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Plasmodium falciparum Malaria Carriage Associates with Reduced Y6
T-Cell and NK Cell Responses to Infected Red Blood Cells In Vitro
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Abstract

Background: Innate immune cells including yd T-cells and NK cells are
directly activated by Plasmodium falciparum parasites and contribute
to the control of parasitaemia. The aim of this study was to determine
whether parasite carriage affects innate immune cell responses in vitro to
P. falciparum infected red blood cells (PfRBC).

Methods: Peripheral blood mononuclear cells were collected from 61
Malian children aged 5 to 15 years at the start of the transmission season.
Parasite carriage at the start of the transmission season was assessed by
PCR and microscopy for Malian children. Peripheral blood mononuclear
cells were stimulated with PfRBC to assess cytokine production and
degranulation of innate lymphocytes (yd T-cells, CD3+CD56+ cells and
NK cells) by flow cytometry.

Results: Granzyme B production in response to PfRBC was observed by
all three innate cell subsets in Malian children, as were IFNy production
by y6 T-cells and NK cells and yd T-cell degranulation. Children with
ongoing P. falciparum infection showed significantly reduced PfRBC-
specific IFNy production by yd T-cells and NK cells and degranulation
by 8 T-cells as compared with those with undetectable parasitaemia by
PCR and microscopy. Reduced IFNy responses by NK cells were already
observed for children with submicroscopic parasitaemia as compared to
those with negative PCR. Children with high parasite densities showed
a significant reduction in degranulating yo T-cells relative to their low
parasite density counterparts.

Conclusion: P. falciparum-specific responses by y8 T-cells and NK cells
were negatively impacted by ongoing P. falciparum infection.

Keywords: Malaria, Plasmodium falciparum, degranulation, Granzyme B,
IFNy, v3 T-cells, NK cells.

Introduction

Malaria caused by the protozoan parasite Plasmodium falciparum remains
a major public health concern in sub-Saharan Africa, causing unacceptably
high morbidity and mortality in children aged below 5 years and pregnant
women [1]. Naturally acquired immunity to malaria develops with age after
repeated exposure to infective mosquito bites and protects against clinical
symptoms instead of  inducing sterile protection from infection [2-6].
Protection from clinical symptoms requires both control of parasitaemia and
a well-balanced immune response to avoid intense inflammation. The cellular
mechanisms underlying acquired immunity from symptomatic disease are
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not yet fully understood, and studies have long focused on
adaptive immune responses [2, 3, 6, 7]. Neutralization and
opsonization by P. falciparum-specific antibodies seem
to be the major adaptive immune mechanisms of blood-
stage parasite clearance (6, 8-10). P. falciparum-specific
T-cells mainly affect liver-stage infection, support humoral
responses, and have been linked to protection from clinical
malaria in some studies [6, 11-20]. Next to these adaptive
responses, innate cellular responses to the parasite also play
an important role in blood-stage infection control. Firstly,
vd T-cells and NK cells are predominant producers of IFNy,
a key cytokine in protection against malaria [21-26], in
response to exposure to P. falciparum-infected red blood
cells (PfRBC) [24, 27-31]. Accordingly, yd T-cells producing
proinflammatory cytokines in response to PfRBC have been
linked to protection from parasitaemia [32]. Secondly, these
innate immune cells directly mediate cellular cytotoxicity
against PfRBC, involving release of granzymes and granulysin
by degranulation upon exposure to merozoites and PfRBC
[33-40]. y6 T-cells and NK are directly activated by PfRBC
components [27, 29, 33, 34, 41-44]: via phosphoantigens
recognized by vy9vd2T-cells [42, 43], which constitute the
vast majority of yd T-cells in circulation, via NK sensing
of host Hsp70 expression on PfRBC [33], recognition of
PfEMP-1 via the activating receptor NKp30 [45] and sensing
of microvesicle-transported parasite RNA via the RIG-I-like
receptor MDAS [46]. Additionally, yd T-cells and NK cells
can get activated through engagement of CD16 (FcyRIITA)
and mediate antibody-dependent cytotoxicity of opsonized
PfRBC [47-51], thus bridging innate and adaptive immunity.
Already after a primary malaria infection, peripheral blood
vd T-cells are expanded and both NK and yd T-cells show
an enhanced responsiveness to PfRBC [31, 44, 52-56].
Specifically for NK cells this enhanced innate response appears
to depend on cytokines like IL-2 provided by adaptive memory
T-cells [52, 57]. While these innate immune cell activities
likely help control parasitaemia, studies in a Ugandan child
cohort have shown that proinflammatory cytokine production
and degranulation by vd2+ yd T-cell in response to PfRBC
is impaired by repeated exposure to parasites [32, 35, 58].
Reduced pro-inflammatory cytokine production by vd2+ yd
T-cells is further associated with a reduced risk of clinical
symptoms during subsequent P. falciparum infections [32,
58], indicating innate cell tolerance may play a role in anti-
disease immunity. Moreover, acute malaria infection and
cumulative exposure have been shown to phenotypically
alter NK cells, resulting in increased expression of the
inhibitory receptor PD-1 [59]. Such PD-1 expressing NK
cells, when induced in vitro, associates with diminished
natural cytotoxicity MHC class I negative target cells [59].
However, the impact of ongoing P. falciparum infection on
the direct response of NK cells to PfRBC remains elusive.
Here, we assessed the impact of ongoing P. falciparum
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infection at microscopic and submicroscopic parasite density
on P. falciparum-specific cytokine and cytotoxic responses
by innate immune cells including y3 T-cells and NK cells.

Materials and Methods
Study subjects

Peripheral blood mononuclear cells (PBMC) were
collected from, malaria-exposed Malian children aged 5 to
15 years. Malian children were recruited in a longitudinal
study in the village of Samako in the Sudanese savannah zone
located in the Upper Niger valley 70 km southwest of Bamako
(capital city of Mali). P. falciparum accounts for more than
95% of all malaria cases, with seasonal transmission from
June to December [87]. From July to December of 2011, the
overall incidence rate of clinical malaria was 1.46 episodes
of malaria per person per season in the age category of 5 to
14-year-old children (Kone et al., unpublished data).

Parasitological and clinical follow-up

Children were followed up during one transmission season
from July to December 2012 for malaria infection by active
and passive case detection. Thick smears were performed,
and axillary temperature was checked on a monthly basis. In
case of malaria symptoms between scheduled visits, a rapid
diagnostic test (OptiMAL, Flow Inc, Portland, OR, USA) and
thick smear were performed, and axillary temperature was
checked. Additionally, blood samples were collected on filter
paper for PCR during two visits in July and October 2012,
as described previously [88]. A clinical episode of malaria
was defined as any parasite density >5,000 trophozoites/
pL in combination with fever (>37.5°C). Only children
with exclusive P. falciparum infection were considered for
this study, while children with co-infections with non-P.
falciparum species were excluded.

Out of 170 children enrolled into this study, 61 children
were selected based on age criteria (5 to 15 years) and
parasite exposure (either by thick smear or PCR) at one or
more time points during follow-up. Children were further
sub-categorized based on parasite density at the time of
blood collection for immunological analysis early in the
transmission season (July 2012) or based on whether they
experienced a clinical malaria episode during follow-up
(Table 1).

Sample collection and Stimulation assay for
immunological analysis

2-5 ml of ETDA anti-coagulated blood was collected
from Malian children by venipuncture at the beginning of
the transmission season (July 2012). PBMC were isolated
using Ficoll isopaque™ by density gradient centrifugation.
PBMC were cryo-preserved and stored in liquid nitrogen.
Stimulation and immunophenotyping assays were conducted
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Table 1: Demographic and parasitological parameters of Malian children

Parasitological status at time of blood collection

Clinical status during follow-up (July-

(July 2012) Dec 2012)
No Submicroscopic Patent
parasitaemia parasitaemia parasitaemia Asymptomatic Symptomatic
(PCR-) (PCR+, TS-) (PCR+, TS+)

Number of individuals (n) n=11 n=35 n=15 n=28 n=233
Gender,% male (n/total) 72.7% (8/11) 45.7% (16/35) 66.7% (10/15) 60.7% (17/28) 51.5% (17/33)
Age in years, median (range) 8 (5-12) 9 (5-14) 9 (5-11) 9 (5-13) 9 (5-14)
Haemoglobin (g/dL), median (range)? 11 (7.8-13.8) 11.3 (7.2-14.5) 10.3 (8.4-12.2) 11.1 (7.2-14.3) 11.0 (8.3-14.5)

Anaemia,% Hb <11 g/dL (n/total)?
Temperature (°C), median (range)?
Febrile, % temp 237.5°C (n/total)?
PCR positive (%, nitotal)?

Thick smear (TS) positive (%, n/total)?

Parasitaemia in thick-smear positive
individuals, median (range) a

45.5% (5/11)
36.8 (36.2-37.6)
9.1% (1/11)
0% (0/11)
0% (0/11)

n/a

40% (14/35)
36.9 (36.4-38.4)
20.6% (7/34)°
100% (35/35)
0% (0/35)

73.3% (11/15)
36.9 (36.4-38.9)
26.7% (4/15)
100% (15/15)
100% (15/15)

4,350 (1,125-
33,775)

42.9% (12/28)
36.9 (36.2-38.4)
25.9% (7/27)°
78.6% (22/28)
21.4% (6/28)

1,425 (1,125-
32,250)

51.5% (17/33)
36.9 (36.2-38.9)
15.2% (5/33)
87.9% (29/33)
30.3% (10/33)

9,775 (2,175-33,775)

a. In 61 Malian children at time of blood collection in July 2012 (early in the transmission season)

b. Temperature data were missing for n = 1 child

in 2014. PBMC were thawed, washed, and re-suspended in
RPMI 1640 culture medium containing 2mM glutamine,
ImM pyruvate, 50ug/mL gentamycin (Gibco) and 10%
pooled human A+ serum (Sanquin, Nijmegen, NL). Pacific
Blue-labeled anti-CD107a monoclonal antibody (mAb)
(PacB; clone H4A3, Biolegend) was added during culture
to evaluate cellular degranulation upon stimulation. PBMC
(5x10° cells/well) were transferred in duplicate into 96-well
round-bottom plates and stimulated with cryo-preserved P.
falciparum (strain NF54) infected red blood cells (PfRBC;
final concentration 5x10%ml, PBMC:PfRBC ratio 1:2),
matched numbers of uninfected (u)RBC or RPMI only for
24 h at 37°C / 5%CO02. The final reaction volume was 200
uL. Four hours prior to harvest, 100 uL/well supernatant was
collected and replaced with 10 pL/well fresh culture medium
containing brefeldin A (final concentration 10pg/ml) and
monensin (final 2uM) or brefeldin A with monensin and
PMA (final 50ng/ml)/ionomycin (final 1pg/ml, all Sigma;
positive control).

Immunostaining and flow cytometric analysis

Following 24 hours of in vitro stimulation, PBMC
were harvested, washed once with PBS and incubated in
Life/Dead fixable Aqua dead cell stain (Invitrogen) for 30
min on ice. Cells were then washed with staining buffer
(0.5% bovine serum albumin (BSA)/PBS) and incubated
for 20 minutes with fluorescently labeled mAbs against
the following cell surface markers at room temperature:
Pan ydTCR PE (clone IMMUS510), CD4 ECD (clone
SFCI12T4D11; both Beckman Coulter), CD3 PerCP (clone
UCHT-1), CD56 biotin (clone HCD56; both Biolegend) /
Streptavidin eFluor660 (eBioscience), CD8 APC-H7 (clone

SK1, BD Biosciences). PMA/ionomycin-stimulated cells
were surface stained for CD3 only. Cells were then washed,
incubated for 30 min on ice in Fix/Perm buffer (eBioscience),
washed again and incubated for 30 min with the following
mAbs against intracellular cytokines in permeabilization
buffer (eBioscience): Granzyme B FITC (clone GB11) and
IFNy PECy7 (clone 4S.B3) (all Biolegend). After a final
wash step, cells were resuspended in PBS containing 1%
paraformaldehyde and read on a CyAn ADP 9-color flow
cytometer (Dako/Beckman Coulter). The gating strategy for
lymphocyte subsets and representative plots for cytokine
staining are shown in Figure S1.

Enzyme-linked immune sorbent assay (ELISA)

Granzyme B concentrations in the supernatant after 20h
of PBMC stimulation were determined by ELISA (Mabtech),
according to the manufacturer’s recommendations, and
standard curves included on each plate for quantification.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
v5 software. Inter-group comparisons were analyzed by non-
parametric Mann-Whitney U test, while paired samples were
compared by Wilcoxon matched-pairs signed rank test.

Ethics approval

This study was conducted according to the principles
outlined in the Declaration of Helsinki. Ethical approval to
conduct the field study in Malian children was obtained from
the ethical committee of the Faculty of Medicine, Pharmacy
and Odonto-Stomatology at the University of Science,
Techniques and Technologies of Bamako (approval number
2011-58/FMPOS). Written informed consent was obtained
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from parents or legal guardians who consented on behalf of
their children in the Malian cohort.

Results

Malian children show Thl and cytotoxic innate
responses to PFRBC

Cellular responses were assessed in 61 Malian children
by flow cytometry following in vitro stimulation of PBMC
with PfRBC for 24 hours. PfRBC stimulation significantly
increased Granzyme B production by all adaptive and innate
lymphocyte subsets compared to control uRBC-stimulated
cultures (Figure 1A), in line with enhanced Granzyme B
secretion into the supernatant (median with IQR: uRBC
542.3 pg/mL (344.1-748.1); PfRBC 579.9 pg/mL (369.7-
1131); p<0.0001). Malian children further showed PfRBC-
specific yd T-cell degranulation (p<0.0001) (Figure 1B) and
IFNy production (p<0.0001) (Figure 1C).

P falciparum infections at microscopic and
submicroscopic parasite density affect innate cell
responses to PfRBC

We next asked whether ongoing infection and parasite
density at the time of PBMC collection affected innate
responses to PfRBC. Children were divided into parasite-
positive (n=51 Pf+) or negative (n=11 Pf-) based on PCR
and thick smear data. Compared to Pf- children, Pf+ children

023
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showed significantly lower IFNy production by yd T-cells
(»=0.03) and NK cells (p=0.03) in response to PfRBC
(Figure 2A), a significantly lower frequency of degranulating
CD107a+ yd T-cells (p=0.03) and a similar trend for NK
cells (p=0.08) (Figure 2B). On the other hand, Pf+ children
showed a trend for increased Granzyme B content of NK
cells (p=0.06) (Figure 2C). Responses by CD3+CD56+ cells
did not differ between the two groups (Figure 2). Reduced
lower IFNy production by NK cells (p=0.016) (Figure 3A)
as well as a trend for lower IFNy production (p=0.067) and
degranulation (p=0.069) by yo T-cells (Figure 3B) in response
to PfRBC was already evident when children only carried
parasites at submicroscopic levels. To further investigate
the effect of parasite density, PCR positive children were
further subdivided based on thick smear (TS) results into
low (submicroscopic infection only, TS-) and high parasite
densities (patent infection, TS+). There was no significant
difference in IFNy production between TS+ and TS- children
(Figure 4A). However, children with high parasite densities
showed a significant reduction in degranulating CD107a+
v6 T-cells relative to their low parasite density counterparts
(p=0.04), and a similar trend for NK cells (p=0.09) (Figure
4B). NK cell Granzyme B content on the other hand showed a
trend for higher levels in children with a positive compared to
negative PCR (p=0.13) (Figure 3B) and in TS+ compared to
TS- children amongst those with PCR detectable parasitaemia
(p=0.1) (Figure 4C).
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Figure 1: Comparison of uRBC and PfRBC-induced cellular responses in Malian children. PBMCs were stimulated with uRBCs or
PfRBC for 24h. Degranulation and cytokine production were assessed by flow cytometry. Data is presented for as whisker box plots, with
boxes indicating the median and IQR, and whiskers the min and max responses for n=61 Malian children. PfRBC and uRBC responses were

compared by Wilcoxon matched-pairs signed rank test.
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Figure 2: Comparison of PfRBC-specific innate responses based on parasite prevalence at time of blood collection.
PBMC from all 61 Malian children were stimulated with either PfRBC or uRBC for 24h. (A) IFNy production, (B) de-
granulation assessed by CD107a expression and (C) Granzyme B content were assessed by flow cytometry. Parasite specific
responses were calculated by subtraction of uRBC background responses. Data is presented for each individual donor (grey
dots) and as median with IQR (black error bars) for n=11 children who were qPCR and thick-smear negative (Pf-) and n=50
children who were qPCR positive (Pf+) at the time of blood collection for immunological analysis. Groups were compared by

Mann-Whitney U test.
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Figure 3: Comparison of PfRBC-specific innate responses based on submicroscopic parasite prevalence at time of blood collection.
PBMC from 46 thick smear negative Malian children were stimulated with either PfRBC or uRBC for 24h. (A) IFNy production, (B) de-
granulation assessed by CD107a expression and (C) Granzyme B content were assessed by flow cytometry. Parasite specific responses were
calculated by subtraction of uRBC background responses. Data is presented for each individual donor (grey dots) and as median with IQR
(black error bars) for n=11 children who were qPCR negative (PCR-) and n=35 children who were qPCR positive (PCR+) at the time of blood
collection for immunological analysis. Groups were compared by Mann-Whitney U test.
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Innate and adaptive responses to PfRBC do not
correlate with incidence of clinical disease during
Sfollow-up

Finally, we assessed whether we could find any evidence
to support prior findings by others that the level of cellular
responses at the start of the transmission season associated
with incidence of subsequent clinical disease. Children
who developed asymptomatic or symptomatic infection
during follow-up did not differ markedly in demographic or

Kouriba B, et al., Arch Microbiol Immunology 2023
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parasitological parameters at time of blood collection, except
for a trend for higher parasite load in thick smear positive
children amongst those developing symptomatic disease
during follow-up compared to those that did not become
symptomatic (p=0.066, Table 1). There was, however,
no significant difference at the start of the transmission
season between these two groups based on PfRBC-specific
degranulation, IFNy and Granzyme B production by any
lymphocyte subset (Table S1).
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Figure 4: Comparison of PFRBC-specific innate responses based on parasite density at time of blood collection. PBMC from
50 PCR+ Malian children were stimulated with either PFRBC or uRBC for 24h. (A) IFNy production, (B) de-granulation assessed
by CD107a expression and (C) Granzyme B content were assessed by flow cytometry. Parasite specific responses were calculated by
subtraction of uURBC background responses. Data is presented for each individual donor (grey dots) and as median with IQR (black
error bars) for n=35 children who were thick smear negative (TS-) and n=15 children who were thick smear positive (TS+) at the time
of blood collection for immunological analysis. Groups were compared by Mann-Whitney U test.
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Discussion

In this study, we assessed the impact of ongoing
parasitaemia on innate immune cell responses to PfRBC.
Ongoing parasitaemia in Malian children associated with
reduced IFNy and degranulation responses to PfRBC by yd
T-cells and reduced NK cell IFNy responses. In a previous
study, Tanzanian adults also showed much weaker IFNy
responses to PfRBC in a side-by-side comparison with
Dutch adults both prior to and after a controlled human
malaria infection [60]. This indicates that rather than age,
prior repeated exposure to P. falciparum might be a driving
factor for these impaired innate responses. Impaired pro-
inflammatory cytokine production by innate cells during
infection may be beneficial to the host by limiting the
inflammatory response and thus promoting disease tolerance
[61]. Indeed, lower levels of [FNy and TNFa co-production
by V62 v8 T-cells are associated with a decreased likelihood
to remain asymptomatic during an episode of P. falciparum
infections in the following year in a Ugandan child cohort
[32, 58]. In contrast, in the present study cytokine production
or degranulation responses by yd T-cells or other innate
lymphocytes do not differ between children developing
clinical symptoms or not during a malaria episode during
follow-up. One contributing factor may be the definition of
clinical immunity, which is more stringent in our study, as
children were only considered asymptomatic if they did not
experience any clinical episode during follow-up (as opposed
to at least one asymptomatic episode in a previous study
[58]). Another contributing factor may be the lower malaria
incidence and hence prior malaria exposure in the area of the
current study compared to the Ugandan child cohort [32, 58].

A small cohort study has previously reported that yd
T-cell cytokine production and proliferation are reduced
during acute P. falciparum infection [62]. The four travelers
examined in this study, however, had microscopically
detectable parasites. Our study suggests that already
submicroscopic parasitaemia can have a significant effect on
innate lymphocyte function, namely y6 T-cell and NK cell
IFNy production and yd T-cell degranulation. This finding
contrasts with the findings in a Ugandan childhood cohort,
where no differences between uninfected children and those
with submicroscopic parasitaemia were found [32]. This is
particularly relevant since a sizable part of the population
carries parasites at submicroscopic levels, even in low
transmission areas [63-69]. In our cohort, the proportion
of children carrying submicroscopic parasites levels at
the start of the transmission season was greater than 80%.
Our findings on yd T-cells are in line with previous studies
reporting impaired degranulation and pro-inflammatory
cytokine production in response to PfRBC in Ugandan
children, which increased with cumulative episodes of
malaria [32, 35, 58]. While evidence for impaired yo T-cell
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directly to PfRBCs upon repeated parasite exposure is thus
accumulating, the underlying mechanism remains unclear.
Next to up-regulation of inhibitory receptors such as Tim-3
[32], another possibility is activation of the PPARa pathway,
which has been linked to yd T-cell desensitization upon
repeated purified phosphoantigen exposure in macaques [70,
71].

As for NK cells, little is known thus far about any
changes to their ability to directly respond to PfRBC
following repeated exposure or ongoing infectious with
P. falciparum except that they are functionally impaired
in severe compared to uncomplicated malaria [59]. Even
malaria-naive individuals already show a great variability
in their NK cell response to PfRBC, which could be linked
to differences in receptors relevant for recognition of or
interaction with PfRBC. Donors with NK cells capable of
reducing PfRBC growth in vitro have been shown to express
higher levels of the RNA sensor MDAS [46]. The kinetics
of NK activation (based on CD69 expression) have further
been tentatively linked to NK cell expression of the activating
receptor NKp30, with higher baseline expression correlating
with NK activation at lower parasitaemia levels following
controlled human malaria infection [72]. Additionally,
NKp30 was upregulated at peak parasitaemia after controlled
human malaria infection compared to baseline [72]. Finally,
NK cells can be inhibited by PfRBC through interaction of
P. falciparum RIFIN proteins with the inhibitory receptor
LILRB1 on NK cells [73-75]. It remains to be investigated,
however, whether expression of MDAS, NKp30 or LILRB1 is
modulated by repeated parasite exposure and could be linked
to the impaired response to PfRBC as reported herein. While
reduced pro-inflammatory responses of innate lymphocytes to
the malaria parasite might be beneficial in promoting disease
tolerance [61], impaired cytotoxic effector function of innate
immune cells may also negatively impact on disease control,
since cellular cytotoxicity by both NK cells and yd T-cells do
contribute to control parasite growth [33, 37, 38, 47, 48]. In
the current study, we specifically focus on direct responses of
innate lymphocytes to PfRBC, using isolated PBMC and non-
immune human serum, while antibody-dependent responses
including antibody-dependent cytotoxicity were not
investigated. As for yd T-cells, expression of CD16 increases
with repeated malaria exposure [32, 35, 58]. Notably, CD16
expression is associated with poor responsiveness of yo T-cells
to phosphoantigens [76] and instead mediates antibody-
dependent cytotoxicity [50, 76]. Indeed, yo T-cells have been
shown to mediate cytotoxicity against PFRBC opsonized by
hyperimmune IgG [77]. Therefore, y6 T-cells cytotoxicity
may be retained in malaria exposed individuals but shifted
from responses directly induced by PfRBC-inherent factors
such as phosphoantigens to antibody-dependent mechanisms.
Similarly, while NK cells show a trend for reduced
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degranulation activity induced by direct PfRBC recognition
in our study, evidence is accumulating that their ability to
mediate antibody-dependent cytotoxicity remains unaffected
or is even enhanced [78]. This was shown previously for
NK cells that up-regulated PD-1 expression upon exposure
to PfRBC in vitro and selectively lost only their ability to
kill MHC class I negative target cells, but not antibody-
opsonized targets [59]. Notably, the ability of these PD-1
expressing NK cells to become activated by or kill PfRBC
was not evaluated. Moreover, a subset of adaptive CD56
negative NK cells with potent antibody-dependent cytotoxic
capacity have been shown to expand with repeated malaria
exposure and associated with protection from clinical malaria
[79, 80]. These specific NK cells have only recently been
reported and were not subject of the current study. Unlike for
v6 T-cells and NK cells, IFNy and degranulation responses
of CD3+CD56+ cells in Malian children were not affected
by infection or parasite density status of Malian children.
CD3+CD56+ cells are often referred to as NKT-like cells;
however, recent studies have shown that this CD3+CD56+
T-cell population consists of multiple different subpopulations
with varying polarization and cytotoxic potential [81]. CD1d
restricted NKT cells expressing an invariant TCR are actually
rarer and only a small subset of CD3+CD56+ cells [82, 83].
In as how far function specifically of CD1d restricted NKT
cells is affected by parasite carriage has not been addressed
in this present study. Finally, impaired innate responses
may also inhibit induction of protective adaptive memory
responses since specifically yd T-cells are known for a variety
of immune effector functions beyond cytokine production or
target cell killing. These activities include the promotion
of adaptive immune responses by antigen-presentation to
CD4+ and CD8+ T-cells [84], which may also play a role in
Plasmodium infection [85, 86]. Future studies are therefore
needed to elucidate the influence of past or acute infections on
a larger spectrum of yd T-cell functions both in the presence
and absence of parasite-specific antibodies, and the potential
consequences for adaptive immunity.

Conclusion

In conclusion, ongoing P. falciparum-infection in Malian
children impaired yd T-cells and NK cell IFNy production and
v6 T-cells degranulation in direct response to PfRBC. For NK
cells, these effects were already observed at submicroscopic
parasite densities.
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Cellular
CD4+ CD8+ yoT CD3+CD56+ CD56+ NK
responses?
Sympt® 0.008 (0.0-0.02) 0.004 (0.0-0.015) 0.39 (0.09-0.96) 0.0007 (0.0-0.15) 0.024 (0.0-0.09)
IFNy¢
Asympte 0.007 (0.0-0.017) 0.008 (0.0-0.022) 0.31 (0.15-0.72) 0.017 (0.0-0.39) 0.029 (0.0-0.18)
p=0.74 p=0.33 p=0.91 p=0.43 p=0.47
Sympt 0.052 (0.0-0.14) 0.05 (0.0-0.23) 3.77 (1.42-7.28) 0.02 (0.0-0.54) 0.23 (0.0-1.59)
CD107a¢
Asympt 0.012 (0.0-0.07) 0.015 (0.0-0.16) 3.33 (1.37-6.50) 0.05 (0.0-0.81) 0.11 (0.0-2.11)
p=0.35 p=0.44 p=0.70 p=0.80 p=0.71
Sympt 0.12 (-0.024-0.19) 1.2 (0.30-1.95) 2.06 (-0.22-4.05) 4.7 (0.35-6.2) 8.5(2.9-12.8)
GrzB¢
Asympt 0.04 (-0.015-0.15) 0.9 (0.09 -2.85) 1.2 (-1.38-3.35) 2.2 (0.13-4.9) 4.9 (2.6-10.8)
p=0.13 p=0.87 p=0.49 p=0.095 P=0.30

a. In 61 Malian children early in the transmission season (July 2012)
b. n=33 children becoming symptomatic after exposure confirmed by thick smear or PCR
c. n=28 children remaining asymptomatic despite exposure confirmed by thick smear or PCR
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Table S1: Relationship between PfRBC re-stimulated responses and clinical disease during follow-up

d. PfRBC-specific responses (shown as median percentage responding cells with IQR) were calculated by individual subtraction of uRBC
background responses and analyzed by Mann-Whitney U test
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Figure S1: Flow cytometry gating strategy. (A) PBMCs were sequentially gated to remove debris, doublets and dead cells. Viable
lymphocytes were then distinguished into CD3-CD56+ NK cells, CD3+CD56+ cells and CD3+CD56- T-cells. CD3+CD56- T-cells
were further subdivided based on presence or absence of Pan-ydTCR expression. Non-yd T-cells were divided into CD4+ and CD8+
T-cells. (B) Representative plots are shown for cytokine production (Granzyme B, IFNy) and degranulation (CD107a) by total CD3+
T-cells during 24h stimulation with uRBC or PfRBC, or 4h stimulation with PMA/ionomycin.
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