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ABSTRACT Natural killer (NK) cells are key effector cells of innate resistance capable
of destroying tumors and virus-infected cells through cytotoxicity and rapid cytokine
production. The control of NK cell responses is complex and only partially under-
stood. PD-1 is an inhibitory receptor that regulates T cell function, but a role for
PD-1 in regulating NK cell function is only beginning to emerge. Here, we investi-
gated PD-1 expression on NK cells in children and adults in Mali in a longitudinal
analysis before, during, and after infection with Plasmodium falciparum malaria. We
found that NK cells transiently upregulate PD-1 expression and interleukin-6 (IL-6)
production in some individuals during acute febrile malaria. Furthermore, the per-
centage of PD-1 expressing NK cells increases with age and cumulative malaria ex-
posure. Consistent with this, NK cells of malaria-naive adults upregulated PD-1 fol-
lowing P. falciparum stimulation in vitro. Additionally, functional in vitro studies
revealed that PD-1 expression on NK cells is associated with diminished natural cyto-
toxicity but enhanced antibody-dependent cellular cytotoxicity (ADCC). These data
indicate that PD-1� NK cells expand in the context of chronic immune activation
and suggest that PD-1 may contribute to skewing NK cells toward enhanced ADCC
during infections such as malaria.
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Natural killer (NK) cells are innate immune cells that help protect against viral (1, 2)
and parasitic (3, 4) infections, as well as tumor development (5, 6), through

cytolytic activity and the production of cytokines such as gamma interferon (IFN-�) and
tumor necrosis factor (TNF). In addition, NK cells play a role in the regulation of adaptive
immune responses by controlling the activity of antigen-presenting cells (APCs) and T
cells (7–10). Lacking rearranged antigen-specific receptors, NK cells use multiple germ
line-encoded receptors to detect changes in their environment and execute appropri-
ate responses. NK cells respond to soluble factors such as chemokines or cytokines,
especially interleukin-12 (IL-12), IL-18, IL-2, and IL-15 (11–13), and to cell-bound ligands
that trigger activating or inhibitory receptors on NK cells (14, 15). NK cell activity is
tightly controlled to avoid bystander cytotoxicity and overexuberant proinflammatory
responses while still allowing for a high level of sensitivity in detecting and eliminating
infected and diseased cells. The finely tuned regulation of NK cells is mediated by
complex signaling pathways that integrate both activating and inhibitory ligands on
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target cells (16). Because the signaling pathways of some NK cell receptors remain
unknown, it is not fully understood how signals from multiple receptors are spatially
and temporally integrated to determine the functional response of NK cells.

Programmed death-1 (PD-1) is an inhibitory receptor expressed on T cells, B cells, NK
cells, NKT cells, activated monocytes, and dendritic cells (17). The role of PD-1 in
regulating T cell responses has been extensively described (18). After engaging one of
its two ligands, PD-L1 or PD-L2, PD-1 delivers inhibitory signals to proximal T cell
receptor (TCR) complexes, thereby downregulating T cell function (19–21). Antibodies
blocking the interaction of PD-1 with its ligands have demonstrated therapeutic
potential in the treatment of cancer (18, 22–24) and infectious diseases (25–28), and
conversely, PD-1 agonists are being investigated as a potential treatment strategy for
autoimmune diseases (29, 30).

It has been reported that PD-1-expressing NK cells are detectable in individuals
with cancer (31–34) and chronic viral (35, 36) and bacterial infections (37) and in
�25% of healthy European adults (32). In vitro studies suggest that blockade of
PD-1 and other inhibitory receptors such as LAG3 and TIGIT may represent a
strategy to increase NK cell function in cancer patients (34, 38–40). For example, in
vitro studies of human NK cells show that blocking the PD-1 pathway with anti-
bodies against PD-1/PD-L1 augments NK cell natural cytotoxicity against PD-L1�

multiple myeloma cells (34), enhances IFN-� production but not cytotoxicity by NK
cells from patients with posttransplantation lymphoproliferative disorders (PTLD)
(41), and partially restores the degranulation capacity of PD-1� NK cells against an
ovarian carcinoma cell line (32).

Much less is known about the prevalence and function of PD-1� NK cells in the
context of human infectious diseases. In this study, we sought to determine if (i) PD-1
expression on NK cells is generalizable to pediatric and adult populations in West Africa,
(ii) exposure to repeated malaria infections is associated with increased PD-1 expres-
sion, (iii) blood-stage Plasmodium falciparum parasites upregulate PD1 on NK cells in
vitro, and (iv) PD-1 expression on NK cells in this context is associated with differences
in natural cytotoxicity or ADCC. These questions are relevant to malaria, as recent
studies demonstrate that NK cells inhibit P. falciparum growth in red blood cells via
ADCC (42) and that an adaptive NK cell phenotype defined by the loss of transcription
factor PLZF and Fc receptor �-chain dominates ADCC responses in malaria-exposed
individuals and correlates with lower parasitemia and resistance to febrile malaria (43).
Earlier studies described direct lysis of P. falciparum-infected erythrocytes by NK cells in
the absence of antibodies (44); however, other studies have not confirmed these
findings (42, 45). It remains possible that under specific stimulatory conditions, human
NK cells exhibit natural cytotoxic responses toward P. falciparum-infected erythrocytes.
Finally, there is evidence that NK cells reduce levels of liver- and blood-stage Plasmo-
dium parasites through proinflammatory cytokines and direct killing of infected cells (3,
4, 46–49) and, conversely, that NK cells may contribute to the immunopathology of
severe malaria (50, 51).

We conducted a yearlong study in Mali in which NK cells were analyzed before,
during, and after acute malaria. We found that PD-1 expression and IL-6 production are
transiently upregulated by NK cells during acute malaria, in concert with increased
expression of PD-L1 and to a lesser extent PD-L2 on other lymphocytes. Moreover, at
homeostasis before the malaria season, age-stratified cross-sectional analysis showed
that the percentage of PD-1-expressing NK cells increases with age—a surrogate for
cumulative malaria exposure. That PD-1 upregulation is driven by malaria exposure is
consistent with the observation that P. falciparum stimulation in vitro upregulated PD-1
on NK cells. Further studies in vitro revealed that PD-1 expression on NK cells is
associated with diminished natural cytotoxicity but enhanced ADCC. Together, these
data suggest that PD-1 may contribute to the regulation of NK cell effector functions
during malaria and possibly other infections.
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RESULTS
NK cells upregulate PD-1 expression and IL-6 production during acute malaria

in children. In a yearlong study, we first asked whether acute malaria in children is
associated with changes in the expression of PD-1 on NK cells. Peripheral blood
mononuclear cells (PBMCs) collected at the following four time points were analyzed:
the healthy preinfection baseline (HB) at the end of the 6-month dry season (a period
of negligible malaria transmission), at the first acute malaria episode of the ensuing
6-month malaria season (acute), 10 days later, after treatment (d10), and at the end of
the subsequent 6-month dry season (HB=). PBMCs from all time points were thawed
simultaneously and analyzed by flow cytometry. The gating strategy to identify PD-1-
expressing NK cells is depicted in Fig. 1A. We found that acute malaria was associated
with an increase in PD-1 expression on NK cells relative to the healthy preinfection
baseline (Fig. 1B) (PD-1 median fluorescence intensity [MFI] for HB, 983.5; PD-1 MFI for
acute, 1,305; P � 0.0278) and also an increase in the percentage of NK cells expressing
PD-1 in some individuals (Fig. 1C) (HB median, 3.31%; acute median, 5.15%; P � 0.0411).
Ten days after malaria treatment, there was a small, nonstatistically significant decrease
in the percentage of PD-1� NK cells relative to that for acute (Fig. 1C) (d10 median,
3.54%), which dropped further during the subsequent 6-month dry season to a point
that resembled the healthy baseline (Fig. 1C) (HB= median, 2.27%; P � 0.0278, acute
versus HB=).

Ex vivo intracellular staining of NK cells at the same time points revealed a statisti-
cally significant increase in the percentage of IL-6-producing NK cells during acute
malaria relative to baseline (Fig. 1D) (HB median, 0.19%; acute median, 0.52%;
P � 0.0019), as well as an increase in the percentage of IFN-�-producing NK cells
during acute malaria relative to baseline, although this did not reach statistical
significance (Fig. 1E) (HB median, 0.14%; acute mean, 0.32%; P � 0.0716). There were
no statistically significant correlations between PD-1 expression and the percentage
of IFN-�-producing cells or between PD-1 expression and the percentage of IL-6-
producing cells (data not shown).

Because PD-1 requires the presence of its ligands PD-L1 (52) and PD-L2 (53) to
transmit inhibitory signals, we also assessed the expression of these ligands in the same
PBMC samples. A detailed analysis of PD-L1 and PD-L2 expression by cell type is shown
in Fig. S1 in the supplemental material. We found that the percentage of PD-L1-
expressing lymphocytes increased during acute malaria relative to baseline (Fig. 1F) (HB
median, 0.06%; acute median, 0.29%; P � 0.0004), whereas the percentage of lympho-
cytes expressing PD-L2 did not change (Fig. 1G) (HB median, 0.007%; acute median,
0.006%; P � 0.999). However, the expression level of PD-L1 increased on lymphocytes
during acute malaria (Fig. 1H) (HB MFI, 81.55; acute MFI, 100; P � 0.0011), as did the
expression level of PD-L2 (Fig. 1I) (HB MFI, 4.38; acute MFI, 6.14; P � 0.0005). Of note,
the expression of PD-L1 and PD-L2 on NK cells did not correlate within individuals (Fig.
S2). Together, these data indicate that in some children, acute malaria is associated with
an increase in PD-1 expression and IL-6 production by NK cells, in concert with
upregulation of PD-L1 and PD-L2 on other lymphocytes, suggesting a possible role for
PD-1 in regulating NK cell responses during acute malaria.

PD-1-expressing NK cells increase with age and cumulative malaria exposure.
Given that the MFI of PD-1 expression on NK cells increased with acute malaria (Fig. 1B),
we hypothesized that PD-1 expression on NK cells would increase incrementally with
age, a surrogate for cumulative malaria exposure in regions of intense transmission.
Indeed, age-stratified cross-sectional analysis at the end of the dry season showed that
the percentage of PD-1-expressing NK cells increased with age (Fig. 2A) (median for 2-
to 6-year-olds, 1.7%; median for 7- to 13-year-olds, 2.92%; median for �18-year-olds,
4.16%) and that the percentage of PD-1-expressing NK cells was significantly higher in
Malian adults than in U.S. adults (Fig. 2A) (median for U.S. adults, 0.54%; P � 0.0001 for
Malian versus U.S. adults). Together, these data suggest that cumulative malaria
exposure (or other factors associated with malaria transmission) drives the gradual
increase in PD-1 expression on NK cells.
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FIG 1 In some children, acute malaria induces PD-1 expression and IL-6 production in NK cells and PD-L1 and PD-L2
expression on other lymphocytes. PBMCs were collected from the same children (n � 17) at four time points over
12 months: at the healthy uninfected baseline before the 6-month malaria season (HB), just prior to treatment of
the first febrile malaria episode of the ensuing malaria season (acute), 10 days after malaria treatment, when
symptoms had resolved (d10), and at the healthy uninfected baseline after the subsequent 6-month dry season
(HB=). Surface and intracellular staining of PBMCs was done directly ex vivo without prior culturing or restimulation.
(A) Upper panel, gating strategy to identify CD56bright, CD56dim, and total NK cells. Lower panel, representative plots
of PD-1-expressing NK cells: left, PD-1 isotype control staining of NK cells; middle, PD-1-expressing NK cells of a
Malian adult; right, PD-1-expressing NK cells of a U.S. adult. (B and C) Median fluorescence intensity (MFI) of PD-1
on PD-1-expressing NK cells (B) and percentage of PD-1-expressing NK cells of total NK cells (C) at the indicated
time points. (D and E) Ex vivo intracellular cytokine staining for IL-6 (D) and IFN-� (E) in NK cells at the indicated
time points. (F to I) Percentage of lymphocytes expressing PD-L1 (F) and PD-L2 (G) and MFI of PD-L1 (H) and PD-L2

(Continued on next page)
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The majority of PD-1-expressing NK cells are CD16� CD56dim. On the basis of
CD56 expression, NK cells can be divided into CD56bright and CD56dim populations.
CD56bright NK cells are more abundant in tissues and represent �10% of NK cells in the
peripheral blood. They are activated by cytokines such as IL-12 and IL-18 and respond
by producing high levels of cytokines and chemokines (16). Conversely, CD56dim NK
cells comprise the majority of NK cells in peripheral blood, respond more efficiently to
cell-bound ligands, display higher cytotoxic potential, and secrete cytokines such as

FIG 1 Legend (Continued)
(I) on lymphocytes at the indicated time points. (B to I) P values were determined using the Friedman test, with a
comparison of results for HB, d10, and HB= to those at the acute time point. Individual subjects are color coded.
ns, not significant.

FIG 2 PD-1-expressing NK cells increase with age in the Mali cohort and are disproportionately CD16� CD56dim. PBMCs
collected from children and adults in Mali at the healthy baseline before the malaria season, and from healthy U.S. adults,
were surface stained ex vivo for CD3, CD56, CD16, and PD-1. (A to C) Percentages of PD-1-expressing total NK cells (A),
CD56dim NK cells (B), and CD56bright NK cells (C) in Malian subjects stratified by age (2 to 6 years, n � 20; 7 to 13 years,
n � 24; �18 years, n � 41), and in healthy U.S. adults (n � 21). (D) Distribution of PD-1-expressing NK cells on the basis of
CD16 and CD56 expression (n � 15 Malian adults). (E) Overlay of PD-1-expressing NK cells (red dots) on total NK cells (gray
background) on the basis of CD16 and CD56 expression (one representative donor). P values were determined by the
Kruskal-Wallis test (A to C) and the Friedman test (D), adjusted for multiple comparisons. Data are shown as medians.
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IFN-� when activated (16). Although Malian adults had a higher percentage of PD-1-
expressing CD56bright and CD56dim NK cells than U.S. adults, the difference was more
pronounced for CD56dim NK cells (Fig. 2B; Malian adult CD56dim median, 4.45%; U.S.
adult CD56dim median, 0.5%; P � 0.0001) (Fig. 2C; Malian adult CD56bright median,
0.57%; U.S. adult CD56bright median, 0.13%; P � 0.0015). The age-dependent increase in
PD-1-expressing total NK cells (Fig. 2A) and CD56dim NK cells (Fig. 2B) was also seen as
a trend in the CD56bright population (Fig. 2C), but it did not reach statistical significance.

We then examined PD-1 expression on NK cells on the basis of CD16 expression.
CD16 is an Fc receptor that allows NK cells to detect and directly kill antibody-coated
target cells through antibody-dependent cellular cytotoxicity (ADCC) and cytokine
production. While most activating receptors on NK cells act synergistically to activate
NK cells, CD16 is the only receptor that is known to trigger degranulation of NK cells
independently of other activating receptors (54). We found that the majority of
PD-1-expressing NK cells in adults are CD16� CD56dim NK cells (Fig. 2D and E).

These data indicate that PD-1 is preferentially expressed on CD16� CD56dim NK cells,
suggesting that PD-1 may regulate NK cell cytotoxicity and cytokine production that is
triggered by cell-bound ligands.

NK cells of malaria-naive adults upregulate PD-1 following P. falciparum stim-
ulation in vitro. To more directly test the hypothesis that P. falciparum induces PD-1

expression on NK cells, PBMCs from healthy, malaria-naive U.S. adult donors were
incubated for 3 days with P. falciparum-infected red blood cells (iRBCs), uninfected red
blood cells (RBCs), or medium, stained for PD-1, and gated on CD3� CD56� NK cells
(Fig. 3A). On average, 10.5% of NK cells expressed PD-1 after 3 days of iRBC stimulation,
which was significantly higher than that of either control (Fig. 3B) (median % CD3�

CD56� PD-1� NK cells with medium alone, 3.1%, P � 0.0001 versus iRBCs; median %
CD3� CD56� PD-1� NK cells with RBCs, 4.7%, P � 0.0001 versus iRBCs). Similarly, the
MFI of PD1 on NK cells increased with iRBC stimulation compared to that of controls
(Fig. 3C), consistent with the hypothesis that repeated malaria exposure contributes to
the expansion of PD-1� NK cells observed in the Mali cohort.

We then asked whether P. falciparum-induced upregulation of PD-1 on NK cells
depends on the indirect effects of PBMC simulation. To this end, NK cells were isolated
from PBMCs through negative selection and were incubated for 3 days with iRBCs,
RBCs, or medium, stained for PD-1, and analyzed by flow cytometry. On average, 5.2%
of NK cells expressed PD-1 after 3 days of iRBC stimulation, significantly higher than the
percentage of either control (Fig. 3D) (median % CD3� CD56� PD-1� NK cells with
medium alone, 0.41%, P � 0.0078 versus iRBCs; median % CD3� CD56� PD-1� with
RBCs, 0.74%, P � 0.0078 versus iRBCs). Similarly, the MFI of PD-1 on NK cells increased
with iRBC stimulation compared to that of controls (Fig. 3E). Furthermore, iRBCs
induced the isolated NK cells to secrete IFN-�, TNF, and IL-6 (Fig. 3F to H), potentially
contributing to a microenvirment that upregulates PD-1 expression on NK cells.

PD-1 expression on NK cells is associated with diminished activation by K562
cells. We then asked whether PD-1 expression on NK cells is associated with altered NK
cell effector function. We used two assays that represent distinct mechanisms by which
NK cells are activated through cell-bound ligands. First, we activated PBMCs in vitro
with target cells that lack the major histocompatibility complex class I (MHC I) (human
erythroblast cell line K562) and quantified NK cell degranulation by CD107a expression
and IFN-� production by intracellular staining (representative flow cytometry results are
shown in Fig. 4A). We found that in the presence of K562 cells, NK cell degranulation
significantly increased in PD-1� NK cells (P � 0.0001) but not in PD-1� NK cells (Fig. 4B).
In some individuals, higher basal levels of CD107a� NK cells were observed in the
PD-1� subset. Similarly, in the presence of K562 cells, PD-1� NK cells showed a
significant increase in IFN-� production (P � 0.0014), whereas there was no significant
increase in IFN-� production by PD-1� NK cells (Fig. 4C). Of note, K562 cells do not
express PD-1, PD-L1, or PD-L2 (Fig. 4D). Similar experiments were performed in which
PD-L1 blocking antibodies were added to PBMCs before stimulation with K562 cells,
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FIG 3 NK cells of malaria-naive adults upregulate PD-1 following P. falciparum exposure in vitro. PBMCs
(n � 16) or NK cells (n � 8) from malaria-naive U.S. adults were incubated at 37°C for 3 days with medium
or with iRBCs or RBCs at a ratio of 1:30 (1 PBMC or NK cell to 30 iRBCs or RBCs) and analyzed by flow
cytometry. Supernatants were removed at 24 h from the purified NK cell culture to quantify secreted
cytokines (n � 6). (A) Representative flow cytometry plots show the gating strategy to identify PD-1�

CD3� CD56� NK cells within FSC-SSC lymphocytes after gating on singlet live cells. (B) Percentage of

(Continued on next page)
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but no significant changes in degranulation or IFN-� production were observed
(Fig. S3A to D).

PD-1 expression on NK cells is associated with increased degranulation in an
assay of ADCC. Given that the majority of PD-1� NK cells express the Fc receptor CD16
(Fig. 2D), we examined the function of PD-1� NK cells in an assay of ADCC that involves
target cells coated with antibody (CD32� mouse mastocytoma cell line P815 pretreated
with rat IgG2b anti-mouse CD32 antibody [Ab]). Among PBMCs stimulated with P815
cells, NK cell degranulation was quantified by intracellular CD107a expression and IFN-�
production by intracellular staining (representative flow cytometry results are shown in
Fig. 5A). In comparison to the unstimulated control, we observed a significant increase
in degranulation and IFN-� production in both PD-1� and PD-1� NK cells (Fig. 5B and
C). However, in contrast to stimulation with K562 cells, we found that stimulation with
Ab-coated P815 cells induced a higher percentage of PD-1� NK cells to degranulate
than of PD-1� NK cells (Fig. 5B) (% CD107a� of PD-1� NK cell median, 17.32%; %
CD107a� of PD-1� NK cell median, 38.26%; P � 0.0348), whereas no significant differ-
ence in the percentage of IFN-�-producing cells was observed between PD-1� and
PD-1� NK cells (Fig. 5C). Although the majority of both PD-1� and PD-1� NK cells
expressed CD16, a higher percentage of PD-1� NK cells were CD16� (Fig. 5D) (% CD16�

PD-1� cell mean, 80.20%; 95% confidence interval [CI], 67.75 to 92.65%; % CD16�

PD-1� cell mean, 63.37%; 95% CI, 51.26 to 75.48; P � 0.0027), and the CD16 MFI was
higher for PD-1� NK cells (Fig. 5E) (CD16 MFI on PD-1� cells, 5,276; 95% CI, 3,721 to
6,831; CD16 MFI on PD-1� cells, 3,461; 95% CI, 2,316 to 4,607; P � 0.0001), potentially
explaining the increased degranulation of PD-1� NK cells and suggesting that PD-1
expression may be associated with differences in the repertoire of activating and
inhibitory receptors.

DISCUSSION

Here, we show in a longitudinal study that acute malaria in some individuals is
associated with increased production of proinflammatory cytokines and PD-1 expres-
sion on NK cells, in concert with upregulation of the PD-1 ligands PD-L1 and PD-L2 on
a variety of lymphocyte populations. Ten days after malaria treatment, cytokine-
producing NK cells were not detectable, while PD-1 expression on NK cells continued
to decrease slowly, not returning to preinfection levels until the end of the subsequent
6-month dry season. Given the upregulation of PD-1 expression during acute malaria,
we speculated that cumulative malaria exposure over years would be associated with
an accumulation of PD-1 on NK cells. Indeed, at the healthy baseline before the malaria
season, PD-1 expression on NK cells increased with age and reached levels in Malian
adults that were higher than levels of PD-1� NK cells in U.S. adults. Circulating PD-1�

NK cells appear to be relatively stable and not simply an indicator of recent NK cell
activation, since Malian adults had increased levels of PD-1� NK cells in the absence of
recent febrile illnesses.

Previous studies have shown that exposure to pathogens such as cytomegalovirus
(CMV) modulates the expression of activating and inhibitory receptors on CD56dim NK
cells (55–57). Lacking control samples from U.S. children or adolescents, we cannot
exclude the possibility that similar age-dependent changes occur in individuals who are
not exposed to malaria. However, increased PD-1 expression in Malian adults versus
U.S. adults suggests that PD-1 is upregulated through exposure to intense malaria
transmission and/or factors associated with malaria transmission in this region, such as
differences in pathogen exposure, microbiota composition, and diet. In addition,
differential PD-1 expression due to differences in biospecimen processing in the United

FIG 3 Legend (Continued)
total NK cells expressing PD-1. (C) MFI values of PD-1 on NK cells. (D) Percentage of purified NK cells
expressing PD-1. (E) MFI values of PD-1 on purified NK cells. (F to H) Levels of IFN-� (F), IL-6 (G), and
TNF (H) in supernatants. P values were determined using the Wilcoxon signed rank test. Data are
shown as medians (B to H).
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FIG 4 PD-1 expression on NK cells is associated with diminished activation by K562 cells. (A) Representative flow cytometry plots of
CD107a (upper panels) and IFN-� (lower panels) producing PD-1

�/� NK cells (total NK cells, gating as shown in Fig. 1A) among PBMCs
with or without 5 h of stimulation with K562 targets cells. (B and C) Percentage of CD107a-positive (B) and IFN-�-positive (C) NK cells
stratified by PD-1 expression following stimulation of PBMCs (n � 12) with medium alone or K562 cells. (D) K562 and .221 cells stained
for PD-1, PD-L1, and PD-L2. K562 cells with the isotype control are indicated by a gray background, K562 cells stained with the indicated
antibody are indicated by a red line, and .221 cells stained with the indicated antibody are indicated by a dashed line. The .221 cell line
control is HLA null and expresses PDL1 and PDL2. P values were determined by Friedman’s matched pairs test with Dunn’s test
adjustment. Data are shown as matched pairs.
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States and Mali cannot be ruled out. This hypothesis is supported by in vitro findings
that P. falciparum-infected red blood cells induce PD-1 upregulation in NK cells of
malaria-naive adults. If repeated exposure to Plasmodium or other pathogens is causing
the age-dependent increase in PD-1 expression on NK cells, these cells, originally

FIG 5 PD-1 expression is associated with enhanced NK cell degranulation following stimulation of CD16 by
ADCC. (A) Representative flow cytometry plots of CD107a (upper panels)- and IFN-� (lower panels)-producing NK
cells among PBMCs after 5 h of stimulation with antibody-coated (anti-mouse CD32) versus uncoated (no
antibody) P815 cells. (B and C) Percentage of CD107a-positive (B) and IFN-�-positive (C) NK cells stratified by
PD-1 expression following stimulation of PBMCs with antibody-coated P815 cells. (D) Percentage of CD16-
expressing PD-1� and PD-1� NK cells. (E) CD16 MFI on PD-1� and PD-1� NK cells. (B and C) Data are shown as
medians. P values were determined by the Friedman test, adjusted for multiple comparisons. (D and E) Data are
shown as means � SD. P values were determined by a paired t test.
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classified as components of the innate immune system, are “remembering” preceding
infections. Immunological memory, allowing for rapid and improved effector functions
in response to a secondary infection, is a quality that defines the adaptive immune
system. Recent NK cell studies showed that NK cells in fact have features of both innate
and adaptive immunity (for reviews, see references 58 and 59), including the ability to
generate long-lived memory cells (60, 61) that can mount robust recall responses
(62–64). Indeed, we recently reported that malaria exposure is associated with a high
proportion of adaptive NK cells, which are defined by the loss of transcription factor
PLZF and Fc receptor �-chain. Adaptive NK cells dominated ADCC responses, and their
frequency within total NK cells correlated with lower parasitemia and resistance to
malaria (43). This is reminiscent of the enhanced ADCC responses reported for a subset
of memory-like NK cells that expand in CMV-infected individuals (65–67).

To investigate whether PD-1 expression modulates NK cell function, or correlates
with NK functional properties, we performed functional assays that trigger two different
mechanisms of NK cell activation. In a natural cytotoxicity assay, in which NK-sensitive
target cells lacking ligands of inhibitory receptors trigger NK cells, we found that
PD-1-expressing NK cells showed diminished degranulation relative to PD-1-negative
NK cells, although some individuals had higher basal levels of CD107a� NK cells in the
PD-1� subset; the origin and significance of this observation requires further investi-
gation. Conversely, in an ADCC assay, in which NK cells are stimulated by antibody-
coated target cells through the Fc receptor CD16, we demonstrated enhanced degran-
ulation of PD-1-expressing NK cells compared to that of PD-1-negative NK cells. In
addition to the expression of PD-1, these NK cells also displayed elevated levels of
CD16, which might explain the increased activity detected in the ADCC functional
assay. In T cells, engagement of the PD-1 receptor with one of its two ligands, PD-L1 or
PD-L2, delivers a coinhibitory signal to proximal TCR signaling complexes (19–21, 68),
leading to attenuated T cell receptor signaling, thereby limiting or preventing cytokine
production and proliferation of these cells (reviewed in reference 18). However, the
diminished degranulation by PD-1� NK cells observed here might not be due to
inhibitory signaling by PD-1, since the target cell K562 does not express PD-L1 or PD-L2.

It is possible that PD-1� NK cells are “educated” (or “tuned”) to become more
responsive by hematopoietic cells that express PD-L1 or PD-L2. NK cell inhibitory
receptors, in particular those that bind to MHC class I, have a dual function: they inhibit
NK cell reactivity toward cells expressing MHC class I but also maintain NK cells in a
state of responsiveness to subsequent activation events, a process referred to as
“education.” Similarly, PD-1� NK cells may acquire stronger responsiveness toward
PD-L-negative cells. The enhanced response of PD-1� NK cells that we observed here
was limited to their ADCC activity. In contrast, natural cytotoxicity by PD-1� NK cells
toward K562 target cells was reduced. This could be due to the fundamental differences
in the signaling pathways that lead to NK cell activation through CD16 and through
synergistic combination of coactivation receptors (54, 69).

Previous studies have described enhanced NK cell cytotoxicity against PD-L1-
expressing multiple myeloma tumor cells after blocking PD-1 in vitro (34). Similarly, NK
cells from Mycobacterium tuberculosis-infected subjects show elevated IFN-� produc-
tion and degranulation when stimulated with M. tuberculosis antigen while blocking
PD-1 in vitro (37). In addition, PD-1-expressing NK cells from individuals with renal cell
carcinoma or hepatitis C virus infection downregulate PD-1 expression after tumor
removal (31) or successful antiviral treatment (36), respectively. This suggests that PD-1
expression on NK cells may be a consequence of continuous stimulation with a specific
antigen, and although it is not known which combination of activating and/or inhib-
iting receptors on NK cells are recognizing the specific antigen, in general, PD-1
expression appears to be associated with less-responsive NK cells in the context of
cancer and other infectious diseases.

During Plasmodium infections, NK cells are a major source of proinflammatory
cytokines (47, 51, 70, 71) and eliminate iRBCs via ADCC in vitro (42). Whether iRBCs
express activating ligands that can induce natural cytotoxicity in NK cells is still under
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active investigation. However, it is well known that individuals acquire antibodies
against blood-stage antigens after repeated malaria infections (72), which is consistent
with enhanced elimination of iRBCs by ADCC. If repeated Plasmodium infections lead to
the development of an NK cell population that expresses the inhibitory receptor PD-1
and at the same time an elevated level of the activating receptor CD16, these NK cells
might display reduced activity toward potential target cells expressing one of the PD-1
ligands but enhanced ADCC activity against iRBCs that do not express PD-L1 or PD-L2.
That disease severity declines and PD-1 expression on NK cells increases with cumu-
lative malaria exposure supports this hypothesis. However, it remains to be determined
if PD-1� and PD-1� NK cells differ in their ability to destroy iRBCs.

In summary, these data suggest that PD-1 may contribute to the regulation of NK
cell effector functions during infections such as malaria, findings that may have
implications for PD-1-targeted therapies for infectious diseases, cancer, and autoim-
munity.

MATERIALS AND METHODS
Ethics statement. The study in Mali was approved by the Ethics Committee of the Faculty of

Medicine, Pharmacy and Odonto-Stomatology at the University of Bamako, Mali, and the Institutional
Review Board at the National Institute of Allergy and Infectious Diseases, National Institutes of Health
(NIAID protocol numbers 06-I-N147 and 11-I-N126). PBMCs from healthy U.S. adults were obtained from
the NIH blood bank (NIH protocol number 99-CC-0168). Written informed consent was obtained from
adult study participants and the parents or legal guardians of participating children.

Study site and participants. This study was conducted in the rural villages of Kambila and
Kalifabougou, Mali, where P. falciparum transmission is seasonal and intense from July through Decem-
ber. Detailed descriptions of both study sites and study designs have been reported previously (73, 74).
The present study analyzed peripheral blood mononuclear cells (PBMCs) collected at four time points: at
the end of the 6-month dry season (a period of negligible malaria transmission), just before treatment
of the first acute malaria episode of the ensuing 6-month malaria season and 10 days later, and at the
end of the subsequent 6-month dry season. Acute malaria was defined as an axillary temperature
�37.5°C, asexual parasitemia of �5,000 parasites/�l of blood, and no other cause of fever discernible on
physical examination. PBMCs from healthy U.S. adults were obtained from the NIH blood bank; previous
P. falciparum exposure history is unknown in these anonymous U.S. donors but is highly unlikely.

PBMC isolation. Malian blood samples were drawn by venipuncture into sodium citrate-containing
cell preparation tubes (BD, Franklin Lakes, NJ) and transported to the laboratory, and PBMCs were
isolated within 2 h according to the manufacturer’s instructions. The cell preparation tubes contain an
inert gel that forms a physical barrier during centrifugation to separate PBMCs from whole blood. PBMCs
were washed twice with phosphate-buffered saline (PBS; KD Medical, Columbia, MD) and frozen in
heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY) and 7.5% dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO). PBMCs were kept in freezing containers (VWR International) at �80°C for
24 h and then transferred to liquid nitrogen. PBMCs from U.S. donors were isolated by Ficoll-Hypaque
(Amersham Biosciences) density gradient centrifugation of leukapheresis samples (in vitro stimulation
assays) or whole blood collected into sodium citrate-containing tubes (ex vivo phenotyping by flow
cytometry) and then frozen as described for Mali samples. For analysis, PBMCs were rapidly thawed in a
37°C water bath and washed first in PBS with 10% heat-inactivated FBS and then in complete RPMI
medium (RPMI 1640 with L-glutamine, supplemented with 10% heat-inactivated FBS, penicillin/strepto-
mycin at 10,000 �g/ml, and 50 �M �-mercaptoethanol [all from Gibco, Invitrogen, Grand Island, NY]).
PBMC viability determined by trypan blue exclusion was between 85% and 95%.

Cell lines. The human erythroblast cell line K562 and the murine mastocytoma cell line P815 (both
obtained from the American Type Culture Collection [ATCC]) were maintained in RPMI medium (Gibco)
supplemented with 10% fetal bovine serum (FBS).

Flow cytometry. Thawed PBMCs (1 	 106 to 2 	 106) were transferred to 96-well U-bottom plates,
washed with PBS, and incubated for 20 min with a live/dead stain (Molecular Probes, Invitrogen, Eugene,
OR). Surface antigens were stained for 30 min in fluorescence-activated cell sorter (FACS) buffer (PBS, 3%
heat-inactivated FBS, 0.03% sodium azide) using the following antibodies: anti-human CD3 BD Horizon
V500 (UCHT1), anti-human PD-1 phycoerythrin (PE) (MIH4) obtained from BD Biosciences, anti-human
CD56 Alexa Fluor 488 (NCAM) obtained from eBioscience, and anti-human CD16 allophycocyanin
(APC)-Cy7 (3G8) from Biolegend. Isotype-matched control antibodies and fluorescence minus one (FMO)
controls were used to determine background staining. PBMCs were analyzed with a BD LSRII flow
cytometer (BD Biosciences), and data analysis was performed using FlowJo software (Tree Star, Inc.;
version 6.0).

NK cell functional assays. PBMCs were thawed and rested overnight at 37°C in flat-bottom 96-well
plates at 5 	 105 PBMCs/100 �l complete RPMI medium. The percentage of NK cells expressing PD-1 was
determined by flow cytometry after the overnight resting period by using the following monoclonal
antibodies: anti-human CD3 BV510 (OKT3; Biolegend), anti-human CD56 Alexa Fluor 488 (NCAM;
Affymetrix eBioscience), and anti-human PD-1 PE (MIH4; BD Biosciences). NK cell activity was determined
by IFN-� production and by CD107a expression as a measure of NK cell degranulation (75). Briefly,
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5 	 105 PBMCs were incubated with or without target cells in the presence of anti-human CD107a PE-Cy7
(H4A3, BD Biosciences) and BD GolgiStop (1:100 diluted; BD Biosciences) for 5 h at 37°C. The target cells
were either K562 cells at a 1:1 ratio (PBMCs to K562 cells) or P815 cells at a 2:1 ratio (PBMCs to P815 cells).
P815 cells were pretreated with or without 2 �g/ml purified anti-mouse CD16/CD32 antibody (2.4G2; BD
Pharmingen) for 30 min on ice and washed thoroughly before they were added to the PBMCs. Following
the incubation period, the cell mixture was stained with the above-mentioned monoclonal antibodies
against CD3, CD56, and PD-1. After the cells were fixed and lysed (eBioscience FoxP3/transcription factor
staining buffer set), intracellular IFN-� was stained with anti-human IFN-� PE-CF594 (B27; BD Biosciences).
The cells were acquired with a BD LSRII flow cytometer (BD Biosciences). NK cells were identified as CD3�

CD56� cells within the FSC-SSC gated lymphocyte population after gating on singlet cells. The same
experiments were repeated independently with similar results after substituting the following mono-
clonal antibodies: anti-human CD3 fluorescein isothiocyanate (FITC) (HIT3a; Biolegend), Brilliant Violet
421 anti-human CD279 (PD-1), Brilliant Violet 785 anti-human CD107a (Biolegend; clone H4A3c), and
anti-human IFN-� PE/Dazzle 594. Cells were then acquired with a BD X20 (BD Biosciences) flow
cytometer. In one set of experiments, after the PBMCs were incubated with GoInVivo purified anti-human
PDL-1 blocking antibody (10 �g/ml) or control IgG for 1 h, K562 target cells were added to the culture
at a 1:1 ratio (PBMCs to K562 cells) and stained with the above-described monoclonal antibodies.

Preparation of iRBCs for in vitro stimulation of PBMCs. The 3D7 strain of P. falciparum was
maintained in fresh human ORh� erythrocytes at 3 to 5% hematocrit in RPMI 1640 medium (KD Medical)
supplemented with 10% heat-inactivated ORh� human serum (Interstate Blood Bank, Memphis, TN), 7.4%
sodium bicarbonate (Life Technologies), and 25 mg/ml of gentamicin (Life Technologies) at 37°C in the
presence of a gas mixture containing 5% O2, 5%CO2, and 90% N2. Parasite cultures were shown to be free
of Mycoplasma. P. falciparum schizont-infected RBCs (iRBCs) were isolated in RPMI 1640 medium
supplemented with 0.25% Albumax (GIBCO, Invitrogen) and 7.4% sodium bicarbonate (Life Technolo-
gies) using magnetic columns (LD MACS separation columns; Miltenyi Biotec). Control preparations of
uninfected RBCs from the same blood donor were obtained and tested in all experiments. Lysates of P.
falciparum-infected and uninfected RBCs were obtained by three freeze-thaw cycles in liquid nitrogen
and a 37°C water bath.

In vitro stimulation of PBMCs with P. falciparum lysate. PBMCs were thawed and rested for 4 h at
37°C in flat-bottom 6-well plates at 3 	 106 PBMCs/ml in complete RPMI medium. After the initial resting
period, either iRBCs or uninfected control RBCs were added to the culture at a ratio of 1:30 (PBMCs to
iRBCs or RBCs) and kept at 37°C for 3 days. After the incubation period, cells were harvested and stained
with the following monoclonal antibodies: anti-human CD3 FITC (Biolegend; cloneHIT3a), Brilliant Violet
421anti-human PD1 (Biolegend; clone NAT105), and BUV 737 anti-human CD56 (BD Bioscience; clone
NCAM16.2). The cells were acquired with a BD X20 (BD Biosciences) flow cytometer. NK cells were
identified as CD3� CD56� cells within the FSC-SSC lymphocyte population after gating on singlet cells.

In vitro stimulation of purified NK cells with P. falciparum lysate. NK cells were purified from
PBMCs with magnetic separation kits according to the manufacturer’s instructions. First, CD3-positive
cells were removed from PBMCs using the Stem Cell Technologies EasySep human CD3-positive selection
kit. NK cells were then enriched through negative selection with the EasySep human NK cell enrichment
kit, resulting in an NK cell purity of approximately 98%. Isolated NK cells were incubated for 3 days at 37°C
with either iRBCs or uninfected control RBCs at a ratio of 1:30 (PBMCs to iRBCs or RBCs). After 3 days, cells
were harvested, stained with monoclonal antibodies, and analyzed by flow cytometry as described
above. Cytokines from the culture supernatants were measured using the Bio-plex human cytokine kit
(Bio-Rad) and a Luminex 200 device (Bio-Rad) per the manufacturer’s protocol.

Statistical analysis. Statistical tests are indicated in the figure legends. All analyses were performed
using GraphPad Prism (GraphPad Software, version 8.0). Two-tailed P values of �0.05 were considered
significant.

SUPPLEMENTAL MATERIAL
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