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Effector capabilities of gd T cells are evident in Plasmodium infection in young and adult
individuals, while children are the most vulnerable groups affected by malaria. Here, we
aimed to investigate the age-dependent phenotypic composition of Vd1+, Vd2+, and Vd3+

T cells in children living in endemic malaria areas and how this differs between children that
will develop symptomatic and asymptomatic Plasmodium falciparum infections. Flow
cytometric profiling of naïve and effector peripheral blood gd T cells was performed in 6
neonates, 10 adults, and 52 children. The study population of young children, living in the
same malaria endemic region of Ghana, was monitored for symptomatic vs asymptomatic
malaria development for up to 42 weeks after peripheral blood sampling at baseline. For
the Vd2+ T cell population, there was evidence for an established type 1 effector
phenotype, characterized by CD94 and CD16 expression, as early as 1 year of life.
This was similar among children diagnosed with symptomatic or asymptomatic malaria. In
contrast, the proportion of type 2- and type 3-like Vd2 T cells declined during early
childhood. Furthermore, for Vd1+ and Vd3+ T cells, similar phenotypes of naïve (CD27+)
and type 1 effector (CD16+) cells were observed, while the proportion of CD16+ Vd1+ T
cells was highest in children with asymptomatic malaria. In summary, we give evidence for
an established adult-like gd T cell compartment in early childhood with similar biology of
Vd1+ and Vd3+ T cells. Moreover, the data supports the idea that type 1 effector Vd1+ T
cells mediate the acquisition of and can potentially serve as biomarker for natural immunity
to P. falciparum infections in young individuals from malaria-endemic settings.
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INTRODUCTION

Malaria is endemic in large parts of sub-Saharan countries and
among the leading cause of death, while children are the most
vulnerable group; in 2019, they accounted for 67% (274 000) of
all malaria deaths worldwide (1). Children living in endemic
areas eventually acquire ‘clinical’ immunity to malaria, with a
decline of symptomatic malaria episodes, but they remain
vulnerable to harbor parasites as asymptomatic carriers into
adulthood (2). The immunologic mechanisms underlying the
acquisition of clinical tolerance depend on pleiotropic factors,
including the ability to eliminate the parasites, neutralize the
parasite virulence factors, and regulate tissue damage triggered
by excessive antimalarial responses (3).

One subpopulation of T lymphocytes, gd T cells, could be
essential to early neonatal and childhood protection. They start
to develop during early fetal development, show a high
functionality at birth and fast expansion upon microbial
encounters (4–9). Murine and human gd T cells are often
grouped based on their surface gd T cell receptor and
functionality. It is well received that type 1- and type3-
immunity cells are the major functional gd T cells subsets (10),
albeit type 3 cells are less frequent in humans (5). Human type 1
immunity cells comprise Vg9+Vd2+ and Vd1+ T cells that are
characterized by cytotoxicity-associated gene expression profiles
by being for instance CD27low, NK receptor CD94+ (mainly
Vg9+Vd2+) and CD16+. Human type 3 immunity cells express
exclusively the Vg9Vd2+ TCR and genes like CCR6 and KLRB1
(encoding CD161) that relate to interleukin-17 production (5).

For human Vg9+Vd2+ T cells pleiotropic roles that range from
direct cytotoxicity to antigen-presenting cell capabilities in the
early and late stage of Plasmodium parasite control have been
assigned (11). In malaria naïve individuals or low transmission
settings, Vg9+Vd2+ T cells expand and become rapidly activated
upon stimulation with P. falciparum antigens during the blood
stage of the infection (12–14). Vg9+Vd2+ T cells react to
phosphoantigens ((E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMBPP)) produced by the plasmodial
apicoplast and mediate direct killing of intra-erythrocytic
parasites by the release of cytotoxic granules and phagocytosis of
antibody-coated infected red blood cells (15–17). This is
accompanied by IFN-g and TNF-a release in acute P.
falciparum infection (17–19) and may even promote pathology
(11). However, the functional responsiveness of Vg9+Vd2+ T cells
in peripheral blood may decline after chronic exposure and
repeated malaria episodes in young individuals, which could be
associated with clinical tolerance (20–22). In endemic malaria
regions, or after repetitive infections, there is no further peripheral
expansion on exposure to the parasite nor malaria-specific
production of inflammatory cytokines by this gd subset (21).

For human Vd1+ T cells, only a handful of studies delineated
their role during malaria (23) and reported a focused Vd1+ TCR
repertoire and an IFN-g producing phenotype (24–27). Strikingly,
such phenotypes, as well as elevated numbers of circulating Vd1 T
cells, were only evident in individuals from malaria-endemic
regions that are regularly exposed to P. falciparum and other
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pathogens (24, 28). High peripheral Vd1+ T cell frequencies might
originate from the downregulation of Vg9+Vd2+ T cells during
malaria (21) and/or the re-appearance of hepatic Vd1+ T cells
upon malaria treatment (24). Similarly, the less-well characterized
Vd3+ T cell subset is a minor lymphocyte subset in peripheral
blood but is enriched in the liver (29, 30), which may play a role in
hepatic stage of malaria. At least murine models highlighted the
potential of gd T cells to modulate liver-stage parasite infections
and inflammation that contribute to disease severity (31). Human
Vd3+ T cells are more abundant in individuals more frequently
exposed to malaria and other infectious diseases (8, 29), while
knowledge about their phenotypic distribution is largely lacking.
Understanding the acquisition of immunity to malaria among
children residing in endemic regions may improve treatment and
vaccines for this priority group. Therefore, we aimed to investigate
the age-dependent phenotypic composition of Vd1+, Vd2+, and
Vd3+ T cells in individuals living in endemic malaria settings. We
further aimed to understand potential phenotypic differences
among children that develop symptomatic and asymptomatic
Plasmodium falciparum infections.
METHODS

Study Population, Sample Collection, and
Mononuclear Cell Isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from
about 5 ml venous blood samples obtained from children (n=52)
living in Asutsuare, Dangme-West District, a malaria-endemic
area in the Greater-Accra region of Ghana or from healthy adult
donors (n=10) recruited in Legon, also in the Greater-Accra
region. The children samples were collected at baseline
(enrolment) during a 42-week malaria longitudinal cohort
study described in detail elsewhere (32) while the adult
samples were from a cross-sectional blood draw protocol. In
addition, cord blood mononuclear cells (CBMCs) (n=6) were
obtained from uncomplicated, full-term pregnancies delivered at
the Hannover Medical School. PBMCs and CBMCs were isolated
from fresh EDTA blood samples using Ficoll-Paque density
gradient media separation. After isolation, mononuclear cells
were frozen in 90% fetal bovine serum (FBS) and 10% DMSO
freezing medium. All specimens were stored at -80°C until use.

The study participants were stratified according to their age
and malaria status in the following groups: neonates (cord blood)
(n=6), control malaria-free children (n=27), control malaria-free
adults (n=10) and children with P. falciparum malaria (n=25).
Malaria was diagnosed by blood slide microscopy. Malaria
samples were further stratified as either febrile (> 37.5°C)
uncomplicated P. falciparum infection (n=7) or asymptomatic
parasitemia (n=18). Febrile or uncomplicated malaria was
defined as a child being positive for any P. falciparum
parasitemia by microscopy and fever (axillary temperature >
37.5°C measured or reported) in addition to at least 1 other sign
of malaria such as vomiting, diarrhea, or malaise. Asymptomatic
parasitemia was defined as children who had no clinical
February 2022 | Volume 13 | Article 807765
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manifestations of malaria despite being microscopy positive at
least once during the 42-week follow up period. In addition to
not having fever, malaria free status was confirmed as being
negative for any parasitemia by both microscopy and polymerase
chain reaction (PCR) with specific primers targeting a 276-bp
fragment of the 18S rRNA gene of P. falciparum as previously
described (33). Children under 1 year or over 13 years old or
having fever without any detectable P. falciparum parasitemia by
microscopy at the time of sampling were excluded. Also, adults
with malaria infections at time of sampling were excluded from
the study.

Children were tested for Cytomegalovirus (CMV) serostatus
as described previously using commercially available IgG
Western blot kit (34) designed to quantitatively determine
anti-CMV IgG antibodies against major CMV proteins
(recomLine CMV IgG, Mikrogen, Neuried, Germany). Western
Blot was performed according to the manufacturer’s instructions.

Sample collection was done according to the Declaration of
Helsinki and the ethics review board at Hannover Medical
School (Hannover, Germany) under study numbers 1303-2012
(cord blood donors). Samples collected in Ghana (Africa) were
approved by the Institutional Review Board of Noguchi
Memorial Institute for Medical Research (NMIMR) of the
University of Ghana, Accra, Ghana (NMIMR-IRB CPN 028/
07–08 and CPN 109/15–16 amendment 2017). Before sample
collection, written informed consent was obtained from all
donors (parents or guardians in the case of cord blood
and children).

Flow Cytometry
Thawed mononuclear cells were washed in phosphate-buffer
saline (PBS) and treated with DNAse at 0.1mg/ml for 15 min
before staining, a maximum of 100.000 PMBCs were stained per
sample. Cell suspensions were first stained with a fixable viability
dye (Zombie NIR, Biolegend) at room temperature for 15
minutes, and washed with 3% FACS-Buffer. Afterward, cells
were stained at room temperature for 20 min with the antibodies
listed below using Brillant Stain buffer (BD Bioscience) and fixed
with 4.2% paraformaldehyde (BD Bioscience). The acquisition
was performed on a Cytek Aurora spectral flow cytometer
(Cytek Biosciences).

The following antibodies were used: anti-CD3 AF532 (clone
UCHT1; Invitrogen), anti-gd TCR PE (clone 11F2, Miltenyi
Biotec), anti-Vg9 FITC (clone IMMU 360; Beckman Coulter),
anti-Vd2 PerCP-Vio700 (clone REA771; Miltenyi Biotec), anti-
Vd1 VioGreen (clone REA173; Miltenyi Biotec), anti-Vd3 (clone
D3P11.5B; Beckman Coulter) conjugated with the APC
conjugation kit (Abcam), anti-CD27 AF700 (clone O323;
BioLegend), anti-CCR7 BV711 (clone G043H7; BioLegend),
anti-CD127 BV421 (clone A019D5; BioLegend), anti-PD1
BV605 (clone EH12.2H7; BioLegend), anti-CD16 BUV496
(clone 3G8; BD Bioscience), anti-CD94 PE-Cy7 (clone DX22;
BioLegend), anti-CCR6 BV785 (clone G034E3; BioLegend), anti-
CD161 APC-Cy7 (clone HP-3G10; BioLegend), anti-CCR4
BV650 (clone 1G1; BD Bioscience) and anti-CD45RA PE-Cy5
(clone HI100; eBioscience).
Frontiers in Immunology | www.frontiersin.org 3
Computational Analysis Of Flow Cytometry
Data
Flow cytometry (FACS) data were analyzed by FlowJoTM
v10.7.2 software and R v4.0.3 using the Spectre R package (35),
with instructions and source code provided at https://github.
com/ImmuneDynamics/spectre. Briefly, TCR gd+ population
was gated in FlowJoTM v10.7.2 software and exported as raw
value CSV files to R v4.0.3, resulting in a median of 1115 (108-28
849) gd T cells per sample. Next, Arcsinh transformation was
performed on the data in R using a co-factor of 5 000 to
redistribute the data on a linear scale and compress low-end
values near zero. The FlowSOM algorithm (36) was then run on
the merged dataset using all gd TCR+ cells per sample (total 176
283 gd T cells) to cluster the data, where every cell is assigned to a
specific cluster and meta-cluster. Subsequently, the data were
downsampled and analyzed by the dimensionality reduction
algorithm Uniform Manifold Approximation and Projection
(UMAP) (McInnes, Healy, Melville, 2018) for cellular
visualization; 60 000 gdTCR+ cells were visualized on the UMAP.

Statistical Analysis
Statistical analyses were performed with R v4.0.3. Comparisons
between multiple groups were performed using ANOVA with
Tuckey post hoc test.
RESULTS

Flow Cytometric Analysis of Peripheral
Blood gd T Cells Reveals Similar
Phenotypes of Vd1 and Vd3 T Cells in
Young Individuals
First, we aimed to investigate the phenotypic composition of
Vd1+, Vd2+, and Vd3+ T cells in children from malaria-endemic
areas. In this sense, gd T cells were subjected to flow cytometric
analysis with antibodies specific for Vd1+, Vd2+, Vd3+ and Vg9+

T cell receptors (TCRs). At the same time, antibodies against
CD27, CD45RA, CCR7, and CD127 were used to identify naïve
and central memory cells; CCR4 for type 2-immunity gd T cells;
CCR6 and CD161 for innate type 3-immunity gd T cells; and
CD94, CD16, and PD1 for cytotoxic type 1 effector gd T cells (5).

In total, we profiled 68 peripheral blood gd T cell samples
from six European neonates, fifty-two Ghanian children, and ten
Ghanian adults (Table 1). The neonatal samples included were
obtained from six European cord blood donors and primarily
served as staining controls for naive and type 3 effector
phenotypes. Then we performed an unsupervised clustering,
using the total 176.283 TCR gd+ cells from the 68 samples,
based on expression levels of the ten surface markers. We
identified eight clusters (c1 – c8) as projected in UMAP
(Figure 1A). All three donor groups contributed to all
identified eight clusters, albeit with visible quantitative
differences. TCR gd+ cells from neonatal samples contributed
less than one percent to each of the clusters c5 to c8
(Supplementary Figures 1 A–C). Overlying TCR V-gene usage
information gives evidence that Vd1+ and Vg9+Vd2+ T cells
February 2022 | Volume 13 | Article 807765
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FIGURE 1 | Flow cytometry data reveals heterogeneity across gd T cell subsets. Peripheral blood mononuclear cells of children with malaria (n=25), non-infected
children (n=27) from Ghana, Ghanaian non-infected adults (n=10), and European cord blood donors (n=6) were stained with a 17-color antibodies panel to delimit gd
T cell subsets. Flow cytometry data of gd T cells were subjected to unsupervised clustering, down sampled and visualized by UMAP, where each point represents a
single cell. (A) UMAP color-coded by cluster. (B) Single cells colored-code by being Vd1+, Vg9+Vd2+, Vg9-Vd2+ or Vd3+. (C) The proportion of each cluster was
calculated for the total number of Vd1+, Vg9+Vd2+, Vg9-Vd2+ or Vd3+ T cells of all included subjects. (D) Expression values of the ten surface markers were scaled to
a range between 0 and 1 and projected on UMAP.
TABLE 1 | Demographic characteristics of the patients.

Control malaria-free (n=43) Asymptomatic parasitemia (n=18) Febrile malaria (n=7)

Female- no. (%)* 17/27 (63) 12 (66) 6 (86)
Age distribution- no.(%)
Neonates (cord blood) 6 (14) – –

Young children (1-6 yrs) 12 (28) 6 (33) 5 (71)
Older children (7-11 yrs) 15 (35) 12 (67) 2 (29)
Adults 10 (23) – –

Median age (min.-max.)* 7 (1-11) 8 (2-11) 5 (3-8)
CMV serology*
Positive IgG (%) 22/27 (81) 14 (78) 6 (86)
Negative IgG (%) 1/27 (4) 2 (11)
Unknown 4/27 (15) 2 (11) 1 (14)
Frontiers in Immunology | www.frontiersin.o
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clearly separate and that Vd3+ T cells clustered together with Vd1+

T cells (Figure 1B). No cluster was exclusive to a specific gd T cell
subset, however the proportion of each cluster varied among
Vg9+Vd2+ and Vd1/3+ cells. Notably, clusters c2, c3 and c4 were
less than four percent of Vd1 and two percent of Vd3. In the
Vg9+Vd2+ T cell compartment cluster c8 was less than one percent
(Figure 1C). Next, we assigned the identified clusters to naïve and
effector phenotypes based on the differential expression of ten
surface markers (Figures 1A, D). There is a naïve and mostly cord
blood-derived gd T cell cluster (c1), composed of Vd1+, Vd2+ and
Vd3+ cells, defined as CD27+ and CD127+ (c1) with variable
expression of CCR7, CD45RA, and PD1 on Vd1+ T cells. For
Vg9+Vd2+ T cells a CD27int/CD127+ naïve fraction (c4), a type 2-
related CCR4+ cluster (c2) and a type 3-related CCR6+ and
CD161+ cluster (c3) were identified. The majority of Vg9+Vd2+

T cells were distinguished by high CD94 expression (c5),
highlighting the innate cytotoxic properties of this subset, with
some also being CD16+ (c6). A large fraction of Vd1+ T cells
showed a CD16+ type 1 effector phenotype (c7) and evidence for
CD27neg, CCR7neg, CD45RA+ (c8), accounting for 29.6% and
10.5% of all cells, respectively. Notably, few Vd1+ T cells were
positive for the NK receptor CD94. Interestingly, the less well-
studied Vd3+ T cell compartment clustered closed to the Vd1+ T
cells by either displaying a naïve (c1) or CD16+ cytotoxic effector
phenotype (c7). Together, the detailed flow cytometry analysis
revealed high heterogeneity across different gd T cell
compartments in young individuals, with similar effector
phenotypes of Vd1+ and Vd3+ T cells.

Human gd T Cell Display Age-Dependent
Heterogeneity Across gd T Cell Subsets in
Children Living in Malaria Transmission
Settings
Next, a more nuanced view about the age-dependent
distributions of gd T cell effector phenotypes and how this is
related to TCR usage was obtained. Donors without evidence of
malaria (control malaria-free group) were divided into newborns
(cord blood, n=6), young (1 – 6 year old, n=12) and older (7 – 11
years old, n=15) children, as well as adults (n=10) (Table 1).
Age-dependent changes are visible in the overall contribution of
donor groups to identified cell clusters (Figure 2A). Moreover,
the proportion of gd T cells among total CD3+ T cells is
significantly higher in Ghanaian young individuals as
compared to European neonates (cord blood) (median 2% vs.
15%, p =0.001) (Supplementary Figure 2A). Those are primarily
Vg9+Vd2+ or Vd1+ T cells (Supplementary Figure 2B). Children
and adult Vg9+Vd2+ T cells are characterized by being CD94
positive, correlating to c5 with an increase of CD16 expression
(c6) in older children and adults (Figures 2B, C, F). A fraction of
Vd1+ and Vd3+ T cells was also CD94+ in these age groups
(Figure 2B). In contrast, the abundance of type 2 (c2) and type 3
(c3) effector phenotypes, being Vg9+Vd2+, was largely decreased
in peripheral blood samples of all children and adults as
compared to neonatal cord blood (Figures 2D, G and
Supplementary Figures 2C, E). Vd1+ and Vd3+ T cells showed
Frontiers in Immunology | www.frontiersin.org 5
increase of CD16+ cytotoxic effector phenotype during child- and
adulthood (Figure 2E). Vice versa, acquisition of type 1 effector
phenotypes (all subsets) were reflected in lower frequencies of
naïve gd T cells (each subset) in young individuals as compared
to neonatal cord blood samples (Supplementary Figure 2D). In
sum, each of the subsets, namely Vg9+Vd2+, Vd1+ or Vd3+ T cells
had similar phenotypes in Ghanaian children and adults that
largely differed from mostly naive neonatal cord blood cells.
Thereby a high abundance of CD94+ innate type 1 effector
Vg9+Vd2+ T cell with partial CD16 expression in older
individuals was evident.

Vd1+, but Not Vd3+ T Cells Show Increased
CD16 Expression in Children Diagnosed
With Asymptomatic Malaria
Next, we investigated if gd T cell phenotypes within the study
population of young children relates to symptomatic vs
asymptomatic P. falciparum infection. Thus, we focused on
sample analysis of the young and older children, which all live in
the same endemic region of Ghana. All peripheral blood samples
analyzed by flow cytometry were collected at baseline. Children were
monitored for 42 weeks and subsequently stratified in either
asymptomatic parasitemia, febrile malaria or malaria-free group
(Figure 3A and Table 1). All clusters identified of the total gd T cells
analyzed by flow cytometry are present in all respective three groups,
while abundance of c5-7 gd T cells slightly differed in asymptomatic
malaria children (Figure 3A and Supplementary Figure 3A).
Moreover, Vd1+, Vg9+Vd2+ and Vd3+ T cell frequencies of CD3+

or gdTCR+ T cells were similar among all three groups (Figure 3B
and Supplementary Figure 3B). For Vg9+Vd2+ T cells, control,
asymptomatic and febrile malaria groups showed no significant
differences in the abundance of CCR6+ type 3, CD94+ innate type 1,
and CD94+, CD16+ double-positive type 1 effector phenotypes
(Figure 3C). For Vd1+ T cells a significant increase of CD16+

CD94neg type 1 CTL effector phenotypes, representing c7, was
observed for the asymptomatic malaria group (Figures 3D, F).
The less-well studied Vd3+ T cells displayed a similar abundance of
naïve, innate-type 1 or CTL effector phenotypes that did not differ
among the respective three patient groups (Figure 3E). In sum, the
flow cytometric analysis reported no major phenotypic changes of
Vg9+Vd2+ and Vd3+ T cells among the three groups based on
malaria status and an increase of CD16+ Vd1+ T cells in children
diagnosed with asymptomatic malaria.
DISCUSSION

In this study gd T cells were profiled by flow cytometry in
Ghanaian children, and compared to European neonates and
Ghanian adults, to understand how gd T cell populations are
impacted by age and malaria infection. For Vg9Vd2+ T cells, we
focused on innate-like type 1, type 2 and type 3 effector
phenotypes and found evidence for increased CD94 expression
on the majority of Vg9Vd2+ T cells in 1 – 11 years old children
(Ghana) as compared to neonates (Europe). Similar to previous
February 2022 | Volume 13 | Article 807765
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reports, this distribution of CD94+ and low abundance of naïve
Vg9Vd2+ T cells was already evident at 1 year of life (37–39).
Thereby a gradual increase of CD94 might be evident during the
early life period (9). We further observed reduced frequencies,
but no loss of blood CCR6+/CD161+ Vg9Vd2+ T cells that were
recently described as fetal-thymus derived type3-immunity gd T
cells (5). It remains unknown if this is due to homing of CCR6+

gd T cells to defined anatomic locations or a better proliferative
capacity of innate type 1 Vg9Vd2+ T cells upon birth. Similarly,
Frontiers in Immunology | www.frontiersin.org 6
these speculations hold true for CCR4+ Vg9Vd2+ T cells (type 2).
To receive a better understanding of this subsets, the
establishment of longitudinal cohorts or the examination of
cord blood gd T cells in neonates from malaria endemic
regions are necessary. In the children from endemic
transmission settings analysed in this study, the abundance of
innate type 1 Vg9Vd2+ T cells, defined by CD94 and partial
CD16 expression was similar in the young and older individuals.
This was independent of the susceptibility towards symptomatic
A

F

G

B C

D E

FIGURE 2 | gd T cells show adult-like type1-phenotype in young and older children living in endemic malaria settings. (A) Cell count of the clusters identified from
total gd T cells of newborns (cord blood, n=6), young children (1-6 year old, n=12), older children (7-11 years old, n=15) and adults (n=10). Frequencies of (B)
CD94+/CD16-; (C) CD94+/CD16+; (D) CCR6+/CD161+ or (E) CD16+/CD94- gd T effectors of the total Vd1+, Vg9+Vd2+ or Vd3+ T cells in newborns (cord blood, n=6),
young children (1-6 year old, n=12), older children (7-11 years old, n=15) and adults (n=10). Error bars indicate mean ± SD. Results of Vg9+Vd2+ comparisons by
Tukey post-hoc test after ANOVA are shown. **p < 0.01, ***p < 0.001. Flow cytometric plots of (F) CD94/CD16 and (G) CD161/CCR6 on Vg9+Vd2+ T cells in
representative samples from a neonate, children without malaria aged 1, 2 and 7 years and one adult.
February 2022 | Volume 13 | Article 807765
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malaria, examined in the follow-up period. Thus, it could well be
that frequent malaria exposure during early infancy may have
had already induced progressive unresponsiveness of blood
Vg9Vd2+ T cells, further correlating with clinical tolerance (18,
21, 22). In line with this idea, it seems that asymptomatic malaria
might associate to the here observed slightly lower Vg9Vd2 T
cell frequencies.

For Vd1+ T cells oligoclonal expansions that often dominate
the malaria gd T cell response by IL-10 and IFN-g secretion are
evident in children and adults living in malaria-endemic areas
(24, 25). Along that line, repeated malaria infection, including
the exposition to P.falciparum-derived antigens, drives the TCR-
mediated clonal selection of effector Vd1+ T cells (27). Here we
report that the overall frequencies of Vd1+ T cells displaying a
CD16+ type 1 effector phenotype were increased in
asymptomatic malaria children compared to febrile malaria or
Frontiers in Immunology | www.frontiersin.org 7
control groups. However, one limitation of this study population
is that only a small number of children became malaria positive
during the follow-up period. Moreover, we cannot exclude
previous exposure to Plasmodium or Epstein-Barr-Virus, for
which Vd1+ T cell responses are well implied (40–44). In
particular, Cytomegalovirus (CMV) infection may also impact
the CD16 expression of Vd1+ T cells (38, 45). As the large
majority of children were CMV seropositive the here observed
differences among control and malaria positive individuals were
not due to CMV. Overall, we suggest that Vd1+ T cells contribute
to and/or indicate the naturally acquired immunity against P.
falciparum, and this might be enhanced by the pathogen-induced
maturation of the Vd1+ T cell population (23). Future studies
employing larger pediatric patient cohorts, focusing on the
relationship of adaptive-like expansion of Vd1+ T cells, CMV
serostatus, CD16 expression and asymptomatic vs symptomatic
A

F

B C

D E

FIGURE 3 | gd T cell effectors in malaria-free and malaria-positive children. (A) Frequency of each identified cluster of total gd T cells in children with asymptomatic
parasitemia (n=18), febrile uncomplicated malaria (n=7) or control malaria free-children (n=27). (B) Comparison of Vd1+, Vg9+Vd2+ or Vd3+ frequencies of gd T cells
according to malaria status of children. (C) Comparison of CCR6+/CD161+, CD94+/CD16- or CD94+/CD16- frequencies among Vg9+Vd2+ according to malaria
status of children. (D) Comparison of CD27+/CD127+, CD94+/CD16- or CD16+/CD94- frequencies among Vd1+ or (E) Vd3+. Error bars indicate mean ± SD, data
analysed by ANOVA and Tukey post-hoc test. *p < 0.05, ***p < 0.001. (F) Flow cytometric plots of CD94/CD16 on Vd1+ T cells in representative samples from two
asymptomatic parasitemia, two febrile uncomplicated malaria or two control malaria free-children.
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malaria, would allow to design gd T cell based biomarkers to
indicate tolerance acquisition towards symptomatic parasitemia.

Another focus was set on the characterization of Vd3+ T cells
assigned to have individual, clonal expansion in various settings
(8, 30, 46) and capability to recognize CD1d (29). Here we show
that Vd1+ and Vd3+ T cells clustered close together by displaying
similar surface phenotypes, albeit Vd3+ T cells had higher
frequencies of CD94+ and CCR6+ cells. With regard to P.
falciparum infections, Vd3+ T cells showed strikingly similar
phenotypes among children with asymptomatic and febrile
malaria. Longitudinal analysis would be necessary to examine
the impact of P. falciparum exposure on their functional
maturation, including long-term consequences.

Together with TCR repertoire analysis (8, 30) the
phenotyping data gives evidence for a similar biology of Vd1+

and Vd3+ T cells. The phenotypic characterization of all main
human gd T cell subsets in young individuals emphasized their
potential differential roles and how this relates to age and malaria
exposure. The small number of malaria-infected children
analyzed may have biased the outcome of this study. To obtain
a full picture of how malaria and other infectious diseases impact
the role of gd T cells in the acquisition of malaria tolerance, a
longitudinal analysis of a large cohort of unexposed young
individuals in endemic settings would be important.
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Supplementary Figure 2 | Age-dependent distribution of gd T cell subsets. (A)
Frequencies of gd T cells in newborns (cord blood, n=6), young children (1-6 year
old, n=12), older children (7-11 years old, n=15), and adults (n=10) without malaria.
(B) The frequency of Vd1+, Vg9+Vd2+ or Vd3+ of CD3+ gd T cells per age group in
malaria-free donors. (C) Frequencies of CCR4+ and (D) CD27int/CD127+ of the total
Vd1+, Vg9+Vd2+ or Vd3+ T cells. Data was analysed by ANOVA and Turkey post-hoc
test, figure C shows the results of Vg9+Vd2+ T cell comparisons. Error bars indicate
mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Flow cytometric plot CCR4 on
Vg9+Vd2+ T cells in representative samples from a neonate, children without malaria
aged 1, 2 and 7 years and one adult.

Supplementary Figure 3 | gd T cell effectors in malaria-free and malaria-positive
children. (A) Single cells visualized on UMAP color- code by malaria status in either
asymptomatic parasitemia (n=18), febrile uncomplicated malaria (n=7) or control
malaria free-children (n=27). (B) Comparison of Vd1+, Vg9+Vd2+ or Vd3+ T cell
frequencies of CD3+ T cells according to malaria status of children.
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