10.1016/j.pt.2013.03.002

PMID: 23562778

15. Weiss GE, Crompton PD, Li S, Walsh LA, Moir S, Traore B, et al. Atypical memory B cells are greatly

expanded in individuals living in a malaria-endemic area. J Immunol. 2009; 183(3):2176–82. https://doi.

org/10.4049/jimmunol.0901297 PMID: 19592645

PLOS ONE BAFF and B-cells in a malaria endemic area

PLOS ONE | https://doi.org/10.1371/journal.pone.0245431 January 19, 2021 12 / 14

https://www.who.int/publications/i/item/world-malaria-report-2019
https://www.who.int/publications/i/item/world-malaria-report-2019
https://doi.org/10.1016/S1473-3099%2818%2930066-5
http://www.ncbi.nlm.nih.gov/pubmed/29396010
https://doi.org/10.1016/S1473-3099%2807%2970022-1
https://doi.org/10.1016/S1473-3099%2807%2970022-1
http://www.ncbi.nlm.nih.gov/pubmed/17251081
https://doi.org/10.1038/192733a0
http://www.ncbi.nlm.nih.gov/pubmed/13880318
https://doi.org/10.1038/27570
http://www.ncbi.nlm.nih.gov/pubmed/9804416
https://doi.org/10.1016/S0140-6736%2803%2915386-X
http://www.ncbi.nlm.nih.gov/pubmed/14751701
https://doi.org/10.3201/eid2105.141626
http://www.ncbi.nlm.nih.gov/pubmed/25898123
https://doi.org/10.1084/jem.20041579
https://doi.org/10.1084/jem.20041579
http://www.ncbi.nlm.nih.gov/pubmed/15520249
https://doi.org/10.1073/pnas.1001323107
http://www.ncbi.nlm.nih.gov/pubmed/20351286
https://doi.org/10.1371/journal.ppat.1000770
http://www.ncbi.nlm.nih.gov/pubmed/20174609
https://doi.org/10.1128/IAI.67.8.4092-4098.1999
http://www.ncbi.nlm.nih.gov/pubmed/10417178
https://doi.org/10.1186/s12916-019-1255-3
http://www.ncbi.nlm.nih.gov/pubmed/30696449
https://doi.org/10.4049/jimmunol.1202438
http://www.ncbi.nlm.nih.gov/pubmed/23264654
https://doi.org/10.1016/j.pt.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23562778
https://doi.org/10.4049/jimmunol.0901297
https://doi.org/10.4049/jimmunol.0901297
http://www.ncbi.nlm.nih.gov/pubmed/19592645
https://doi.org/10.1371/journal.pone.0245431


16. Mackay F, Browning JL. BAFF: a fundamental survival factor for B cells. Nat Rev Immunol. 2002; 2

(7):465–75. https://doi.org/10.1038/nri844 PMID: 12094221

17. Mackay F, Figgett WA, Saulep D, Lepage M, Hibbs ML. B-cell stage and context-dependent require-

ments for survival signals from BAFF and the B-cell receptor. Immunol Rev. 2010; 237(1):205–25.

https://doi.org/10.1111/j.1600-065X.2010.00944.x PMID: 20727038

18. Sakai J, Akkoyunlu M. The Role of BAFF System Molecules in Host Response to Pathogens. Clin

Microbiol Rev. 2017; 30(4):991–1014. https://doi.org/10.1128/CMR.00046-17 PMID: 28855265

19. Avery DT, Kalled SL, Ellyard JI, Ambrose C, Bixler SA, Thien M, et al. BAFF selectively enhances the

survival of plasmablasts generated from human memory B cells. J Clin Invest. 2003; 112(2):286–97.

https://doi.org/10.1172/JCI18025 PMID: 12865416

20. He B, Santamaria R, Xu W, Cols M, Chen K, Puga I, et al. The transmembrane activator TACI triggers

immunoglobulin class switching by activating B cells through the adaptor MyD88. Nat Immunol. 2010;

11(9):836–45. https://doi.org/10.1038/ni.1914 PMID: 20676093

21. Nicoletti AM, Kenny CH, Khalil AM, Pan Q, Ralph KL, Ritchie J, et al. Unexpected Potency Differences

between B-Cell-Activating Factor (BAFF) Antagonist Antibodies against Various Forms of BAFF: Tri-

mer, 60-Mer, and Membrane-Bound. J Pharmacol Exp Ther. 2016; 359(1):37–44. https://doi.org/10.

1124/jpet.116.236075 PMID: 27440419

22. Naradikian MS, Perate AR, Cancro MP. BAFF receptors and ligands create independent homeostatic

niches for B cell subsets. Curr Opin Immunol. 2015; 34:126–9. https://doi.org/10.1016/j.coi.2015.03.

005 PMID: 25836418

23. O’Connor BP, Raman VS, Erickson LD, Cook WJ, Weaver LK, Ahonen C, et al. BCMA is essential for

the survival of long-lived bone marrow plasma cells. J Exp Med. 2004; 199(1):91–8. https://doi.org/10.

1084/jem.20031330 PMID: 14707116

24. Darce JR, Arendt BK, Wu X, Jelinek DF. Regulated expression of BAFF-binding receptors during

human B cell differentiation. J Immunol. 2007; 179(11):7276–86. https://doi.org/10.4049/jimmunol.179.

11.7276 PMID: 18025170

25. Rodig SJ, Shahsafaei A, Li B, Mackay CR, Dorfman DM. BAFF-R, the major B cell-activating factor

receptor, is expressed on most mature B cells and B-cell lymphoproliferative disorders. Hum Pathol.

2005; 36(10):1113–9. https://doi.org/10.1016/j.humpath.2005.08.005 PMID: 16226112

26. Thompson JS, Bixler SA, Qian F, Vora K, Scott ML, Cachero TG, et al. BAFF-R, a newly identified TNF

receptor that specifically interacts with BAFF. Science. 2001; 293(5537):2108–11. https://doi.org/10.

1126/science.1061965 PMID: 11509692

27. Scholz JL, Crowley JE, Tomayko MM, Steinel N, O’Neill PJ, Quinn WJ, 3rd, et al. BLyS inhibition elimi-

nates primary B cells but leaves natural and acquired humoral immunity intact.PNAS. 2008; 105

(40):15517–22. https://doi.org/10.1073/pnas.0807841105 PMID: 18832171

28. Langat DL, Wheaton DA, Platt JS, Sifers T, Hunt JS. Signaling pathways for B cell-activating factor

(BAFF) and a proliferation-inducing ligand (APRIL) in human placenta. Am J Pathol. 2008; 172

(5):1303–11. https://doi.org/10.2353/ajpath.2008.071139 PMID: 18403603

29. Nduati E, Gwela A, Karanja H, Mugyenyi C, Langhorne J, Marsh K, et al. The plasma concentration of

the B cell activating factor is increased in children with acute malaria. J Infect Dis. 2011; 204(6):962–70.

https://doi.org/10.1093/infdis/jir438 PMID: 21849293

30. Scholzen A, Teirlinck AC, Bijker EM, Roestenberg M, Hermsen CC, Hoffman SL, et al. BAFF and BAFF

receptor levels correlate with B cell subset activation and redistribution in controlled human malaria

infection. J Immunol. 2014; 192(8):3719–29. https://doi.org/10.4049/jimmunol.1302960 PMID:

24646735

31. Liu XQ, Stacey KJ, Horne-Debets JM, Cridland JA, Fischer K, Narum D, et al. Malaria infection alters

the expression of B-cell activating factor resulting in diminished memory antibody responses and sur-

vival. Eur J Immunol. 2012; 42(12):3291–301. https://doi.org/10.1002/eji.201242689 PMID: 22936176

32. Muehlenbachs A, Fried M, Lachowitzer J, Mutabingwa TK, Duffy PE. Genome-wide expression analy-

sis of placental malaria reveals features of lymphoid neogenesis during chronic infection. J Immunol.

2007; 179(1):557–65. https://doi.org/10.4049/jimmunol.179.1.557 PMID: 17579077

33. Bienertova-Vasku J, Zlamal F, Tomandl J, Hodicka Z, Novak J, Splichal Z, et al. The presence of B-cell

activating factor (BAFF) in umbilical cord blood in both healthy and pre-eclamptic pregnancies and in

human breast milk. J Repr Immunol. 2015; 109:89–93.

34. Kreuzaler M, Rauch M, Salzer U, Birmelin J, Rizzi M, Grimbacher B, et al. Soluble BAFF levels inversely

correlate with peripheral B cell numbers and the expression of BAFF receptors. J Immunol. 2012; 188

(1):497–503. https://doi.org/10.4049/jimmunol.1102321 PMID: 22124120

35. Lundell AC, Hesselmar B, Nordstrom I, Adlerberth I, Wold AE, Rudin A. Higher B-cell activating factor

levels at birth are positively associated with maternal dairy farm exposure and negatively related to

PLOS ONE BAFF and B-cells in a malaria endemic area

PLOS ONE | https://doi.org/10.1371/journal.pone.0245431 January 19, 2021 13 / 14

https://doi.org/10.1038/nri844
http://www.ncbi.nlm.nih.gov/pubmed/12094221
https://doi.org/10.1111/j.1600-065X.2010.00944.x
http://www.ncbi.nlm.nih.gov/pubmed/20727038
https://doi.org/10.1128/CMR.00046-17
http://www.ncbi.nlm.nih.gov/pubmed/28855265
https://doi.org/10.1172/JCI18025
http://www.ncbi.nlm.nih.gov/pubmed/12865416
https://doi.org/10.1038/ni.1914
http://www.ncbi.nlm.nih.gov/pubmed/20676093
https://doi.org/10.1124/jpet.116.236075
https://doi.org/10.1124/jpet.116.236075
http://www.ncbi.nlm.nih.gov/pubmed/27440419
https://doi.org/10.1016/j.coi.2015.03.005
https://doi.org/10.1016/j.coi.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25836418
https://doi.org/10.1084/jem.20031330
https://doi.org/10.1084/jem.20031330
http://www.ncbi.nlm.nih.gov/pubmed/14707116
https://doi.org/10.4049/jimmunol.179.11.7276
https://doi.org/10.4049/jimmunol.179.11.7276
http://www.ncbi.nlm.nih.gov/pubmed/18025170
https://doi.org/10.1016/j.humpath.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16226112
https://doi.org/10.1126/science.1061965
https://doi.org/10.1126/science.1061965
http://www.ncbi.nlm.nih.gov/pubmed/11509692
https://doi.org/10.1073/pnas.0807841105
http://www.ncbi.nlm.nih.gov/pubmed/18832171
https://doi.org/10.2353/ajpath.2008.071139
http://www.ncbi.nlm.nih.gov/pubmed/18403603
https://doi.org/10.1093/infdis/jir438
http://www.ncbi.nlm.nih.gov/pubmed/21849293
https://doi.org/10.4049/jimmunol.1302960
http://www.ncbi.nlm.nih.gov/pubmed/24646735
https://doi.org/10.1002/eji.201242689
http://www.ncbi.nlm.nih.gov/pubmed/22936176
https://doi.org/10.4049/jimmunol.179.1.557
http://www.ncbi.nlm.nih.gov/pubmed/17579077
https://doi.org/10.4049/jimmunol.1102321
http://www.ncbi.nlm.nih.gov/pubmed/22124120
https://doi.org/10.1371/journal.pone.0245431


allergy development. J Allergy Clin Immunol. 2015; 136(4):1074–82 e3. https://doi.org/10.1016/j.jaci.

2015.03.022 PMID: 25936566

36. Kessel A, Yehudai D, Peri R, Pavlotzky E, Bamberger E, Tov N, et al. Increased susceptibility of cord

blood B lymphocytes to undergo spontaneous apoptosis. Clin Exp Immunol. 2006; 145(3):563–70.

https://doi.org/10.1111/j.1365-2249.2006.03170.x PMID: 16907927

37. Yeo KT, Embury P, Anderson T, Mungai P, Malhotra I, King C, et al. HIV, Cytomegalovirus, and Malaria

Infections during Pregnancy Lead to Inflammation and Shifts in Memory B Cell Subsets in Kenyan Neo-

nates. J Immunol. 2019; 202(5):1465–78. https://doi.org/10.4049/jimmunol.1801024 PMID: 30674575

38. Lugaajju A, Reddy SB, Ronnberg C, Wahlgren M, Kironde F, Persson KEM. Novel flow cytometry tech-

nique for detection of Plasmodium falciparum specific B-cells in humans: increased levels of specific B-

cells in ongoing infection. Malar J. 2015; 14:370. https://doi.org/10.1186/s12936-015-0911-0 PMID:

26410225

39. Lugaajju A, Reddy SB, Wahlgren M, Kironde F, Persson KEM. Development of Plasmodium falciparum

specific naive, atypical, memory and plasma B cells during infancy and in adults in an endemic area.

Malar J. 2017; 16(1):37. https://doi.org/10.1186/s12936-017-1697-z PMID: 28109284

40. Benjamini Y, and Hochberg Y. Controlling the false discovery rate—a practical and powerful approach

to multiple testing. J R Stat Soc SerB Stat Methodol 1995;57.

41. Team RC. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Com-

puting. Vienna, Austria. 2020 [Available from: https://www.R-project.org.

42. Kumsiri R, Potup P, Chotivanich K, Petmitr S, Kalambaheti T, Maneerat Y. Blood stage Plasmodium fal-

ciparum antigens induce T cell independent immunoglobulin production via B cell activation factor of the

TNF family (BAFF) pathway. Acta Trop. 2010; 116(3):217–26. https://doi.org/10.1016/j.actatropica.

2010.08.012 PMID: 20804716

43. Requena P, Campo JJ, Umbers AJ, Ome M, Wangnapi R, Barrios D, et al. Pregnancy and malaria

exposure are associated with changes in the B cell pool and in plasma eotaxin levels. J Immunol. 2014;

193(6):2971–83. https://doi.org/10.4049/jimmunol.1401037 PMID: 25135831

44. Carter MJ, Mitchell RM, Meyer Sauteur PM, Kelly DF, Truck J. The Antibody-Secreting Cell Response

to Infection: Kinetics and Clinical Applications. Front Immunol. 2017; 8:630. https://doi.org/10.3389/

fimmu.2017.00630 PMID: 28620385

45. Portugal S, Tipton CM, Sohn H, Kone Y, Wang J, Li S, et al. Malaria-associated atypical memory B cells

exhibit markedly reduced B cell receptor signaling and effector function. Elife. 2015;4.

46. Sullivan RT, Kim CC, Fontana MF, Feeney ME, Jagannathan P, Boyle MJ, et al. FCRL5 Delineates

Functionally Impaired Memory B Cells Associated with Plasmodium falciparum Exposure. PLoS

Pathog. 2015; 11(5):e1004894. https://doi.org/10.1371/journal.ppat.1004894 PMID: 25993340

47. Sundling C, Ronnberg C, Yman V, Asghar M, Jahnmatz P, Lakshmikanth T, et al. B cell profiling in

malaria reveals expansion and remodelling of CD11c+ B cell subsets. JCI Insight. 2019;5. https://doi.

org/10.1172/jci.insight.126492 PMID: 30939125

48. Mackay F, Schneider P. Cracking the BAFF code. Nat Rev Immunol. 2009; 9(7):491–502. https://doi.

org/10.1038/nri2572 PMID: 19521398

49. Fontaine J, Chagnon-Choquet J, Valcke HS, Poudrier J, Roger M, Montreal Primary HIVI, et al. High

expression levels of B lymphocyte stimulator (BLyS) by dendritic cells correlate with HIV-related B-cell

disease progression in humans. Blood. 2011; 117(1):145–55. https://doi.org/10.1182/blood-2010-08-

301887 PMID: 20870901

50. Donati D, Zhang LP, Chene A, Chen Q, Flick K, Nystrom M, et al. Identification of a polyclonal B-cell

activator in Plasmodium falciparum. Infect Immun. 2004; 72(9):5412–8. https://doi.org/10.1128/IAI.72.

9.5412-5418.2004 PMID: 15322039

51. Esteve-Sole A, Teixido I, Deya-Martinez A, Yague J, Plaza-Martin AM, Juan M, et al. Characterization

of the Highly Prevalent Regulatory CD24(hi)CD38(hi) B-Cell Population in Human Cord Blood. Front

Immunol. 2017; 8:201. https://doi.org/10.3389/fimmu.2017.00201 PMID: 28326080

52. Duchamp M, Sterlin D, Diabate A, Uring-Lambert B, Guerin-El Khourouj V, Le Mauff B, et al. B-cell sub-

populations in children: National reference values. Immun Inflamm Dis. 2014; 2(3):131–40. https://doi.

org/10.1002/iid3.26 PMID: 25505547

PLOS ONE BAFF and B-cells in a malaria endemic area

PLOS ONE | https://doi.org/10.1371/journal.pone.0245431 January 19, 2021 14 / 14

https://doi.org/10.1016/j.jaci.2015.03.022
https://doi.org/10.1016/j.jaci.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25936566
https://doi.org/10.1111/j.1365-2249.2006.03170.x
http://www.ncbi.nlm.nih.gov/pubmed/16907927
https://doi.org/10.4049/jimmunol.1801024
http://www.ncbi.nlm.nih.gov/pubmed/30674575
https://doi.org/10.1186/s12936-015-0911-0
http://www.ncbi.nlm.nih.gov/pubmed/26410225
https://doi.org/10.1186/s12936-017-1697-z
http://www.ncbi.nlm.nih.gov/pubmed/28109284
https://www.R-project.org
https://doi.org/10.1016/j.actatropica.2010.08.012
https://doi.org/10.1016/j.actatropica.2010.08.012
http://www.ncbi.nlm.nih.gov/pubmed/20804716
https://doi.org/10.4049/jimmunol.1401037
http://www.ncbi.nlm.nih.gov/pubmed/25135831
https://doi.org/10.3389/fimmu.2017.00630
https://doi.org/10.3389/fimmu.2017.00630
http://www.ncbi.nlm.nih.gov/pubmed/28620385
https://doi.org/10.1371/journal.ppat.1004894
http://www.ncbi.nlm.nih.gov/pubmed/25993340
https://doi.org/10.1172/jci.insight.126492
https://doi.org/10.1172/jci.insight.126492
http://www.ncbi.nlm.nih.gov/pubmed/30939125
https://doi.org/10.1038/nri2572
https://doi.org/10.1038/nri2572
http://www.ncbi.nlm.nih.gov/pubmed/19521398
https://doi.org/10.1182/blood-2010-08-301887
https://doi.org/10.1182/blood-2010-08-301887
http://www.ncbi.nlm.nih.gov/pubmed/20870901
https://doi.org/10.1128/IAI.72.9.5412-5418.2004
https://doi.org/10.1128/IAI.72.9.5412-5418.2004
http://www.ncbi.nlm.nih.gov/pubmed/15322039
https://doi.org/10.3389/fimmu.2017.00201
http://www.ncbi.nlm.nih.gov/pubmed/28326080
https://doi.org/10.1002/iid3.26
https://doi.org/10.1002/iid3.26
http://www.ncbi.nlm.nih.gov/pubmed/25505547
https://doi.org/10.1371/journal.pone.0245431

