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Abstract

Background: Naturally acquired immunity to malaria may be lost with lack of exposure. Recent heterogeneous

reductions in transmission in parts of Africa mean that large populations of previously protected people may lose

their immunity while remaining at risk of infection.

Methods: Using two ethnically similar long-term cohorts of children with historically similar levels of exposure to

Plasmodium falciparum who now experience very different levels of exposure, we assessed the effect of decreased

parasite exposure on antimalarial immunity. Peripheral blood mononuclear cells (PBMCs) from children in each cohort

were stimulated with P. falciparum and their P. falciparum-specific proliferative and cytokine responses were compared.

Results: We demonstrate that, while P. falciparum-specific CD4+ T cells are maintained in the absence of exposure, the

proliferative capacity of these cells is altered considerably. P. falciparum-specific CD4+ T cells isolated from children

previously exposed, but now living in an area of minimal exposure (“historically exposed”) proliferate significantly more

upon stimulation than cells isolated from children continually exposed to the parasite. Similarly, PBMCs from historically

exposed children expressed higher levels of pro-inflammatory cytokines and lower levels of anti-inflammatory

cytokines after stimulation with P. falciparum. Notably, we found a significant positive association between

duration since last febrile episode and P. falciparum-specific CD4+ T cell proliferation, with more recent febrile

episodes associated with lower proliferation.

Conclusion: Considered in the context of existing knowledge, these data suggest a model explaining how immunity

is lost in absence of continuing exposure to P. falciparum.

Keywords: Malaria, T cells, Immunity

Background

Malaria remains a significant threat to human health.

While it is difficult to estimate attributable numbers of

cases and deaths, the recent WHO report suggests at

least 198 million cases were reported in 2013, leading to

approximately 584,000 deaths [1]. A large proportion of

this burden is borne by Africa, where despite massive

investments in malaria control and prevention, 57 % of

the population continue to live in areas of moderate to

intense malaria transmission [2].

Studies in malaria endemic areas consistently demon-

strate that incidence and severity of disease decreases

significantly with age, indicating that individuals living

in these areas acquire a degree of immunity to clinical

malaria. This protection is, however, only acquired

following repeated infections and is not sterile [3, 4].

Although the mechanisms that underpin naturally

acquired immunity to malaria (NAI) remain poorly

understood, a review of literature suggests that it is

comprised of two main components, namely (1) an
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anti-parasite component resulting in control of para-

site replication and parasite clearance [5, 6] and (2) the

ability to tolerate parasites asymptomatically. The latter

component is likely to include an immunoregulatory

(immune tolerance) element that contributes to control

of symptoms and clinical immunity [7, 8]. Antibody-

dependent mechanisms play a major role in parasite

control and clearance [5], with contributions from innate

and cellular arms of immunity [6]. In contrast, the mecha-

nism for the establishment of Plasmodium falciparum-

specific immune “tolerance” is less understood. Recent

studies suggest that repeated exposure to P. falciparum, as

experienced in areas of high malaria endemicity, is re-

quired for the establishment of tolerance [7], which may

be associated with the loss and/or altered function of

several immune cell types, including γδ T cells [8], αβ T

cells [9–12], B cells [13], and myeloid cells [14]. Repeated

exposure also results in an expansion of “self-regulating”

Th1 cells [7, 15, 16], which produce IL-10 in combination

with IFN-γ. IL-10 is a key immunomodulatory cytokine

and plays an important role in mouse models of malaria

[17–19]. Continual exposure to P. falciparum therefore

appears to result in modulation of inflammation and asso-

ciated immunopathology through regulation at multiple

levels of the immune system.

Unfortunately, individuals who acquire immunity in

malaria endemic areas but then migrate to malaria-free

regions for prolonged periods appear to be susceptible

to clinical disease upon returning to the endemic region

[20–22]. This loss of immune protection may reflect de-

fective antimalarial immunity related to poor induction

and maintenance of long-lived memory responses [22].

However, while protective plasma antibody levels decay

rapidly (especially in young children) [23, 24], rapid

boosting of antibody responses to a number of P. fal-

ciparum antigens have been reported upon re-exposure

following periods of no exposure [25, 26]. In agreement

with this, we have previously demonstrated that, while

P. falciparum-specific antibody levels fall to undetect-

able levels in the absence of persistent P. falciparum

exposure, P. falciparum-specific memory B cells are

maintained at similar levels to those found in children

continually exposed to the parasite [27]. Furthermore,

one might also infer a loss of tolerance to parasitemia

from observations of the cytokine profiles of previously

immune, returning travelers [28] and from the fact that

these individuals appear to become unwell at parasite

densities that they might previously have tolerated

asymptomatically [29].

The mechanism(s) by which P. falciparum-specific T

cell memory is induced and maintained is poorly under-

stood. While some reports have described impairments in

the establishment of P. falciparum-specific T cell memory

(stemming from antigenic diversity [30], infection-related

depletion of antigen-specific T cells [31, 32], and im-

paired dendritic cells [33]), animal models suggest that

P. falciparum-specific memory T cell populations are

maintained normally after infection. To date, only one

study has directly assessed the longevity of P. falciparum-

specific T cell responses in humans following a period of

minimal exposure. This study measured P. falciparum-

specific responses in adults living in an area of low malaria

endemicity in Northern Thailand and demonstrated that,

while some antimalarial T cell responses (IFN-γ producing

T cells) were relatively short-lived, others (IL-10 producing

T cells) were maintained for much longer in the absence

of exposure [34]. The limitation of this study, however,

was that the majority of the malaria-exposed individuals

had experienced only one documented episode of malaria

in their lifetime. Given the previously described role that

endemic malaria has in shaping the P. falciparum-specific

T cell response [8–12], it is reasonable to suspect that the

longevity of memory responses established in individuals

previously living in malaria endemic regions (and continu-

ally exposed to P. falciparum) may differ significantly from

those established in individuals only infrequently exposed

to malaria.

In this study, we determined the effect of diminished ex-

posure on the size and function of P. falciparum-specific

T cell memory responses by studying a unique epidemio-

logical “natural experiment” on the coast of Kenya. Here,

two ethnically and culturally similar cohorts of children

with historically endemic exposure to P. falciparum now

experience very different levels of exposure. While one

group of children has remained continually exposed over

the past 8 years (“continually exposed” cohort in Junju),

the other has experienced a dramatic reduction in

malaria transmission such that exposure has been min-

imal for over 8 years prior to sampling (“historically ex-

posed” cohort in Ngerenya). By performing a detailed

functional characterization of P. falciparum-specific T

cell responses found in these two otherwise similar

groups of children, we hoped to gain insight into the

fate of P. falciparum-specific T cell immunity as exposure

to P. falciparum declines. We demonstrate that lack of

continuing exposure in the historically exposed cohort

resulted in increased levels of P. falciparum-specific

CD4+ T cell proliferation and pro-inflammatory cyto-

kine production.

Methods

Study site

The study took place at the KEMRI-Wellcome Trust

Research Programme (KWTRP) situated at the Kilifi

County Hospital, Kilifi, Kenya. The hospital serves ap-

proximately 500,000 people living in Kilifi County. The

children investigated were residents of two villages,

located within 20 km of each other, with Junju lying on
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the southern side and Ngerenya on the northern side

of an Indian Ocean creek inhabited predominantly by

Mijikenda people.

Study population

Peripheral blood mononuclear cell (PBMC) samples

were collected as part of ongoing surveillance of chil-

dren enrolled in two cohorts at KWTRP in Kilifi, Kenya.

Over the last 15 years, there has been a gradual, hetero-

geneous decline in malaria transmission in Kilifi County

[35, 36], whereby Junju village remains stably endemic

with two high transmission seasons (May to August and

October to December) and a parasite prevalence of 30 %

[37, 38] during the dry season, while in Ngerenya

(20 km North), parasite prevalence has dramatically re-

duced from endemic levels of 40 % in 1998, to less than

1 % since 2005 [39]. Children are recruited into the co-

horts at birth and actively monitored on a weekly basis

for detection of malaria episodes until 15 years of age.

Extensive and detailed records of the number and dates

of malaria episodes for each child over the period they

are enrolled in the cohort are maintained. For this

analysis, historically exposed children were selected from

Ngerenya on the basis of having confirmed prior exposure

to malaria (at least one clinical episode) and matched to

continually exposed children of similar age in Junju

(Table 1).

Sample collection and preparation

Venous blood (5 mL; for immunological studies) and

blood smears (for detection and subsequent calculation

of P. falciparum parasitemia) were collected from each

participant in a preseason cross-sectional survey in

May 2012, a time preceded by 4 months of minimal P.

falciparum transmission in Junju. PBMCs were isolated

by density gradient centrifugation (Ficoll-Histopague,

GE Life Sciences) and stored in liquid nitrogen till the

assays were performed.

Determination of parasitemia

Thick and thin blood smears were stained with Giemsa

and P. falciparum-infected red cells counted against 500

leukocytes and 1000 red blood cells, respectively. To

further confirm that previously exposed children were

uninfected, a P. falciparum-specific PCR was performed,

as previously described [40].

Malaria antigen

P. falciparum blood-stage parasites (laboratory-adapted

local field isolate) were grown by standard methods and

harvested at 5–10 % parasitemia. Red blood cells infected

(iRBC) with trophozoite stage parasites were purified via

density gradient centrifugation using Percoll (GE, Life

Sciences) washed and cryopreserved in glycerolyte. A

single batch of parasites was used throughout the study.

Aliquots of this batch were stored in liquid nitrogen until

required. Uninfected red blood cells (uRBC) were pre-

pared and stored in a similar manner for use as controls.

Intracellular cytokine staining

Thawed PBMCs were rested overnight in media sup-

plemented with 10 % fetal bovine serum (Gibco) and

restimulated with media, uRBCs, iRBCs, and plate-

bound anti-CD3 (BioLegend) at 7.5 × 105 cells per con-

dition. An effector-to-target ratio of 1:3 was used with

uRBCs and iRBCs. Anti-CD28 and anti-CD49d were

added for co-stimulation (3 μg/mL BioLegend). Brefeldin

A (BD Pharmingen) was added at 6 hours of incubation at

a final concentration of 10 μg/mL to inhibit cytokine

secretion. At 24 hours, cells were washed, surface stained,

fixed, permeabilized, and stained for intracellular cyto-

kines per standard protocols (BD Pharmingen).

Surface and intracellular staining of PBMCs was done

with standard staining protocols using the following

antibodies: fluorescein isothiocyanate (FITC)-conjugated

anti-CD45RO, allophycocyanin (APC)-Cy7-conjugated

anti-CD3, Brilliant Violet 421-conjugated anti-IL-10

(panel 1), Brilliant Violet 421-conjugated anti-TNF-α

(panel 2), phycoerythrin (PE)-conjugated anti-IL-4 (panel 2),

APC-conjugated anti-CCR7 (BioLegend), PerCP-Cy5.5-

conjugated anti-CD8, PE-Cy7-conjugated-anti CD27, PE-

conjugated anti-IFN-γ (panel 1) (BD Phamingen), and

PE-Texas Red-conjugated CD4 (Invitrogen). LIVE/DEAD

aqua amine was included to exclude dead cells from down-

stream analysis (although the malaria specific analysis did

not include CD8+ T cells, they were stained to facilitate

Table 1 Characteristics of study cohorts

Variable Ngerenya Junju

Total number 44 44

Sex (%)

Male 26 (59) 18 (41)

Female 20 (45) 24 (55)

Age (years)

Mean (95 % CI) 11.09 (10.66–11.51) 11.16 (10.75–11.57)

Range 7.16–12.94 7.35–12.99

Total no. of previous P. falciparum episodes

Mean (95 % CI) 2.64 (2.01–3.26) 4.48 (3.35–5.60)

Range 1–9 1–16

Time since last episode (mo)

Median (IQR) 105.8 (78.17–112.5) 12.1 (4.2–36.67)

Range 3.23–143.6 2.03–83.1

P. falciparum infection status at sampling (% positive)

By blood smear 1 (2.2) 11 (25)

By PCR 1 (2.2) 15 (34)
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gating on CD4+CD8– T cells) (see Additional file 1:

Table S1 for complete panel).

CFSE proliferation assay

Thawed PBMCs were rested overnight in media supple-

mented with 10 % fetal bovine serum. Cells were washed

and 1 × 106 cells were labeled with 1 mL of 5 μM CFSE

(BioLegend) following an established protocol reported

elsewhere [41]. CFSE-labeled PBMCs were incubated in

a 96-well culture plate and stimulated with media,

uRBCs, iRBCs, and plate-bound anti-CD3 (BioLegend)

at a density of 2.5 × 105 cells per condition. As before, an

effector-to-target ratio of 1:3 was used with uRBCs and

iRBCs. Anti-CD28 and anti-CD49d were added for costi-

mulation (3 μg/mL BioLegend). At day 7, supernatants

were collected and frozen for downstream cytokine

analysis and the cells washed and stained with surface

antibodies (Brilliant Violet 421-conjugated anti-CD4,

APC-conjugated anti-CCR7, APC-Cy7-conjugated anti-

CD3 (BioLegend), PE-Cy7-conjugated anti-CD27, and

PerCP-Cy5.5-conjugated anti-CD8 (BD Pharmingen))

before acquisition. Once again, LIVE/DEAD aqua amine

was included to exclude dead cells from downstream

analysis.

Flow cytometry

Cytokine production by CD4+ T cells was analyzed using

two panels; panel 1: IFN-γ and IL-10; panel 2: IL-4 and

TNF-α (both panels assessed surface expression of a

number of markers of CD4+ T cell memory phenotype).

At least 100,000 lymphocytes were acquired on a 9-color

Cyan ADP flow cytometer (Beckman Coulter). Color com-

pensations were performed using samples stained for each

of the fluorochromes used. Data were analyzed using

FlowJo (Tree Star). Percentages of iRBC-stimulated cyto-

kine producing CD4+ T cells are reported after back-

ground subtraction of the frequency of the identically

gated population of cells from the same sample stimulated

with uRBCs and are expressed as a percentage of total

CD4+ T cells. For the phenotypic analysis of CD4 T cell

memory subsets, the population of cells that express each

marker within the CD4 T cell population was entered into

a ‘Boolean gating’ analysis [42] that separately identifies all

the subpopulations expressing each possible combination

of markers. The frequency of each specific CD4+ T cell

subpopulation is expressed as a percentage of CD4+ T

cells. In experiments with CFSE labeled cells, the per-

centages of divided CD4+ T cells after iRBC stimulation

are reported after subtraction of the percentage of divided

CD4+ T cells after uRBC stimulation.

Luminex analysis of culture supernatants

Supernatants were thawed and immediately analyzed using

a Human Cytokine Magnetic 25-Plex assay (Invitrogen) as

recommended by the manufacturer. The following cyto-

kines were measured: IL-1β, IL-1RA, IL-2, IL-2R, IL-4,

IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p40), IL-13, IL-15,

IL-17, TNF-α, INF-α, IFN-γ, GM-CSF, CCL3 (MIP-1α),

CCL4 (MIP1β), CXCL10 (IP-10), CXCL9 (MIG), Eotaxin,

CCL5 (RANTES), and CCL2 (MCP-1). Briefly, 50 μL of

culture supernatant was diluted 1:2 in medium and in-

cubated with anti-cytokine antibody-coupled magnetic

beads for 2 hours at room temperature while shaking at

500 rpm in the dark. The beads were then incubated

with 100 μL of a biotinylated detector antibody for

1 hour at room temperature, before incubation with

streptavidin R-phycoerythrin for 30 mins (between each

step, the beads were washed in wash buffer using a

magnetic separator). After a final wash, beads were re-

suspended in 125 μL of buffer and 100 beads counted

for each cytokine in a Bio-Plex MAGPIX multiplex reader

(Bio-Rad Laboratories, Inc.). Final concentrations were

calculated from the mean fluorescence intensity and

expressed in pg/mL using standard curves with known

concentrations of each cytokine.

Statistical methods

All statistical analyses were performed using Prism 6.0

(GraphPad). Mann–Whitney U-test and Kruskal–Wallis

tests were used to compare continuous variables between

two and more than two groups, respectively. Correlations

between different continuous measures were determined

using Spearman’s rank correlation coefficient. For all tests,

two-tailed P values were considered significant if P < 0.05.

Results

P. falciparum-specific CD4+ T cells are maintained in the

absence of continual exposure

To determine whether malaria-specific CD4+ T cells are

maintained in the absence of continued exposure, we

compared the frequency and function of P. falciparum-

specific CD4+ T cell responses between historically and

continually exposed children. PBMC from each group of

children were stimulated with P. falciparum-iRBC and

analyzed by flow cytometry for production of IFN-γ,

TNF-α, IL-10, and IL-4 (Fig. 1a, b). There was no signifi-

cant difference between the proportions of CD4+ T cells

producing each cytokine between the two groups of chil-

dren (IFN-γ P = 0.26, TNF-α P = 0.65, IL-10 P = 0.81, IL-4

P = 0.66), suggesting that maintenance of P. falciparum-

specific CD4+ T cells is not dependent on continual ex-

posure to the parasite (Fig. 1c). In fact, there appeared

to be a trend (though not statistically significant) to-

wards higher responses (IFN-γ and any cytokine) in the

Ngerenya cohort (i.e. historically exposed children). It

is important to note that, similar to the findings of a

study of a cohort of children from the same area [43],

the majority of children sampled from both groups
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had undetectable levels of IFN-γ/IL-10 co-producing

CD4+ T cells.

Overall memory phenotype of P. falciparum-specific

CD4+ T cells remains unchanged in the absence of

continual exposure

Persistent exposure to infection can result in significant

remodeling of the T cell population, changing the rela-

tive frequencies of different memory subsets with poten-

tially significant immunological consequences [44, 45].

Even subtle differences in environmentally driven T cell ac-

tivation can result in phenotypic and functional changes to

the T cell compartment [46]. To assess whether the pheno-

type of P. falciparum-specific CD4+ T cells changed with

declining exposure to P. falciparum, we compared the sur-

face phenotype of P. falciparum-specific CD4+ T cells (pro-

ducing IFN-γ in response to P. falciparum) isolated

from each group of children (Fig. 2). Once again, we

did not observe any significant differences between the

two groups for any of the T cell memory subsets we

examined. This would suggest that not only is the size

of the P. falciparum-specific CD4+ T cell population

maintained in the absence of exposure, but the overall

memory differentiation profile of the population is also

maintained.

P. falciparum-specific T cell proliferation is significantly

enhanced after period of minimal exposure

P. falciparum-specific T cell proliferation has been shown

to be impaired in heavily exposed children [8, 15]. While

the frequency and memory phenotype of P. falciparum-

specific CD4+ T cells appear to be unaffected by a decline

in exposure, we were interested in whether P. falciparum-

specific proliferative responses would differ based on

a

b c

Fig. 1 P. falciparum-specific CD4+ T cells are maintained in the absence of continual exposure to P. falciparum. a Gating strategy to identify live

CD4+ T cells. b Intracellular cytokine staining assay demonstrating CD4+ T cell response of one representative child to stimulation with P. falciparum-

infected RBCs (iRBC), negative controls: media and uninfected RBC (uRBC) and positive control: plate-bound anti-CD3 (α-CD3). Shown is CD4+ T cell

production of IFN-γ and IL-10 (upper panel) as well as IL-4 and TNF-α (lower panel). c Overall frequency of CD4+ T cells producing any cytokine, IFN-γ,

TNF-α, IL-10, and IL-4, respectively. P. falciparum-specific cytokine production was calculated as percentage of CD4+ T cells producing a particular

cytokine following iRBC stimulation minus uRBC stimulation. Blue dots represent historically-exposed children living in Ngerenya (n = 44), while red

squares represent continually exposed children living in Junju (n = 44). Horizontal black lines indicated the median response for each group. No

statistically significant differences were observed between historically and continually exposed children, as assessed by Mann–Whitney U test
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levels of recent exposure. We compared proliferation of

P. falciparum-specific CD4+ T cells between historically

(n = 37) and continually (n = 37) exposed children fol-

lowing stimulation with iRBC. Prior reports [34] have

described non-specific proliferation of T cells in res-

ponse to Pf antigens. Therefore, we also included samples

from malaria-naïve (based on weekly active surveillance

since enrollment into cohort at or soon after birth) chil-

dren of similar age (n = 8). P. falciparum-specific CD4+ T

cell proliferation was significantly higher in historically ex-

posed children than in those who have been continually

exposed (P = 0.016) (Fig. 3a). In keeping with previous

reports of exposure dependent impairment of T cell

proliferation [47–49], P. falciparum-specific CD4+ T

cell proliferation in continually exposed children was

not significantly different from the level of proliferation

observed in malaria-naïve children. When we compared

the proliferation of CD4+ T cells between the three

groups after non-specific stimulation with plate-bound

anti-CD3 (Fig. 3b), CD4+ T cells from all three groups

proliferated to similar levels confirming that the dif-

ference in proliferation was unique to P. falciparum-

specific T cells and not representative of widespread

suppression of the whole CD4+ T cell population. This

result suggests that P. falciparum-specific CD4+ T cell

proliferative impairment is dependent on continued

exposure to the parasite and is lost after a period of

minimal exposure.

P. falciparum-inducible pro-inflammatory cytokines are

upregulated in historically exposed relative to continually

exposed children

In addition to inhibiting P. falciparum-specific T cell

proliferation, repeat exposure to malaria has been shown

to downregulate the expression of several cytokines asso-

ciated with malaria-inducible inflammation [7]. To assess

whether the enhanced CD4+ T cell proliferation we ob-

served in historically exposed children was indicative of

an enhanced malaria-inducible inflammatory response, we

compared P. falciparum-inducible cytokine levels in su-

pernatants from a subset of iRBC-stimulated PBMCs from

each group using a multiplex assay. Of the 25 cytokines

assayed, eight (CCL2, IL-6, CCL5, CCL3, CCL4, IL-1RA,

CXCL10, and CXCL9) were expressed at levels above a

quantifiable limit of 40 pg/mL. While CCL2 was the most

abundant P. falciparum-inducible cytokine, there was no

significant difference in its expression between historically

and continually exposed children (Fig. 4a). We did, how-

ever, find that expression of the pro-inflammatory cyto-

kines, IL-6, CXCL9, and CXCL10 were significantly higher

in historically exposed than continually exposed children

(IL-6 P <0.05, CXCL9 P <0.01, CXCL10 P <0.01), while

the anti-inflammatory cytokine IL-1RA was downregu-

lated in historically exposed children relative to con-

tinually exposed children (Fig. 4b). A number of other

cytokines (IL-4, IL-13, IL-10, IL-15, IL-5, IFN-γ, and IL-17)

were detected at levels too low to be precisely quantified by

Fig. 2 Memory phenotype of P. falciparum-specific CD4 + T cell population maintained in absence of continual exposure. Differential expression of

CCR7, CD27, and CD45RO by P. falciparum-specific CD4+ T cells (producing IFN-γ upon stimulation with P. falciparum-infected red blood cells). Each

phenotype (defined by a specific combination of markers) is shown beneath the X-axis. Where a specific phenotype has been ascribed to a particular

differentiation stage, this is specified. TCM and TEM refer to central memory and effector memory cell populations, respectively. The frequency of each

subset is expressed as a percentage of the total IFN-γ+ CD4+ T cell population and was compared between historically exposed children (Ngerenya)

and continually exposed children (Junju). Horizontal black lines represent median responses in each group. Mann–Whitney U-test was used for

pairwise analysis of differences between groups – no significant differences were observed. Pie charts illustrate relative proportions of each of

the combinations of markers in the two groups of children
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standard curve; however, we were able to compare their

relative levels between groups by comparing the mean

fluorescence intensities detected. In agreement with the

profile exhibited by the more highly expressed cyto-

kines, we found significantly higher levels of the pro-

inflammatory cytokines, IFN-γ, IL-5, IL-13, IL-15, and

IL-17 in historically exposed than continually exposed

children (Additional file 2: Figure S1). These results would

suggest that the mechanism(s) responsible for restraining

P. falciparum-inducible inflammation observed in highly

exposed individuals is lost following a period of minimal

exposure, resulting in a more pronounced inflammatory

response upon re-exposure.

P. falciparum-specific CD4+ T cell proliferation correlates

with recent clinical malaria in continually exposed

children

Since it has previously been demonstrated that there is a

strong relationship between P. falciparum-specific T cell

function and time elapsed since last malaria episode

a b

Fig. 4 P. falciparum- induced pro-inflammatory cytokine production enhanced after period of minimal exposure. Peripheral blood mononuclear

cells isolated from children with little current exposure to malaria (Blue bars, Ngerenya, n = 15), continually exposed children (Red bars, Junju,

n = 15), and malaria-naïve children (Black bars, n = 5) were stimulated for 7 days with P. falciparum-infected or uninfected red blood cells (iRBC or

uRBC). Culture supernatants were collected and analyzed using a multiplex assay for 25 cytokines. P. falciparum-specific cytokine production was

calculated as concentration of cytokine following iRBC stimulation minus uRBC stimulation. Results are shown for cytokines which were detected

at a net concentration ≥ 40 pg/mL. a Concentration of P. falciparum-induced CCL2 in each group. b Concentration of P. falciparum-specific IL-6,

CCL5, CCL3, CCL4, IL-1RA, CXCL10, and CXCL9 in each group. Bars indicate mean cytokine concentration (pg/mL) with standard error of the mean (SEM)

also indicated. Statistically significant differences (*P< 0.05, **P< 0.01) are indicated by asterisk (in red for Kruskal–Wallis or black for Mann–Whitney

U-tests, respectively)

a b

Fig. 3 P. falciparum-specific CD4+ T cell proliferation enhanced after period of minimal exposure. Proportion of P. falciparum-specific CD4+ T cells

proliferating in response to iRBC stimulation is significantly higher in children with little current exposure to malaria (Blue dots, Ngerenya, n= 37)

compared to continually exposed children (Red squares, Junju, n= 37) and malaria-naïve children (Black triangles, n= 8). P. falciparum-specific proliferation

was calculated as percentage of CFSE-lo CD4+ T cells following iRBC stimulation minus uRBC stimulation. Non-specific CD4+ T cell proliferation in response

to plate-bound anti-CD3 stimulation was also compared across the three groups. Statistically significant P values (P < 0.05) are indicated by asterisk

(in red for Kruskal–Wallis or black for Mann–Whitney U-tests, respectively)
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[15], we were interested in determining whether this

relationship is maintained after a period of minimal ex-

posure. We observed a strong positive correlation between

P. falciparum-specific CD4+ T cell proliferation and the

duration since last clinical episode of malaria (Spearman’s

Rho= 0.34, P = 0.04) in continually exposed children

(Fig. 5a), with more recent malaria associated with

lower CD4+ T cell proliferation. However, no statisti-

cally significant association was observed between P.

falciparum-specific CD4+ T cell proliferation and dur-

ation since last clinical malaria episode (Spearman’s

Rho = –0.005, P = 0.98) in historically exposed children

(Fig. 5b). While all the children were asymptomatic at

blood draw, approximately one third of continually ex-

posed children were determined to be parasite positive

by PCR. Interestingly, we did not find an association

between asymptomatic parasitemia and CD4+ T cell

proliferation (Additional file 3: Figure S2). Variations in

P. falciparum-specific CD4+ T cell proliferation can

thus be explained by duration since last clinical episode in

continually exposed children but not historically exposed

children, providing further evidence that P. falciparum-

specific CD4+ T cell proliferative impairment is lost in the

absence of continued exposure.

Discussion

In this study, we sought to determine the effect that

declining exposure to P. falciparum has on previously

acquired P. falciparum-specific T cell immunity by com-

paring two cohorts of otherwise similar children with

different levels of current exposure. We demonstrate

that, while P. falciparum-specific CD4+ T cells are

maintained at similar levels and with similar memory

phenotype after a significant period (median: 8.7 years;

interquartile range: 4.1–9.1 years) of minimal exposure

to the parasite, the proliferative capacity of these cells

appeared to be altered considerably. In keeping with

previous reports [8, 15], we found evidence of signifi-

cantly impaired CD4+ T cell proliferation in continually

exposed children, with levels of P. falciparum-specific

CD4+ T cell proliferation in these children indistinguish-

able from the levels in malaria-naïve children. In contrast,

after a period of minimal exposure, P. falciparum-specific

CD4+ T cells proliferated robustly upon re-stimulation in

vitro, suggesting that the regulatory mechanism respon-

sible for inhibiting P. falciparum-specific CD4+ T cell

proliferation is dependent on exposure to the parasite.

Importantly, this exposure-dependent inhibition of

CD4+ T cell proliferation was restricted to P. falciparum-

specific CD4+ T cells, since the levels of CD4+ T cell pro-

liferation in response to anti-CD3 stimulation were similar

across the three groups.

While we did not find an association between asymp-

tomatic parasitemia and CD4+ T cell proliferation, we

did find a significant positive association between dur-

ation since last febrile episode and P. falciparum-specific

CD4+ T cell proliferation (in continually exposed chil-

dren), with more recent febrile episodes associated with

lower proliferation. This result is in agreement with a re-

cent study of seasonal malaria in Mali, where successive

exposure to P. falciparum resulted in downregulation of

pro-inflammatory responses and an upregulation of cyto-

kines responsible for control of inflammation [7]. While

that study did not assess P. falciparum-specific CD4+ Tcell

proliferation, our finding that PBMCs from historically ex-

posed children express higher levels of pro-inflammatory

cytokines (including IL-6, IL-5, CXCL9, and CXCL10), but

lower levels of anti-inflammatory cytokines (including

a b

Fig. 5 Variations in T cell proliferation can be explained by duration since last episode in continually exposed children but not historically exposed

children. a Proliferation of P. falciparum-specific CD4+ T cells is positively associated with days since last clinical malaria episode in continually exposed

children (Junju) Spearman’s Rho= 0.338, P = 0.0408. b P. falciparum-specific CD4+ T cell proliferation does not correlate with days since last clinical

malaria episode in children with little current exposure (Ngerenya) Spearman’s Rho = -0.005, P = 0.976
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IL-1RA) than continually exposed children following

re-stimulation with P. falciparum suggests that impaired

P. falciparum-specific CD4+ T cell proliferation is a fur-

ther reflection of malaria-induced immunoregulation.

Interestingly, IL-6, CXCL9, and CXCL10 have all been

demonstrated to stimulate T cell proliferation [50–52],

with IL-6 in particular also promoting T cell survival

and inhibiting activation-induced cell death [53]. Fur-

thermore, IL-1RA, which we found to be elevated in

continually exposed children relative to historically ex-

posed children, has been found to inhibit T cell responses

to antigenic stimulation [54]. We acknowledge the

findings of a recent study reporting a decline in malaria

antigen specific- IFN-γ, IL-10, and TNF-α responses in in-

dividuals following a period of low exposure; however, the

profile of cytokine responses reported in that study varied

substantially by antigen and the reported decline in cyto-

kine levels was not always maintained beyond 6 months of

follow-up. Importantly, that study measured cytokine re-

sponses to individual peptide antigens, while we measured

the response to the whole parasite. The gap in exposure

reported was also significantly shorter than in our study,

suggesting that, while there might be antigen-specific fluc-

tuations in cytokine levels over short periods of low ex-

posure, the cytokine response profile after longer gaps in

exposure may be altered significantly.

Our results provide clear evidence that (1) P. falciparum-

specific CD4+ T cells are maintained in the absence of con-

tinual exposure to the parasite, (2) continual exposure to P.

falciparum induces a strong immunoregulatory response

capable of dampening infection-associated inflammation,

and (3) P. falciparum-specific CD4+ T cell proliferation

(following in vitro stimulation) is significantly enhanced

after a period of minimal exposure. While future studies

will be needed to precisely define these mechanisms, our

data suggests that the mechanisms responsible for me-

diating malaria-induced immunoregulation (potentially

critical for NAI) could be lost in the absence of continual

exposure to the parasite. Such mechanisms are likely to

involve regulatory T cells [55, 56] and atypical/exhausted

lymphocytes [9, 10] that have been shown to expand with

continuous exposure to malaria.

As we have mentioned previously, immune individuals

who migrate to malaria-free regions for prolonged pe-

riods may become susceptible to clinical disease upon

re-exposure, but still demonstrate less severe outcomes

than malaria-naïve individuals [20–22]. Such individuals

mount robust inflammatory responses to relatively few

parasites [21, 57], suggesting that they retain some ability

to control parasite replication but are unable to modulate

malaria-induced inflammation [22]. Considered in the

context of our data and existing knowledge about how

malaria infection modulates several components of the

immune system, these epidemiologic observations suggest

a model by which clinical immunity is lost in absence

of exposure to P. falciparum. We hypothesize that

malaria-naïve individuals who become infected with P.

falciparum are unable to control parasite growth result-

ing in inflammation and associated acute febrile illness.

Continually exposed individuals are able to restrict

parasite growth (mediated in large part by antibody-

dependent mechanisms) and also able to modulate

parasite-induced inflammation and T cell proliferation,

allowing them to remain afebrile despite the persistence

of low level parasitemia. Historically exposed individ-

uals, on the other hand, are capable of limiting parasite

growth but have lost the ability to modulate parasite-

induced inflammation, resulting in an exaggerated

inflammatory reaction and acute febrile illness in re-

sponse to relatively few parasites. The precise mechan-

ism of malaria-induced immunoregulation remains to

be investigated and likely involves both innate and

adaptive components. Future work will need to assess

the possible contributions of “malaria toxin”-induced

TLR hypo-responsiveness [58], as well as more T cell

intrinsic changes that may explain the observed loss of

clinical immunity with lack of exposure. One significant

caveat of this study is that we are unable to determine

whether the immunoregulation observed in historically

exposed children represents a decline of pre-established

immunoregulatory mechanisms or a failure to ad-

equately develop these mechanisms under conditions of

declining exposure. Longitudinal cohort studies and

controlled human challenge experiments in naturally

immune populations will be needed to fully investigate

this question.

Conclusions

The last decade has seen vast investments in malaria

control and the associated decline in transmission is

reason to be encouraged. However, the heterogeneous

nature of this decline [2] may leave large populations

of previously protected individuals susceptible to clini-

cal disease. This is particularly important if a popula-

tion of children emerge who have lost the ability to

control the inflammatory response to malaria and are

therefore at higher risk of illness. Furthermore, such

pre-existing immune regulation may be responsible for

the observed reductions in immunogenicity for malaria

experimental vaccines in malaria-exposed populations

relative to malaria naïve ones [37]. Understanding the

mechanisms of P. falciparum-induced immunoregula-

tion, the role that this plays in NAI, and how immunity

is affected by a decline in exposure will be critical in

the design and implementation of an effective vaccine,

which remains the best long-term preventative measure

against malaria.
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Additional files

Additional file 1: Table S1. Flow cytometry staining panels. (XLSX 8 kb)

Additional file 2: Figure S1. Relative amounts of P. falciparum-induced

cytokines in historically and continually exposed children. Peripheral

blood mononuclear cells were isolated from children with little current

exposure to malaria (Blue bars, Ngerenya, n = 15) compared to continually

exposed children (Red bars, Junju, n = 15) and malaria-naïve children

(Black bars, n= 5). Culture supernatants were analyzed using a multiplex assay

for 25 cytokines. P. falciparum-specific cytokine production was calculated as

mean fluorescent intensity (MFI) of following P. falciparum-infected red blood

cell stimulation minus uninfected red blood cell stimulation. Results are shown

for cytokines that were detected at levels that precluded precise quantification

by standard curve. Bars indicate MFI with standard error of the mean (SEM)

also indicated. Statistically significant differences (*P < 0.05, **P < 0.01) are

indicated by asterisk (in red for Kruskal–Wallis or black for Mann–Whitney

U-tests, respectively). (PDF 67 kb)

Additional file 3: Figure S2. Proliferation of P. falciparum-specific CD4+

T cells in continually exposed children is unaffected by asymptomatic

parasitemia. Proportion of P. falciparum-specific CD4+ T cells proliferating

in response to P. falciparum-infected red blood cells (iRBC) does not differ

based on parasite status. P. falciparum-specific proliferation in continually

exposed children was calculated as percentage of CFSE-lo CD4+ T cells

following iRBC stimulation minus uRBC stimulation. Children were stratified

according to parasite status at blood draw (determined by PCR); red squares

represent children who were positive for parasites and black squares represent

children who were parasite free. No statistically significant differences were

observed as assessed by Mann–Whitney U test. (PDF 42 kb)

Acknowledgements

We thank J. Musyoki for help with P. falciparum culture; O. Kai, D. Kimani, and

J. Mwacharo for general assistance; F. Guleid for help with luminex assays;

and S. Roetynk, M. Mulongo, F. Osier, and J. Langhorne for useful discussions.

Special thanks go to the study participants and their families.

Funding

YB is an early career post-doc and for the duration of this project was funded

through a Strategic Award awarded to KM and the KEMRI-Wellcome Trust

Research Programme.

Authors’ contributions

YB: Conception and design, acquisition of data, analysis and interpretation of

data, drafting and revising the article. JMN: acquisition of data, analysis and

interpretation of data. GN: contributed unpublished essential data. JW: contributed

unpublished essential data. MO: acquisition of data. EWN: conception and design.

PB: drafting and revising the article. KM: conception and design. FMN: conception

and design, drafting and revising the article. All authors read and approved the

final manuscript.

Competing interests

The authors declare that they have no competing interests.

Ethics approval and consent to participate

Informed, written consent was obtained from the parents/guardians of

the research participants prior to enrollment in the study. The study was

reviewed and approved by the Kenyan Medical Research Institute National

Ethics Committee. Results published with the permission of the Director,

KEMRI.

Author details
1Kenya Medical Research Institute, Centre for Geographical Medical Research

(Coast), Box 230, 80108 Kilifi, Kenya. 2Nuffield Department of Clinical

Medicine, John Radcliffe Hospital, University of Oxford, Oxford OX3 9DU, UK.
3The Francis Crick Institute, London NW7 1AA, UK.

Received: 27 May 2016 Accepted: 31 August 2016

References

1. World Health Organization. World Malaria Report. Geneva: WHO; 2014.

2. Noor AM, Kinyoki DK, Mundia CW, Kabaria CW, Mutua JW, Alegana VA, et al.

The changing risk of Plasmodium falciparum malaria infection in Africa:

2000–10: a spatial and temporal analysis of transmission intensity. Lancet.

2014;383:1739–47.

3. Marsh K, Kinyanjui S. Immune effector mechanisms in malaria. Parasite

Immunol. 2006;28:51–60.

4. Tran TM, Li S, Doumbo S, Doumtabe D, Huang C-Y, Dia S, et al. An intensive

longitudinal cohort study of Malian children and adults reveals no evidence

of acquired immunity to Plasmodium falciparum infection. Clin Infect Dis.

2013;57:40–7.

5. Cohen S, McGregor IA, Carrington S. Gamma-globulin and acquired

immunity to human malaria. Nature. 1961;192:733–7.

6. Langhorne J, Ndungu FM, Sponaas A-M, Marsh K. Immunity to malaria:

more questions than answers. Nat Immunol. 2008;9:725–32.

7. Portugal S, Moebius J, Skinner J, Doumbo S, Doumtabe D, Kone Y, et al.

Exposure-dependent control of malaria-induced inflammation in children.

PLoS Pathog. 2014;10:e1004079.

8. Jagannathan P, Kim CC, Greenhouse B, Nankya F, Bowen K, Eccles-James I,

et al. Loss and dysfunction of Vδ2+ γδ T cells are associated with clinical

tolerance to malaria. Sci Transl Med. 2014;6(251):251ra117.

9. Illingworth J, Butler NS, Roetynck S, Mwacharo J, Pierce SK, Bejon P, et al.

Chronic exposure to Plasmodium falciparum is associated with phenotypic

evidence of B and T cell exhaustion. J Immunol. 2013;190:1038–47.

10. Butler NS, Moebius J, Pewe LL, Traore B, Doumbo OK, Tygrett LT, et al.

Therapeutic blockade of PD-L1 and LAG-3 rapidly clears established blood-

stage Plasmodium infection. Nat Immunol. 2011;13:188–95.

11. Hafalla JCR, Claser C, Couper KN, Grau GE, Renia L, de Souza JB, et al. The

CTLA-4 and PD-1/PD-L1 inhibitory pathways independently regulate host

resistance to Plasmodium-induced acute immune pathology. PLoS Pathog.

2012;8:e1002504.

12. Horne-Debets JM, Faleiro R, Karunarathne DS, Liu XQ, Lineburg KE, Poh CM,

et al. PD-1 dependent exhaustion of CD8+ T cells drives chronic malaria.

Cell Rep. 2013;5:1204–13.

13. 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;183:2176–82.

14. Pinzon-Charry A, Woodberry T, Kienzle V, McPhun V, Minigo G, Lampah DA,

et al. Apoptosis and dysfunction of blood dendritic cells in patients with

falciparum and vivax malaria. J Exp Med. 2013;210:1635–46.

15. Jagannathan P, Eccles-James I, Bowen K, Nankya F, Auma A, Wamala S, et al.

IFNγ/IL-10 co-producing cells dominate the CD4 response to malaria in

highly exposed children. PLoS Pathog. 2014;10:e1003864.

16. O’Garra A, Vieira P. TH1 cells control themselves by producing interleukin-

10. Nat Rev Immunol. 2007;7:425–8.

17. Linke A, Kühn R, Müller W, Honarvar N, Li C, Langhorne J. Plasmodium

chabaudi chabaudi: differential susceptibility of gene-targeted mice deficient

in IL-10 to an erythrocytic-stage infection. Exp Parasitol. 1996;84:253–63.

18. Li C, Corraliza I, Langhorne J. A defect in interleukin-10 leads to enhanced

malarial disease in Plasmodium chabaudi chabaudi infection in mice. Infect

Immun. 1999;67:4435–42.

19. Freitas do Rosario AP, Langhorne J. T cell-derived IL-10 and its impact on the

regulation of host responses during malaria. Int J Parasitol. 2012;42:549–55.

20. Lepers JP, Deloron P, Fontenille D, Coulanges P. Reappearance of

falciparum malaria in central highland plateaux of Madagascar. Lancet.

1988;1:586.

21. Jelinek T, TropNetEurop. Imported falciparum malaria in Europe: 2007 data

from TropNetEurop. Euro Surveill. 2008;13(23).

22. Struik SS, Riley EM. Does malaria suffer from lack of memory? Immunol Rev.

2004;201:268–90.

23. Akpogheneta OJ, Duah NO, Tetteh KKA, Dunyo S, Lanar DE, Pinder M, et al.

Duration of naturally acquired antibody responses to blood-stage

Plasmodium falciparum is age dependent and antigen specific. Infect

Immun. 2008;76:1748–55.

24. Kinyanjui SM, Conway DJ, Lanar DE, Marsh K. IgG antibody responses to

Plasmodium falciparum merozoite antigens in Kenyan children have a short

half-life. Malar J. 2007;6:82.

25. Waa JV, Jensen JB, Akood MA, Bayoumi R. Longitudinal study on the in vitro

immune response to Plasmodium falciparum in Sudan. Infect Immun. 1984;

45:505–10.

Bediako et al. BMC Medicine  (2016) 14:143 Page 10 of 11

dx.doi.org/10.1186/s12916-016-0683-6
dx.doi.org/10.1186/s12916-016-0683-6
dx.doi.org/10.1186/s12916-016-0683-6


26. Migot F, Chougnet C, Raharimalala L, Astagneau P, Lepers JP, Deloron P.

Human immune responses to the Plasmodium falciparum ring infected

erythrocyte surface antigen (Pf155/RESA) after a decrease in malaria

transmission in Madagascar. Am J Trop Med Hyg. 1993;48:432–9.

27. Ndungu FM, Olotu A, Mwacharo J, Nyonda M, Apfeld J, Mramba LK, et al.

Memory B cells are a more reliable archive for historical antimalarial

responses than plasma antibodies in no-longer exposed children. Proc Natl

Acad Sci. 2012;109:8247–52.

28. Moncunill G, Mayor A, Bardají A, Puyol L, Nhabomba A, Barrios D, et al.

Cytokine profiling in immigrants with clinical malaria after extended periods of

interrupted exposure to Plasmodium falciparum. PLoS One. 2013;8:e73360.

29. Jennings RM, De Souza JB, Todd JE, Armstrong M, Flanagan KL, Riley EM, et

al. Imported Plasmodium falciparum malaria: are patients originating from

disease-endemic areas less likely to develop severe disease? A prospective,

observational study. Am J Trop Med Hyg. 2006;75:1195–9.

30. Plebanski M, Flanagan KL, Lee EA, Reece WH, Hart K, Gelder C, et al.

Interleukin 10-mediated immunosuppression by a variant CD4 T cell

epitope of Plasmodium falciparum. Immunity. 1999;10:651–60.

31. Hirunpetcharat C, Good MF. Deletion of Plasmodium berghei-specific CD4+ T

cells adoptively transferred into recipient mice after challenge with

homologous parasite. Proc Natl Acad Sci. 1998;95:1715–20.

32. Wipasa J, Xu H, Stowers A, Good MF. Apoptotic deletion of Th cells specific

for the 19-kDa carboxyl-terminal fragment of merozoite surface protein 1

during malaria infection. J Immunol. 2001;167:3903–9.

33. Urban BC, Ferguson DJ, Pain A, Willcox N, Plebanski M, Austyn JM, Roberts DJ.

Plasmodium falciparum infected erythrocytes modulate the maturation of

dendritic cells. Nature. 1999;400:73–7.

34. Wipasa J, Okell L, Sakkhachornphop S, Suphavilai C, Chawansuntati K,

Liewsaree W, et al. Short-lived IFN-γ effector responses, but long-lived IL-10

memory responses, to malaria in an area of low malaria endemicity.

PLoS Pathog. 2011;7:e1001281.

35. Snow RW, Kibuchi E, Karuri SW, Sang G, Gitonga CW, Mwandawiro C, et al.

Changing malaria prevalence on the Kenyan coast since 1974: climate,

drugs and vector control. PLoS One. 2015;10:e0128792.

36. O’Meara WP, Bejon P, Mwangi TW, Okiro EA, Peshu N, Snow RW, et al. Effect

of a fall in malaria transmission on morbidity and mortality in Kilifi, Kenya.

Lancet. 2008;372:1555–62.

37. Bejon P, Mwacharo J, Kai O, Todryk S, Keating S, Lowe B, et al. The Induction

and Persistence of T Cell IFN- Responses after Vaccination or Natural Exposure

Is Suppressed by Plasmodium falciparum. J Immunol. 2007;179:4193–201.

38. Mbogo CM, Mwangangi JM, Nzovu J, Gu W, Yan G, Gunter JT, et al. Spatial

and temporal heterogeneity of Anopheles mosquitoes and Plasmodium

falciparum transmission along the Kenyan coast. Am J Trop Med Hyg.

2003;68:734–42.

39. O’Meara WP, Mwangi TW, Williams TN, McKenzie FE, Snow RW, Marsh K.

Relationship between exposure, clinical malaria, and age in an area of

changing transmission intensity. Am J Trop Med Hyg. 2008;79:185–91.

40. Rougemont M, Van Saanen M, Sahli R, Hinrikson HP, Bille J, Jaton K.

Detection of four Plasmodium species in blood from humans by 18S rRNA

gene subunit-based and species-specific real-time PCR assays. J Clin Microbiol.

2004;42:5636–43.

41. Quah BJC, Warren HS, Parish CR. Monitoring lymphocyte proliferation in

vitro and in vivo with the intracellular fluorescent dye carboxyfluorescein

diacetate succinimidyl ester. Nat Protoc. 2007;2:2049–56.

42. Seder RA, Darrah PA, Roederer M. T-cell quality in memory and protection:

implications for vaccine design. Nat Rev Immunol. 2008;8:247–58.

43. Gitau EN, Tuju J, Stevenson L, Kimani E, Karanja H, Marsh K, et al. T-cell

responses to the DBLα-Tag, a short semi-conserved region of the Plasmodium

falciparum membrane erythrocyte protein 1. Hviid L, editor. PLoS One.

2012;7:e30095.

44. Grossman Z, Meier-Schellersheim M, Sousa AE, Victorino RM, Paul WE. CD4+ T-

cell depletion in HIV infection: are we closer to understanding the cause?

Nat Med. 2002;8:319–23.

45. Okoye A, Meier-Schellersheim M, Brenchley JM, Hagen SI, Walker JM,

Rohankhedkar M, et al. Progressive CD4+ central-memory T cell decline

results in CD4+ effector-memory insufficiency and overt disease in chronic

SIV infection. J Exp Med. 2007;204:2171–85.

46. Roetynck S, Olotu A, Simam J, Marsh K, Stockinger B, Urban B, et al.

Phenotypic and functional profiling of CD4 T cell compartment in distinct

populations of healthy adults with different antigenic exposure. PLoS One.

2013;8:e55195.

47. O’Connor RA, Jenson JS, Devaney E. NO contributes to proliferative

suppression in a murine model of filariasis. Infect Immun. 2000;68:6101–7.

48. Maizels RM, Yazdanbakhsh M. Immune regulation by helminth parasites:

cellular and molecular mechanisms. Nat Rev Immunol. 2003;3:733–44.

49. McNeil AC, Shupert WL, Iyasere CA, Hallahan CW, Mican J, Davey RT, et al.

High-level HIV-1 viremia suppresses viral antigen-specific CD4+ T cell

proliferation. Proc Natl Acad Sci. 2001;98:13878–83.

50. Rochman I, Paul WE, Ben-Sasson SZ. IL-6 increases primed cell expansion

and survival. J Immunol. 2005;174:4761–7.

51. Dienz O, Rincon M. The effects of IL-6 on CD4 T cell responses. Clin

Immunol. 2009;130:27–33.

52. Whiting D, Hsieh G, Yun JJ, Banerji A, Yao W, Fishbein MC, et al. Chemokine

monokine induced by IFN-/CXC chemokine ligand 9 stimulates T

lymphocyte proliferation and effector cytokine production. J Immunol. 2004;

172:7417–24.

53. Ayroldi E, Zollo O, Cannarile L, D’Adamio F, Grohmann U, Delfino DV, et al.

Interleukin-6 (IL-6) prevents activation-induced cell death: IL-2 –

independent inhibition of Fas/fasL expression and cell death. Blood. 1998;

92:4212–9.

54. Ben-Sasson SZ, Hu-Li J, Quiel J, Cauchetaux S, Ratner M, Shapira I, et al. IL-1

acts directly on CD4 T cells to enhance their antigen-driven expansion and

differentiation. Proc Natl Acad Sci. 2009;106:7119–24.

55. Walther M, Tongren JE, Andrews L, Korbel D, King E, Fletcher H, et al.

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

correlates with more rapid parasite growth in human malaria infection.

Immunity. 2005;23:287–96.

56. Walther M, Jeffries D, Finney OC, Njie M, Ebonyi A, Deininger S, et al.

Distinct roles for FOXP3+ and FOXP3− CD4+ T cells in regulating cellular

immunity to uncomplicated and severe Plasmodium falciparum malaria.

PLoS Pathog. 2009;5:e1000364.

57. Perri G, Solbiati M, Vento S, Checchi G, Luzzati R, Bonora S, et al. West

African immigrants and new patterns of malaria imported to North Eastern

Italy. J Travel Med. 1994;1:147–51.

58. Boutlis CS, Yeo TW, Anstey NM. Malaria tolerance – for whom the cell tolls?

Trends Parasitol. 2006;22:371–7.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Bediako et al. BMC Medicine  (2016) 14:143 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study site
	Study population
	Sample collection and preparation
	Determination of parasitemia
	Malaria antigen
	Intracellular cytokine staining
	CFSE proliferation assay
	Flow cytometry
	Luminex analysis of culture supernatants
	Statistical methods

	Results
	P. falciparum-specific CD4+ T cells are maintained in the absence of continual exposure
	Overall memory phenotype of P. falciparum-specific �CD4+ T cells remains unchanged in the absence of continual exposure
	P. falciparum-specific T cell proliferation is significantly enhanced after period of minimal exposure
	P. falciparum-inducible pro-inflammatory cytokines are upregulated in historically exposed relative to continually exposed children
	P. falciparum-specific CD4+ T cell proliferation correlates with recent clinical malaria in continually exposed children

	Discussion
	Conclusions
	Additional files
	Acknowledgements
	Funding
	Authors’ contributions
	Competing interests
	Ethics approval and consent to participate
	Author details
	References

