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Malaria-driven expansion of adaptive-like functional
CD56-negative NK cells correlates with clinical
immunity to malaria
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Natural killer (NK) cells likely play an important role in immunity to malaria, but the effect of repeated malaria on
NK cell responses remains unclear. Here, we comprehensively profiled the NK cell response in a cohort of 264
Ugandan children. Repeated malaria exposure was associated with expansion of an atypical, CD56neg popula-
tion of NK cells that differed transcriptionally, epigenetically, and phenotypically from CD56dim NK cells, includ-
ing decreased expression of PLZF and the Fc receptor γ-chain, increased histone methylation, and increased
protein expression of LAG-3, KIR, and LILRB1. CD56neg NK cells were highly functional and displayed greater
antibody-dependent cellular cytotoxicity than CD56dim NK cells. Higher frequencies of CD56neg NK cells were
associated with protection against symptomatic malaria and high parasite densities. After marked reductions in
malaria transmission, frequencies of these cells rapidly declined, suggesting that continuous exposure to Plas-
modium falciparum is required to maintain this modified, adaptive-like NK cell subset.
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INTRODUCTION
Plasmodium falciparum (Pf ) malaria resulted in an estimated 240
million cases and 624,000 deaths in 2020, with rising morbidity ob-
served in several highly endemic countries exacerbated by the coro-
navirus disease 2019 (COVID-19) pandemic (1). The burden of
disease falls mainly on young African children, with 77% of
deaths reported in African children <5 years of age. With increasing
age and repeated malaria episodes, children eventually gain protec-
tion against severe disease, followed by protection against sympto-
matic illness. This age- and exposure-dependent clinical immunity
is composed of two distinct components: “anti-parasite” immunity,
or partial control of blood-stage parasite densities, and “anti-
disease” immunity, or the ability to tolerate higher parasite densities
without fever (2). However, clinical immunity is short-lived, and the
precise determinants driving these distinct components of naturally
acquired antimalarial immunity remain poorly understood (3).
Although malaria-specific antibodies likely play a key role in

clinical immunity through both binding inhibition and Fc-

dependent antibody effector functions (4–7), the role of the cellular
immune response in clinical immunity is less clear. Innate immune
cells can recognize and respond to Plasmodium parasites (8, 9), but
pathogen-induced production of inflammatory cytokines by these
cells has also been implicated in the pathogenesis of symptomatic
and severe malaria (8–10). The development of naturally acquired
immunity likely involves the careful regulation of the innate
immune response to limit the negative consequences of inflamma-
tion while partially controlling parasitemia. Recent studies have
suggested that exposure to malaria may modify several innate
immune cells (11–15), potentially through transcriptional and epi-
genetic reprogramming (13, 16, 17). Whether malaria-induced
innate immune modulation plays a role in driving and/or maintain-
ing clinical immunity is unknown.
Natural killer (NK) cells have increasingly been recognized as

key players in the host immune response to malaria through both
direct parasite recognition (18) and antibody-dependent cellular cy-
totoxicity (ADCC) (7) (19). These cells have traditionally been
divided into subsets on the basis of expression of CD56 and
CD16, with CD56dimCD16+ NK cells typically comprising most of
the NK population in peripheral blood, although the complexity
and diversity of NK cell subsets have only recently been interrogated
using single-cell approaches (20–22). A subset of CD56dim NK cells
with low expression of the transcription factor promyelocytic leuke-
mia zinc finger (PLZF) and the signaling Fc receptor γ-chain (FcRγ)
was found to have enhanced ADCC against Pf-infected red blood
cells (iRBCs) and was associated with resistance to symptomatic
malaria in Malian children (23). It remains unclear whether repeat-
ed malaria drives expansion of this “adaptive-like”NK cell subset or
whether these cells are maintained stably in the absence of
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continuous exposure to malaria parasites. Some reports have also
described a subset of CD56neg CD16+ NK cells that are expanded
in the context of chronic viral infections such as HIV (24) and hep-
atitis C virus (HCV) (25), as well as among patients with acute my-
elogenous lymphoma (AML) (26) and malaria-exposed African
children with Epstein-Barr virus (EBV)–related Burkitt’s lympho-
ma (27). Given a reduced capacity of these cells to produce cyto-
kines in response to stimulation, some suggest that these cells
may represent a dysfunctional and/or exhausted phenotype (26,
28). Whether CD56neg NK cells expand after repeated malaria,
have functional capabilities, and/or play a role in clinical immunity
to malaria is unknown.
In this study, we characterized the NK cell response among 264

children followed in the East African International Centers of Ex-
cellence in Malaria Research (ICEMR) cohorts in Eastern Uganda.
We used multiparameter flow cytometry, cellular indexing of tran-
scriptomes and epitopes by sequencing (CITE-seq), epigenetic pro-
filing using cytometry by time of flight (EpiTOF), and assay for
transposase-accessible chromatin using sequencing (ATAC-seq),
along with functional assays, to comprehensively profile NK cell re-
sponses. We demonstrate that repeated malaria exposure is associ-
ated with expansion of highly functional CD56neg NK cells that
strongly correlate with acquisition of clinical immunity to
malaria. However, in the absence of continuous malaria exposure,
frequencies and function of these cells rapidly decline.

RESULTS
Increasing exposure to malaria is associated with higher
frequencies of CD3− CD7+ CD56neg NK cells
We analyzed circulating NK cell populations from peripheral blood
mononuclear cells (PBMCs) collected in 2013 among 45 children
ages 3 to 7 living in two districts in Eastern Uganda with very dif-
ferent malaria transmission intensities: Jinja, with an estimated
annual entomological inoculation rate (aEIR) of 2.8 infectious
bites per person per year, and Tororo, with an aEIR of 310 infectious
bites per person year (29). Nearly all children were human cytomeg-
alovirus (HCMV) positive at the time of sampling (table S1). CD3−,
CD14−, CD19−, CD7+ NK cells were classified by the expression of
CD56 and CD16 into three subsets: CD56bright (CD56+ CD16−),
CD56dim (CD56dim CD16+), and CD56neg (CD56neg CD16+)
(Fig. 1A and fig. S1). Children living in the highly endemic
Tororo district had significantly lower frequencies of CD56dim
NK cells (P = 5.6 × 10−5) and higher frequencies of CD56neg NK
cells (P = 1.3 × 10−5) than age-matched Jinja children (Fig. 1B
and table S1). Percentages of CD56neg NK cells positively correlated
with household-level aEIR, a direct measurement of exposure to Pf-
infective mosquitoes (P = 2.5 × 10−6, Fig. 1C). We correlated fre-
quencies of NK cell subsets with age, a surrogate for cumulative
malaria exposure in high transmission settings, among a larger
Tororo cohort of 242 children ages 6 months to 10 years (table
S2). We found that increasing age was associated with increasing
frequencies of CD56neg NK cells (P = 1 × 10−6) and decreasing fre-
quencies of CD56dim NK cells (P = 1 × 10−4; Fig. 1D). Together,
these data suggest that CD56neg NK cells are increased in children
repeatedly exposed to malaria.

Single-cell RNA sequencing reveals that CD56neg NK cells
have transcriptional features of both “adaptive” and
“exhausted” NK cells
To further characterize NK cells at the single cell level, we used
CITE-seq, a method of single-cell RNA sequencing that simultane-
ously assesses DNA-barcoded antibodies against cell surface pro-
teins. PBMCs from 10 independent Tororo participant samples
were analyzed (n = 60,381 total cells; table S3). Unsupervised clus-
tering of RNA transcripts using uniform manifold approximation
and projection (UMAP) revealed that NK cells cluster near T
cells, with CD8+ T cells as the closest neighbors (Fig. 2A). Using
cell surface protein tags for CD56 and CD16, we identified three
distinct cell subsets within the CD19−, CD3−, CD14− CD7+ NK
cell population (Fig. 2B) and visualized these cell populations on
the RNA UMAP projection. CD56dim and CD56neg NK cells were
both identified in the same NK cell RNA cluster, suggesting tran-
scriptional similarities between these subsets (Fig. 2C and fig.
S2A). However, we also identified gene transcripts differently en-
riched in each subset (Fig. 2D). In comparison with CD56dim NK
cells, CD56neg cells had significantly lower expression of ZBTB16
(P = 0.001), which encodes the transcription factor PLZF, and
FCER1G (P = 2.2 × 10−25), which encodes the FcRγ signaling recep-
tor (Fig. 2E, top row). Conversely, CD56neg NK cells had higher ex-
pression of BC11B (P = 2.3 × 10−6), a transcription factor shown to
repress PLZF (30) (Fig. 2E). Expression of PLZF and FcRγ is de-
creased in adaptive-like NK cells with enhanced capacity for
ADCC (22, 23). CD56neg NK cells had lower expression of genes
encoding the cell surface markers KLRB1 (CD161, P = 5.7 ×
10−15) and KLRF1 (NKp80, P = 2.8 × 10−22) and higher expression
of CD3G (P = 1.6 × 10−11) than CD56dim NK cells, also consistent
with an adaptive-like NK cell phenotype (22, 31). CD56neg NK cells
had lower expression of IL-18RAP (P = 6.1 × 10−7), which encodes
the interleukin-18 (IL-18) receptor accessory protein and mediates
IL-18–dependent signal transduction and downstream nuclear
factor κB (NF-κB) activation and interferon-γ (IFN-γ) induction
(32). CD56neg NK cells also had higher expression of LAG3
(P = 4.2 × 10−7), a checkpoint inhibitor that is induced by type I
IFN (33) and chronic in vitro stimulation (34), and is a negative reg-
ulator of cytokine production in mature NK cells, suggestive of an
exhausted phenotype (34, 35). Expression of killer cell immuno-
globulin-like receptor (KIR) genes was similar between CD56dim
and CD56neg NK cells, consistent with another published report
(36), although KIR genes were not well represented in the dataset
(fig. S2B). Together, these data suggest that CD56neg NK cells
from malaria-exposed Ugandan children have transcriptional fea-
tures suggestive of both adaptive-like and exhausted NK cells.

CD56neg NK cells from Ugandan children express higher
levels of LILRB1 and KIRs and differ epigenetically from
CD56dim NK cells
We next compared protein expression between CD56dim and
CD56neg subsets from samples collected from 35 Tororo children
(table S4). We initially focused on markers that have been implicat-
ed in NK cell differentiation (37) and/or adaptive NK cells (38)
using flow cytometry, including cell surface receptors LILRB1
(CD85J), NKG2A, NKG2C, CD57, and NKG2C, as well as intracel-
lular signaling receptor FcRγ. Consistent with our transcriptomic
data, CD56neg NK cells in Tororo children had significantly
reduced expression of FcRγ compared with CD56dim NK cells
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(P = 2.9 × 10−5). In addition, CD56neg NK cells also had reduced
protein expression of NKG2A (P = 4.5 × 10−6), CD57
(P = 0.0024), and NKG2C (P = 2.2 × 10−4), but higher levels of
LILRB1 (P = 2.4 × 10−7), compared with CD56dim NK cells
(Fig. 3A). We examined the combination of these markers and
found that most of the CD56neg NK cells are LILRB1+, FcRγ−,
NKG2A−, and CD57−, whereas CD56dim NK cells are most likely
to be FcRγ+ and NKG2A+, but LILRB1− and CD57− (Fig. 3B and
fig. S3). This phenotypic description of CD56neg NK cells is consis-
tent with similar cell populations within the context of chronic viral
infections such as HIV (24). Cell surface expression of KIR2DL1

was similar between CD56neg cells and CD56dim cells, consistent
with gene expression data. However, flow cytometric analysis re-
vealed greater cell surface expression of the KIRs KIR3DL1
(P = 1.5 × 10−6) and KIR2DL2/L3/S2 (P = 0.05) in CD56neg NK
cells compared with CD56dim cells (Fig. 3C), consistent with
other reports that have observed increased KIR protein expression
on CD56neg NK cells (24). In addition, we confirmed other differ-
ences seen in our gene expression data, including greater LAG3 ex-
pression (P = 0.0078) and lower granulysin (P = 0.049), among
CD56neg compared with CD56dim cells (Fig. 3D).

Fig. 1. Ugandan children living in high transmission settings have high frequencies of atypical CD56neg NK cells. (A) Representative flow cytometry plots of CD3−

CD14− CD19− CD7+ NK cells from three children, as defined by CD56 and CD16 (fig. S1 for full gating). (B) Percentages of CD56dim and CD56neg NK cells from children ages
3 to 7 years in Tororo (n = 35) and Jinja (n = 10). Household annual entomological inoculation rate (aEIR) is an estimate of the number of infective bites received in the year
before sampling across each cohort, asmeasured via CDC light traps (seeMaterials andMethods). (C) Correlation between CD56neg NK cells andmeasured household aEIR
among children assayed in (B). (D) Correlation between NK cell frequencies and age among 242 Tororo children ages 0.6 to 11 years. P values shown above box plots are
calculated using Wilcoxon signed rank test, whereas the rho (ρ) and P values associated with the scatterplots are calculated using Spearman’s correlation. Shaded areas
represent 95% confidence interval of best-fit regression line. All samples were collected in 2013; see tables S1 and S2 for patient characteristics.
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Epigenetic differences in NK cells, including both genome-wide
DNA hypomethylation and hypermethylation, have been previous-
ly shown to differentiate NK cell subsets, including adaptive NK
cells (34, 38). We compared global histone modifications at the
single-cell level between CD56dim and CD56neg NK cells using
EpiTOF, because these modifications have previously been shown
to differentiate CD56bright and CD56dim NK cells (39). Compared
with CD56dim NK cells, CD56neg cells had greater abundance of a
number of methylation marks, including dimethylation and trime-
thylation of histone H3 lysine 4 (H3K4me2 and H3K4me3)
(Fig. 3E), marks that are associated with gene expression in
mature, aging cells (40). Together, these data suggest that
CD56neg NK cells in malaria-exposed Ugandan children have phe-
notypic and epigenetic features of mature, adaptive-like NK cells
that differentiate them from CD56dim cells.

CD56neg NK cells display greater ADCC than CD56dim
NK cells
Having demonstrated that CD56neg NK cells were transcriptionally,
phenotypically, and epigenetically distinct from CD56dim NK cells,
we next compared their functional abilities. After a short in vitro
stimulation with Pf iRBCs, neither CD56dim nor CD56neg NK
cells produced significant amounts of IFN-γ (Fig. 4A). However,
after IL-12/IL-15/IL-18 stimulation, CD56neg NK cells produced
significantly less IFN-γ in comparison with CD56dim cells
(P = 6.6 × 10−9). This result was expected given CITE-seq data
showing decreased expression of IL-18RAP on CD56neg compared
with CD56dim NK cells, consistent with prior reports (28).
We next tested whether there were differences between CD56dim

or CD56neg NK cells in response to antibody-opsonized target cells.
We stimulated PBMCs obtained from Tororo children with iRBCs
alone, iRBCs incubated with plasma pooled from either malaria-
naïve adults or immune Ugandan adults, or, as a positive control,
iRBCs incubated with anti-RBC antibodies. In response to iRBC

Fig. 2. Single-cell RNA sequencing of NK cells reveals transcriptional similarities and differences between CD56dim and CD56neg NK cells. (A) Gene transcripts of
n = 60,381 PBMCs were clustered using Leiden algorithm and visualized in two dimensions with UMAP. (B) Gating of NK cell subsets as defined by surface marker
expression of CD16 (x axis) and CD56 (y axis). (C) NK cell subsets classified by (B) superimposed with UMAP gene transcript data. CD56dim transcripts are in blue,
CD56neg transcripts are in red, CD56bright transcripts are in green, and non-NK cell transcripts are in gray. (D) Heatmap showing top 50 genes differentially expressed
by CD56dim and CD56neg NK cells. (E) Representative violin plots comparing gene transcripts between CD56dim and CD56neg NK cells. P values obtained from likelihood
ratio tests as implemented in the Seurat R package. Samples are from 10 individuals; see table S3 for patient characteristics.
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incubated with plasma from immune Ugandan adults, CD56neg NK
cells produced significantly more IFN-γ (P = 4.9 × 10−5) and had
greater degranulation (as measured by CD107a, P = 2.4 × 10−7) in
comparison with CD56dim NK cells, suggesting a heightened capac-
ity to perform ADCC (Fig. 4, B and C). After stimulation with
iRBCs alone, iRBCs treated with plasma from malaria-naïve
adults, or uninfected RBCs incubated with plasma from immune
Ugandan adults, neither CD56dim nor CD56neg NK cells produced

IFN-γ or degranulated (Fig. 4, B and C, and fig. S4), indicating that
the observed responses were truly antibody dependent.
To determine whether malaria-specific NK cell degranulation

was independent of other cells, we isolated NK cells from 15
Tororo children by magnetic purification and performed the
same ADCC assay. Again, isolated NK cells degranulated more
when stimulated with iRBCs incubated with pooled plasma from
Ugandan adults versus iRBCs incubated with U.S. control plasma

Fig. 3. Cellular phenotyping reveals CD56neg NK cells to have a mature phenotype. NK cells were gated for LILRB1, FcRγ, NKG2A, CD57, and NKG2C. (A) Frequencies
of cells are shown in violin plots. (B) Proportions of cells expressing all four possible marker combinations are shown in dot plots. (C and D) Percentages of NK cells
expressing KIRs, granulysin, and LAG3. (E) Heatmap comparing distinct histone modifications between CD56dim and CD56neg NK cells as measured by EpiTOF from 36
participant samples. P values shown above violin and dot plots are calculated using Wilcoxon matched-pairs signed rank test. See table S4 for number of samples and
patient characteristics, figs. S1 and S3 for gating strategies, and data file S2 for raw data.
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Fig. 4. CD56neg NK cells have an enhanced ability for antibody-dependent cellular cytotoxicity. (A) PBMCs were stimulated with iRBCs or cytokines: IL-12 (2 ng/ml),
IL-15 (10 ng/ml), and IL-18 (0.25 μg/ml) for 4 hours, after which intracellular IFN-γ was measured. (B and C) PBMCs were stimulated with either iRBCs alone or opsonized
with serum in a ratio of 2 PBMCs to 1 iRBC. (B) IFN-γwasmeasured intracellularly. (C) NK cell degranulation wasmeasured by CD107a expression. (D) Isolated NK cells were
stimulated with iRBCs opsonized by either U.S. or Ugandan serum, and degranulation was measured. (E) Heatplot showing percentages of NK cells expressing cell surface
markers degranulating in response to iRBCs opsonized by Ugandan serum. (F) Association between frequencies of CD56neg NK cells and percentage of dead opsonized
p815 cells. (G) Isolated NK cells and NK-depleted PBMCs were stimulated with opsonized p815, after which the percentage of dead cells was measured by 7-AAD staining.
P values for box plots are calculated using Wilcoxon matched-pairs signed rank test, and rho (ρ) and P value associated with the scatterplot were calculated using Spear-
man’s correlation. See table S4 for patient characteristics and data file S2 for raw data.
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(P = 2.3 × 10−5; Fig. 4D and fig. S1). Most of the degranulating
CD107a+ NK cells after stimulation with Ugandan plasma–opson-
ized parasites were FcRγ−, LILRB1+, NKG2A−, and CD57−

(Fig. 4E), which represent the major fraction of circulating
CD56neg NK cells (Fig. 3B). Other NK cell populations that degra-
nulated also lacked expression of FcRγ (Fig. 4E), including those
that were CD56dim, consistent with other studies showing that
FcRγ− CD56dim NK cells show enhanced degranulation to anti-
body-coated targets (23, 41).
As an alternative measure of ADCC, we assessed the ability of

NK cells to kill antibody-coated p815 cells (fig. S5A). After stimu-
lation with antibody-coated p815 cells, we observed a strong posi-
tive correlation between frequencies of CD56neg NK cells and p815
killing (P = 0.00065; Fig. 4F and fig. S5B). We further isolated NK
cells and show that these cells are the main cell type that kills anti-
body-opsonized p815 compared with PBMCs that were depleted of
NK cells (Fig. 4G). Together, these results demonstrate that malaria-
induced CD56neg NK cells have enhanced ADCC capacity com-
pared with CD56dim NK cells.

Higher frequencies of CD56neg NK cells are associated with
protection against subsequent parasitemia and symptoms
of malaria
To determine the clinical relevance of these observations, we as-
sessed associations between NK cell percentages and (i) parasite
densities in the year after the cellular measurement (anti-parasite
immunity) and (ii) the probability of symptoms given Plasmodium
infection in the subsequent year (anti-disease immunity). Higher
percentages of CD56neg NK cells were associated with significantly
lower parasite densities in the year after analysis (P = 1 × 10−10;
Fig. 5A). In contrast, higher percentages of CD56dim NK cells
were associated with significantly higher parasite densities (P = 1
× 10−8; Fig. 5A). When considering the odds of symptoms given
Plasmodium infection, higher percentages of CD56neg NK cells
were also associated with a lower odds of being symptomatic if in-
fected (Fig. 5B and fig. S6). After adjustment for age and household
aEIR, children in the highest tertile of CD56neg NK cells had 71%
lower odds of being symptomatic if infected in the subsequent year
compared with children in the lowest tertile [adjusted odds ratio

(aOR), 0.29; 95% confidence interval, 0.13 to 0.63; P = 0.002;
Fig. 5B]. In contrast, higher percentages of CD56dim NK cells
were associated with higher odds of symptoms given infection
(aOR, 3.88, comparing highest versus lowest tertile of CD56dim
NK cells; 95% confidence interval, 1.9 to 8.1; P < 0.001; Fig. 5B
and fig. S6). Together, these data suggest that higher frequencies
of CD56neg NK cells, and inversion of the circulating CD56dim to
CD56neg ratio, are strongly associated with both anti-parasite and
anti-disease immunity to malaria in Ugandan children.

CD56neg NK cells decline in the setting of reduced malaria
transmission
Having shown that functional CD56neg NK cells are increased in
children repeatedly exposed to malaria, we wanted to determine
whether malaria exposurewas required tomaintain their phenotype
and function. We took advantage of a natural experiment in our
Tororo cohort where children were followed both before and after
initiation of an indoor residual spraying of insecticide (IRS) cam-
paign (42). Before initiation of IRS in December 2014, malaria
transmission was high and stable in Tororo (29). After initiation
of IRS, malaria transmission, parasite prevalence, and malaria inci-
dence markedly declined, and by 2018, the burden of malaria was
reduced to very low transmission levels (Fig. 6A) (42). We assessed
the stability of NK cell phenotypes over time by performing longi-
tudinal assessments in 15 Tororo children before (August to No-
vember 2013) and after (May to October 2015) the first round of
IRS (fig. S7A) and compared these with a group of 12 similarly
aged children sampled in 2018, 4 years after initiation of IRS,
when transmission was very low. Household aEIR among
sampled participants declined from 277 in 2013 to 34 in 2015 to
1 in 2018 (table S5). The percentage of CD56neg NK cells signifi-
cantly decreased from the pre- to post-IRS period (median, 55.2%
in 2013 versus 44.6% in 2015; P = 0.0021; Fig. 6B), with a concurrent
increase of CD56dim cells (Fig. 6, B and C), and these percentages
correlated with household aEIR (fig. S7B). Percentages of CD56neg
NK cells were significantly lower in similarly aged children sampled
in 2018 (median, 10.2% CD56neg NK cells; P = 2 × 10−5, comparing
2018 versus 2015), when transmission and malaria prevalence were
markedly lower (Fig. 6, B and C). Phenotypically, CD56dim NK cells

Fig. 5. CD56neg NK cells are associated with clinical malaria protection. Associations between CD56dim and CD56neg percentages and (A) geometric mean parasite
densities in the subsequent year. Rho (ρ) and P values associated with the scatterplot were calculated using Spearman’s correlation. Shaded areas represent 95% confi-
dence interval of best-fit regression line. (B) Associations between CD56dim and CD56neg percentages and probability of symptoms given Pf parasitemia in the subsequent
year (see fig. S5 for smoothed relationships). Multilevel mixed-effects linear models used to calculate odds of symptoms given microscopic Pf infection (B). Multivariate
models adjusted for age and aEIR and account for clustering by individual and household. Categories represent tertiles of NK response (n = 80, 81, and 81 per tertile). aOR,
adjusted odds ratio. See table S2 for patient characteristics.
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did not significantly change with decreasing malaria transmission
(Fig. 6D). However, among CD56neg NK populations, we observed
a significant decrease of the LILRB1+, FcRγ−, NKG2A+/−, CD57−

NK cells that were predominant in 2013 compared with 2018
(P < 0.0001), as well as an increase in the LILRB1−, FcRγ+,
NKG2A+, CD57− NK cells (P = 0.0001; Fig. 6D).

The CD56neg populations that decreased were the two most pre-
dominant populations that degranulated when stimulated with an-
tibody-opsonized parasites. To determine whether reductions in
malaria transmission also altered epigenetic stability of NK cells,
we measured chromatin accessibility of sorted NK cells collected
in 2013 and 2015 using ATAC-seq. We found that reductions in
malaria transmission were associated with global changes in

Fig. 6. Decline of CD56neg NK cells after reductions in malaria transmission. (A) Measures of malaria burden in Tororo from 2013 to 2018: aEIR (blue, middle y axis),
malaria incidence (green, left y axis), and parasitemia (red, right y axis). Pink bars show rounds of indoor residual spraying with insecticides. (B) Unsupervised clustering of
CD56dim (blue) and CD56neg (red) NK cells within individuals sampled in 2013 and 2015 (paired) and 2018 (unpaired, age-matched), visualized by UMAP projections. (C)
Percentages of CD56dim and CD56neg NK cells over time as aEIR decreases. (D) Proportion of CD56dim (blue) and CD56neg (red) NK cells expressing all possible marker
combinations of CD85j, FcRγ, NKG2A, and CD57 plotted over time as aEIR decreases. Clear box indicates 2013, diagonal lined box indicates 2015, and hatched box
indicates 2018. (E) ATAC-seq heatmap showing differential accessibility of genes from FACS-sorted CD3−CD14−CD19−CD7+ NK cells obtained from a Tororo child
sampled in 2013 and 2015. (F) ATAC-seq genome tracks showing chromatin accessibility (peaks) at the FcRy, ZBTB16, KLRG1, and KLRD1 loci for 2013 and 2015
paired samples. P values for box plots are calculated using Wilcoxon matched-pairs signed rank test. See table S5 for patient characteristics and data file S2 for raw data.

Ty et al., Sci. Transl. Med. 15, eadd9012 (2023) 25 January 2023 8 of 15

SC I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at Stanford U

niversity on February 07, 2023



chromatin accessibility (Fig. 6E). Specifically, accessibility to the
promoter regions of FcRγ, ZBTB16, KLRG1, and KLRD1 increased
as malaria transmission declined (Fig. 6F). These data suggest that
loss of malaria exposure leads to changes in NK cell chromatin ac-
cessibility involving genes implicated in NK cell function.

Antibody-mediated cellular cytotoxicity function declines
in CD56neg NK cell after decrease in malaria transmission
Last, because we observed changes phenotypically and epigenetical-
ly in NK cells after declines in malaria transmission, we evaluated
whether there were concomitant changes in NK cell function. We
observed a significant decrease of total NK cell degranulation in

response to Ugandan plasma–opsonized iRBCs with decreasing
malaria transmission (P = 0.0014 comparing 2018 versus 2013;
Fig. 7A and fig. S7B), with a stable response to a positive control,
anti-RBC–opsonized iRBC (Fig. 7A). Looking more closely at cellu-
lar phenotypic subsets, we saw that CD56neg NK cells, but not
CD56dim NK cells, exhibited significant reduction of degranulation
in response to Ugandan plasma–opsonized iRBCs with decreasing
malaria transmission (P = 8.5 × 10−5 in CD56neg NK cells versus
P = 0.32 in CD56dim NK comparing 2018 versus 2013; Fig. 7B). Un-
expectedly, we observed a similar decline in CD56neg, but not
CD56dim, degranulation in response to anti-RBC–opsonized
iRBCs (Fig. 7C and fig. S7C). Furthermore, we observed a

Fig. 7. Reduction of ADCC by CD56neg NK cells after decline of malaria transmission. (A) PBMCs were stimulated with iRBCs alone or opsonized with serum. De-
granulation was measured through the different years with decreasing aEIR. (B and C) PBMCs stimulated with iRBCs opsonized with Ugandan serum analyzed by NK cell
subset. Degranulation by (B) CD56dim and (C) CD56neg NK cells was measured over time. (D) Killing of opsonized p815 cells by PBMCs collected from 2013 and 2015. Clear
box indicates 2013with an aEIR of 258.3, diagonal lined box indicates 2015 with an aEIR of 25.8, and hatched box indicates 2018with an aEIR of 0.43. P values for box plots
are calculated using Wilcoxon matched-pairs signed rank test. See table S5 for number of samples and patient characteristics and data file S2 for raw data.
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reduced ability to kill antibody-covered p815 cells after IRS
(Fig. 7D). Collectively, these data are consistent with the hypothesis
that ongoing malaria transmission is required to maintain both the
frequency and effector function of CD56neg NK cells. Furthermore,
the changing population of CD56neg NK cells in the setting of de-
clining malaria transmission resulted in reduced ADCC activity of
NK cells, including both degranulation and killing of target cells.

DISCUSSION
In this study, we characterized the NK cell response among children
followed longitudinally across a range of malaria transmission in-
tensities in Uganda. Children repeatedly exposed to malaria had in-
creased frequencies of CD56neg NK cells that resembled CD56dim
NK cells transcriptionally, but with several key differences, includ-
ing decreased expression of PLZF and FcRγ, global histone modifi-
cations, and increased protein expression of KIR3DL1 and
KIR2DL2/L3/S2, LILRB1, and LAG-3. These CD56neg NK cells
were highly functional, displaying greater malaria parasite–
induced ADCC than CD56dim NK cells, and higher percentages
of these cells were associated with both lower parasite densities
and a lower probability of symptomatic disease upon subsequent
Plasmodium infections. After marked reductions in malaria trans-
mission due to IRS, frequencies—and function—of CD56neg NK
cells rapidly declined, suggesting that continuous exposure to
malaria is required to maintain this modified, adaptive-like NK
cell subset.
Although CD56 is the prototypical identifier of circulating

human NK cells (43), our data suggest that CD56neg NK cells
make up a significant fraction—and in many cases the majority—
of circulating NK cells among children living in a high malaria
transmission setting. CD56neg NK cells expressed CD7, which has
previously been shown to differentiate NK cells from monocyte/
dendritic cell–like myeloid cells (44, 45), and transcriptional profil-
ing of PBMCs by CITE-seq confirmed that CD56neg NK cells cluster
similarly with CD56dim NK cells. Prior literature has suggested that
CD56neg NK cells are dysfunctional and likely represent an exhaust-
ed phenotype, given that they have a reduced ability to produce cy-
tokines in response to stimulation (26, 28). We similarly observed
that CD56neg cells in malaria-exposed children produce less IFN-γ
in response to IL-12/IL-15/IL-18 stimulation than CD56dim NK
cells. CD56neg NK cells expressed lower levels of IL-18RAP, which
likely limits IL-18–mediated cellular activation (32), and higher
levels of LAG-3, which likely negatively regulates cytokine produc-
tion in these cells, similar to its role in other NK cells (34). We also
observed that CD56neg cells express high levels of the inhibitory re-
ceptor LILRB1. Recent studies have illuminated that a subset of Pf
repetitive interspersed repeats (RIFINs), a family of variant surface
proteins expressed on the surface of iRBCs, is able to directly bind
LILRB1 (46, 47). K562 cells transfected with an LILRB1 binding
RIFIN were more resistant to NK cell–mediated lysis than those
transfected with a RIFIN unable to bind LILRB1, suggesting that
Pf RIFIN expression may play a role in immune evasion (43).
Whether CD56neg NK cells bind Pf-RIFIN, and whether this regu-
lates their subsequent activation, remains to be determined.
Along with a reduced response to cytokine stimulation, higher

frequencies of CD56neg NK cells were associated with a higher prob-
ability of being asymptomatic when subsequently infected with
malaria parasites, independent of age and household level

transmission intensity. In contrast, CD56dim NK cells were much
more inflammatory in vitro, and higher frequencies of these cells
were associated with a higher probability of symptoms upon infec-
tion. Given the age-dependent inversion of the circulating CD56dim
to CD56neg ratio among children living in a high malaria transmis-
sion setting, these data are consistent with the hypothesis that epi-
genetic and transcriptional regulation of the NK cell response is
important in limiting the negative consequences of inflammation
due to repeated blood-stage malaria.
Despite this reduced response to cytokine stimulation, we ob-

served that CD56neg NK cells potently degranulate in response to
opsonized iRBCs and were able to mediate killing of opsonized
p815 cells, consistent with a role for these cells having a specialized
capacity to perform ADCC. Higher percentages of these cells were
also associated with lower parasite densities upon subsequent infec-
tion, suggesting an important role of these cells in vivo in mediating
anti-parasite immunity. Our data are similar to recently described
CD56dim adaptive NK cells, also characterized by low PLZF and
FcRγ expression, which were found to have enhanced ADCC
against Pf iRBCs and were associated with protection against inci-
dent malaria (23). That study identified NK cells on the basis of
CD56 expression and therefore excluded CD56neg NK cells. Given
their similar phenotype and function to the CD56neg cells we de-
scribe, we suspect significant overlap between adaptive, PLZFlow/
FcRγlow CD56dim and CD56neg NK cell subsets. Several recent
reports have also highlighted specialized antibody-dependent func-
tions of other innate immune cells, including ADCC (14) and an-
tibody-dependent phagocytosis (ADP) (48) from CD16-expressing
γδT cells, as well as ADP from monocytes (5, 49) and neutrophils
(50). Together, these data suggest that multiple innate immune
subsets may be involved in antibody-dependent protection
against parasitemia. However, the relative contributions from each
subset toward protection—and whether repeated malaria drives
epigenetic, transcriptional, and functional remodeling of these
cells—remain to be determined.
We show that higher percentages of CD56neg NK cells were ob-

served in children with greater Pf exposure and that, after a marked
reduction in malaria transmission, both the frequency and function
of these cells decline rapidly. Together, these data strongly suggest
that continuous exposure to malaria is required to maintain circu-
lating frequencies of CD56neg NK cells. It remains to be determined
how malaria drives expansion of these cells and whether these cells
represent a clonal,“terminally differentiated” population of NK cells
analogous to other effector populations that have been described
(51) versus expansion of a unique NK cell subset. In contrast to
CMV infection, where virally encoded peptides induce expansion
of CMV-specific, NKG2C-expressing adaptive NK cells (52), our
in vitro data do not suggest that CD56neg NK cells respond directly
to Pf stimulation. Nonetheless, their heightened malaria-specific
and nonspecific (e.g., p815 cells) antibody-dependent functionality
suggests that these cells play a critical role in innate/adaptive
immune bridging.
There were limitations in this study. Not all assays could be per-

formed on all individuals due to sample availability and cost.
However, this remains a comprehensive study, leveraging the infra-
structure of the East African ICEMR with longitudinal sampling in
multiple individuals. Despite their phenotypic, transcriptional, and
functional similarity to other NK cells, the ontology of these cells
remains unclear, and it is possible that CD56neg NK cells may be
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better classified as an alternative innate lymphoid cell subset (53).
Additional functional characterization of these cells is ongoing. Ep-
idemiological analyses are limited to associations with measure of
clinical immunity conditional on participants being infected (i.e.,
microscopic parasite densities or symptoms if infected). This
study is unable to determine whether NK cell subsets are associated
with developing a blood-stage infection in the first place nor
whether these subsets are associated with protection against submi-
croscopic parasitemia. Although our data strongly suggest that re-
peated exposure to malaria results in increased frequencies of
CD56neg NK cells, we cannot exclude the possibility that other in-
fections may drive expansion of these cells in this setting. None of
the children in this cohort were HIV infected, and nearly all chil-
dren were CMV seropositive at the time of sampling, precluding
comparisons between CMV-seropositive and CMV-seronegative
children. Although participants were not tested for EBV, the prev-
alence of EBV in similar East African settings has been noted to be
very high early in life (54). Furthermore, associations between aEIR
and NK cell phenotypes, and declining percentages of CD56neg NK
cells in children after interruptions in malaria transmission,
strongly implicate the need for repeated malaria exposure to drive
higher frequencies of these cells. Absolute cell counts of NK cell
subsets were not available for this cohort. Whereas it is recognized
that absolute numbers of peripheral blood lymphocytes and major
lymphoid subsets change over the first few years of life, it is
unknown whether these changes in cell concentrations are linked
to function and/or protection from disease. Last, given the low
number of infections after IRS initiation, we were not able to deter-
mine whether this immunologic change was associated with a
higher propensity for either symptomatic and/or high parasite
density infections.
By showing that adaptive-like, functional CD56neg NK cells are

associated with anti-disease and anti-parasite protection against
malaria, we have identified a clear role of CD56neg NK cells in
malaria-endemic settings. Understanding factors that drive pro-
gramming of this unique NK cell subset will help guide therapeutic
translation, including enhancing vaccine-elicited protection. Our
findings that these cells are lost in the absence of continuous
malaria exposure have important implications regarding mainte-
nance of clinical immunity after interruptions in malaria transmis-
sion. It is generally presumed that clinical immunity to malaria is
short-lived and wanes rapidly (3), due in part to selective and
rapid loss of malaria-specific antibodies (55). Understanding
whether the loss of this cellular immune response plays a role in
the resurgence and/or delay of malaria after withdrawal of effective
malaria control interventions remains to be determined (56). Last,
because higher frequencies of CD56neg NK cells have been implicat-
ed in the pathogenesis of malignancies, including Burkitt’s lympho-
ma (27) and AML (26), understanding the impact of these malaria-
induced NK cell changes on immune surveillance of malignancy,
and responses to other infectious diseases and/or vaccinations,
remains critically important.

MATERIALS AND METHODS
Study design
Samples were obtained from children followed longitudinally
through the East African ICEMR cohorts in Tororo and Jinja dis-
tricts (29). In these settings, malaria transmission is year-round,

with two seasonal peaks and varied transmission intensities (29).
In Tororo District, before December 2014, malaria control was
limited to the distribution of long-lasting insecticide-treated
bednets (LLINs) and case management. IRS with the carbamate
bendiocarb was first initiated in December 2014, with additional
rounds administered in June 2015 and November 2015. In June
2016, IRS was administered with the organophosphate pirimi-
phos-methyl (Actellic), with repeated rounds in June 2017 and
June 2018. IRS was not initiated in Jinja District.
In both sites, all children from 100 randomly selected house-

holds were enrolled in the cohort study if they met the following
eligibility criteria: (i) documented age between 6 months and less
than 10 years, (ii) full-time resident of the household, (iii) no inten-
tion to move out of the subcounty for the next 2 years, (iv) agree-
ment to come to a dedicated study clinic located within the
subcounty for any febrile illness, (v) agreement to avoid antimalarial
medications administered outside the study, and (vi) provision of
written informed consent from parent or guardian (29). At enroll-
ment, study participants and their parents/guardians were given an
LLIN and underwent a standardized evaluation, including evalua-
tion for any chronic medical conditions. No children were found to
be HIV-infected.
Children were followed for all care at dedicated study clinics.

Those who presented with a fever (tympanic
temperature >38.0°C) or history of fever in the previous 24 hours
had blood obtained by finger prick for a thick smear. If the thick
smear was positive for Plasmodium parasites, the patient was diag-
nosed with malaria regardless of parasite density and was treated
with artemether-lumefantrine. Routine assessments, including
blood smears to detect for microscopic Pf parasitemia, were per-
formed monthly. Participants with asymptomatic parasitemia
were not treated with antimalarial drugs in accordance with local
guidelines. Household aEIR in the year before sampling was esti-
mated from monthly Centers for Disease Control and Prevention
(CDC) light trap mosquito collections. The aEIR was the product
of the annual human biting rate (total number of female Anopheles
mosquitoes captured/number of house nights of collection × 365
days/year) and the sporozoite rate (number of mosquitoes testing
positive for Pf sporozoites/number of mosquitoes tested). CMV se-
rostatus was measured using the Human Anti-cytomegalovirus IgG
ELISA Kit (CMV) ab108724. Regarding KIR genotypes, KIR2DL1
and 3DL1 are present in >98% of Ugandan ICEMR partici-
pants (57).
Written informed consent was obtained from the parent or

guardian of all study participants. The study protocols were ap-
proved by the Uganda National Council of Science and Technology
(HS 1019), the Makerere University School of Medicine Research
and Ethics Committee (2011-167), the University of California,
San Francisco Committee on Human Research (11-05995), and
the Institutional Review Board at Stanford University (41197).

PBMCs and plasma isolation
At select study visits, 3 to 10 ml of blood were obtained in acid
citrate dextrose tubes and/or heparin tubes. Plasma was removed,
and PBMCs isolated by density gradient centrifugation (Ficoll-His-
topaque; GE Life Sciences) were counted and cryopreserved in
liquid nitrogen before shipping to Stanford for downstream analy-
ses. Analysis of cell viability using Guava Viacount (Millipore) con-
sistently demonstrated >90% viability after thaw. Plasma pooled
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from 12 adults followed in the high transmission Tororo district or
from deidentified plasma from adult U.S. donors was used in ADCC
assays. Participant characteristics of samples analyzed in each figure
are provided in tables S1 to S5. Data from participants may be rep-
resented in more than one figure or table.

NK cell phenotyping
Thawed cells were rested at 37°C for 5 hours, washed with 1× phos-
phate-buffered saline (PBS), and incubated with cell surface anti-
bodies at room temperature (RT) for 30 min. Cells were washed
with fluorescence-activated cell sorting (FACS) buffer [1× PBS
with 0.5% bovine serum albumin (BSA) and 0.5 M EDTA], fixed
for 15 min (Fix A, Thermo Fisher Scientific), and then permeabi-
lized (Perm B, Thermo Fisher Scientific) before incubation with in-
tracellular antibodies (table S6) for 20 min at RT. Cells were washed
with FACS buffer and then resuspended with 1× PBS before analysis
on an Attune NXT flow cytometer. Data were analyzed with FlowJo
X software (Tree Star).

CITE-seq
The 10X Chromium platform was used to perform CITE-seq. All
protocols, including sample preparation, library preparation, and
instrument and sequencing settings, are available at https://
support.10xgenomics.com/single-cell-gene-expression. About
1,000,000 cells from 10 patient samples were stained with Human
TruStain FcX Fc Blocking Reagent (BioLegend, 422302) for 10 min
at RT and then stained for 30 min at 4°C. Antibodies and clones
used for CITE-seq were anti-human TotalSeq B reagents (BioLe-
gend): TBNK Cocktail, CD7 (CD7-6B7); TCR.Vd2 (B6); CD279
(EH12.2H7); HLADR (L243); CD123 (6H6); CD38 (HB-7); CD57
(QA17A04); CD370 (8F9); CD1c (L161). Cells were then washed
twice with PBS supplemented with 2% fetal calf serum and 2 mM
EDTA (Sigma-Aldrich) before resuspending in PBS and counting.
About 10,000 cells per sample were loaded onto the 10x Chromium
controller. Gene expression libraries were prepared for each sample
according to the manufacturer ’s protocol (10x Genomics). Cell
surface protein libraries were subjected to double the manufactur-
er’s recommended primer concentration and seven or eight ampli-
fication cycles during the sample index polymerase chain reaction
(PCR) to reduce the likelihood of daisy chains forming. All libraries
were sequenced using NovaSeq 6000 (Illumina) to achieve a
minimum of 50,000 paired-end reads per cell for gene expression
and 20,000 paired-end reads per cell for cell surface protein libraries.

Epigenetic landscape profiling using cytometry by time
of flight
EpiTOF analysis using cytometry by time of flight was performed as
previously described (39). Briefly, cryopreserved PBMCs were
thawed and incubated in RPMI 1640 medium (Thermo Fisher Sci-
entific) containing 10% fetal bovine serum (FBS) (American Type
Culture Collection) at 37°C for 1 hour before processing. Cisplatin
(ENZO Life Sciences) was added to 10 mM final concentration for
viability staining for 5 min before quenching with CyTOF Buffer
[PBS (Thermo Fisher Scientific) with 1% BSA (Sigma-Aldrich), 2
mM EDTA (Thermo Fisher Scientific), and 0.05% sodium azide].
Cells were centrifuged at 400g for 8 min and stained with lantha-
nide-labeled antibodies (table S7) against immunophenotypic
markers in CyTOF buffer containing Fc receptor blocker (BioLe-
gend) for 30 min at RT. After extracellular marker staining, cells

were washed three times with CyTOF buffer and fixed in 1.6% para-
formaldehyde (PFA; Electron Microscopy Sciences) at 1 × 106 cells/
ml for 15 min at RT. Cells were centrifuged at 600g for 5 min after
fixation and permeabilized with 1 ml of ice-cold methanol (Thermo
Fisher Scientific) for 20 min at 4°C. Four milliliters of CyTOF buffer
were added to stop permeabilization. Mass-tag sample barcoding
was performed following the manufacturer’s protocol (Fluidigm).
Individual samples were then combined and stained with intracel-
lular antibodies in CyTOF buffer containing Fc receptor blocker
(BioLegend) overnight at 4°C. The following day, cells were
washed twice in CyTOF buffer and stained with 250 nM 191/
193Ir DNA intercalator (Fluidigm) in PBS with 1.6% PFA for 30
min at RT. Cells were washed twice with CyTOF buffer and once
with double-deionized water (ddH2O) (Thermo Fisher Scientific),
followed by filtering through 35-mm strainer to remove aggregates.
Cells were resuspended in ddH2O containing four element calibra-
tion beads (Fluidigm) and analyzed on CyTOF2 (Fluidigm).

Assay for transposase-accessible chromatin using
sequencing
ATAC-seq analysis was performed as previously described using
FAST-ATAC (58). In brief, live CD3−CD14−CD19−CD7+ NK
cells were sorted into FACS buffer and pelleted by centrifugation
at 500g relative centrifugal force (RCF) at 4°C in a precooled
fixed-angle centrifuge. The supernatant was carefully removed,
and 50 μl of transposase mixture [25 μl of 2× tagment DNA (TD)
buffer, 2.5 μl of tagment DNA enzyme (TDE1), 0.25 μl of 2% dig-
itonin, and 22.5 μl of nuclease-free water] were added to the cells.
After mixing, samples were incubated at 37°C for 30 min in Eppen-
dorf ThermoMixer with agitation at 300 rpm. Transposed DNAwas
then purified using the QIAGEN MinElute Reaction Cleanup Kit
(28204), and purified DNA was eluted in 10 μl of elution buffer
(10 mM Tris-HCl, pH 8). Transposed fragments were amplified
and purified, and libraries were quantified using quantitative PCR
before sequencing. Fast-ATAC libraries were sequenced using
paired-end, dual-index library sequencing on an Illumina
NextSeq instrument [75–base pair (bp) kit, 36-bp reads, ~20
million to 30 million reads per sample].

Functional assays
Parasite culture and isolation
P. falciparum 3D7 asexual-stage parasites were cultured in RPMI
1640 with 25 mM Hepes, 25 mM sodium bicarbonate, and 1% gen-
tamicin and enriched with 0.5% Albumax (pH 6.75) and 250 μM
hypoxanthine under atmospheric conditions (5% oxygen, 5%
carbon dioxide, and 95% nitrogen). To retain synchronous cultures,
parasite growth was treated with 5% D-sorbitol. Schizont isolation
was performed using MACS cell separation LD columns (Miltenyi
Biotec) and stored at −80°C. For experiments, schizonts were
thawed, washed, and resuspended in RPMI before addition to
cells. Mycoplasma contamination was assayed using the MycoAlert
Mycoplasma Detection Kit (Lonza).
NK cell isolation
We used the Human NK Cell Isolation Kit (Miltenyi Biotec) to neg-
atively isolate NK cells from freshly thawed PBMCs. First, cells were
resuspended with buffer and mixed with NK cell biotin-antibody
cocktail for 5 min at 4°C. Then, the provided NK Cell Microbead
cocktail was added and incubated for 10 min at 4°C. This was fol-
lowed by magnetic cell separation using an LS column (Miltenyi
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Biotec). Flow-through was collected, washed, and resuspended in
R10 [RPMI 1610 (Sigma-Aldrich) with 10% FBS, 1% L-glutamine
(Thermo Fisher Scientific), and 1% penicillin and gentami-
cin (Corning)].
Stimulation assay
Thawed PBMCs were rested for 1 hour at 37°C before the addition
of either uninfected RBCs, schizonts, or cytokine cocktail contain-
ing recombinant human IL-12 (2.5 ng/ml; R&D Systems), IL-15 (10
ng/ml; PeproTech), and 0.25 μg of IL-18 (R&D Systems). Cultures
were incubated for 1 hour at 37°C before addition of protein trans-
port inhibitor brefeldin A (BD). Cells were kept at 37°C for an ad-
ditional 3 hours before antibody staining (table S6) and analysis on
an Attune NXT flow cytometer.
ADCC: Degranulation assay
Freshly thawed schizonts were washed and incubated with RPMI,
10% pooled U.S. plasma, 10% pooled immune Ugandan plasma,
or 1:100 anti-RBC (Abcam) at a concentration of 5 × 107 for 1
hour at 37°C. After opsonization, cells were washed and resuspend-
ed in R10 (see the “NK cell isolation” section) before mixing with
PBMCs or isolated NK cells. CD107a at a dilution of 1:250 (clone
H4A3, BioLegend) was immediately added with endoplasmic retic-
ulum (ER) inhibitors—monensin (BD Biosciences) and protein
transport inhibitor containing brefeldin A (BD Biosciences). Cells
were spun for 3 min at 100g before incubating for 5 hours, after
which cells were stained and analyzed using the Attune NXT flow
cytometer. Data were analyzed with FlowJo X software (Tree Star).
ADCC: p815 killing assay
Killing assay was performed as previously described (59) with some
modifications. Briefly, p815 cells (a mouse leukemia line) were
stained with the CellTrace Violet Cell Proliferation Kit (Thermo
Fisher Scientific) at 37°C for 20 min. The reaction was stopped by
addition of RPMI (Corning) with 10% FBS at 37°C for 5 min.
Stained p815 cells were either opsonized with p815 rat anti-
mouse antibody (10 μg/ml; clone: 2.4G2, BD Biosciences) or left un-
coated for 30 min at 37°C. After incubation, PBMCs were cocul-
tured with opsonized and uncoated target cells at an effector:
target ratio of 10:1. Cocultures were incubated at 37°C for 5 hours
before staining for dead and dying cells using 7-aminoactinomycin
D (7-AAD) viability staining solution (1:25, BioLegend) and PE
annexin V (1:20, Biosciences) in 1× BD Annexin V Binding
Buffer for 15 min at RT. Volume was brought up to 200 μl and an-
alyzed on the Attune NXT Flow Cytometer within the hour and an-
alyzed with FlowJo X (Tree Star) software. Percentage of killed
target cells was calculated by subtracting the percentages of dead
uncoated target cells from the percentages of dead opsonized
target cells.

Statistical analysis
All statistical analyses were performed using STATA version 16
(College Station), SPICE v.5.3 (NIAID), Prism 9.0 (GraphPad), or
R version 4.2.0. Comparisons of cellular percentages between
groups were performed using the Wilcoxon rank sum and/or t
test, and the Wilcoxon signed-rank test and/or paired t test was
used to compare paired data. Associations between continuous var-
iables were assessed using Spearman’s rank correlation (ρ). Dimen-
sionality reduction was performed with UMAP (60). Associations
between NK cell tertiles and the monthly probability of symptoms
if parasitemic (detected by microscopy), and geometric mean par-
asite densities if parasitemic, were evaluated usingmultilevel mixed-

effects models. These analyses accounted for repeated measures
within individuals and were clustered on household to account
for multiple children living in the same household. In multivariate
analyses, odds ratios for symptoms when infected were adjusted for
age and aEIR. Two-sided P values were calculated for all test statis-
tics, and P < 0.05 was considered significant.
CITE-seq analysis
Droplet libraries were processed using Cell Ranger v4.0. Reads were
aligned to the GRCh38 human genome using STAR (v2.5.1b), and
unique molecular identifiers (UMIs) were deduplicated. Antibody-
derived tag counts for each protein were first normalized using
counts per million and log-transformed, with a pseudocount of
+1. To estimate the background signal for each protein, we fit a
two-component Gaussian mixture model, implemented in the R
package function “mclust” (v5.4.7), across the droplets with a total
UMI count of >10 and <100 from each experimental sample sepa-
rately. The mean of the first Gaussian mixture model component
for each protein was then subtracted from the log counts per
million from the quality control–passed droplets in the respective
experimental sample. Raw data were filtered to remove cells that ex-
pressed fewer than 200 genes and >10% mitochondrial reads. We
used the variable stabilization transformation from the Seurat R
package (61) to integrate and transform the count data into normal-
ized and scaled data that can be used for downstream analysis.
We used UMAP for dimensionality reduction and data visuali-

zation, the Louvain algorithm to identify cell clusters, and the
singleR package to annotate cell clusters by comparing transcrip-
tomic profiles between cell clusters and reference data from the
Human Primary Cell Atlas (62). We manually gated protein-level
expression data to identify three NK cell subsets, including
CD56neg (CD19− CD3− CD14− CD7+ CD16+ CD56−), CD56dim
(CD19− CD3− CD14− CD7+ CD16+ CD56dim), and CD56bright
NK cells (CD19− CD3− CD14− CD7+ CD16− CD56+), and these
subsets were mapped to the UMAP projection. We performed like-
lihood ratio tests [implemented as the FindMarkers function in the
Seurat R package (61)] to identify differentially expressed genes
between CD56− NK cells and CD56dim NK cells.
EpiTOF analysis
Raw data were preprocessed using FlowJo to identify cell events
from individual samples by palladium-based mass tags and to seg-
regate specific immune cell populations by immunophenotypic
markers (gating hierarchy in fig. S3). Single-cell data for various
immune cell subtypes from individual participants were exported
from FlowJo for downstream computational analyses. The exported
FlowJo data were then analyzed following previously reported
methods (39). In brief, the value of each histone mark was regressed
against the total amount of histones, represented by measured
values of H3 and H4. For sample-level analyses, the values of each
histone mark were averaged for each cell type in each sample. Dis-
tances of epigenetic profiles of NK cell types were obtained by com-
puting Euclidean distances from the centers of the epigenetic
profiles for each cell type. Statistical significance of the differences
between groups at the sample level was assessed by computing an
effect size with Hedges’ g formula, and P values were corrected for
multiple comparisons with the Benjamini-Hochberg method.
ATAC-seq analysis
We used ChrAccR, an R package for comprehensive analysis of
chromatin accessibility data (https://greenleaflab.github.io/
ChrAccR/). We identified open chromatin peaks that varied
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across the different time points from the same child and that are
differentially enriched for transcription factor binding motifs in
regulatory elements (e.g., gene promoters and distal enhancers).
Specific sites of interest were visualized with Integrative Genome
Viewer (Broad Institute, Cambridge, MA).
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